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Thirty-Eighth International Pyrotechnics Seminar, June 10-15, 2012
Denver, Colorado

PREFACE

We welcome you to the 38th International Pyrotechnics Seminar which is the first seminar to be held in
beautiful downtown Denver, Colorado. This conference follows a very successful 37th IPS held in Reims,
France with over 200 attendees and over 90 papers presented during the conference. It is our hope to make
this conference even more successful.  We had over 95 abstracts submitted from over 17 countries world-
wide. This conference embarks with two new Conference Co-chairs, Dr. Sara Pliskin and Mr. David
Turner.

Dr. Pliskin attended her first IPS back in 2001 and was a bright-eyed and anxious new member of the
pyrotechnics community.  Under the wing of Dr. Bernard Douda, she has gradually worked her way up and
during this process has made many new friends. Upon Dr. Douda’s retirement from over 60 years of
government service, Dr. Douda thoughtfully handed over the reins to Sara this year.

David Turner began work for Thiokol at the Longhorn Army Ammunition Plant in 1989. In conjunction
with a program sponsored by Picatinny Arsenal, he first attended an IPS Seminar in 1992 at Breckenridge.
His business partnership with Dr. David R. Dillehay at Technical Consultants, Inc. has provided
opportunities to work with both defense and commercial entities across the gamut of explosives,
propellants and pyrotechnics.

We hope that this 44th anniversary seminar continues the tradition of good friendships, good conversations,
for both attendees and their companions in Colorado and, most importantly, good technical exchange.

A special session has been included in this year’s IPS as Resonant Acoustic Mixing® (RAM).  We would
like to thank Mr. Larry Farrar of Resodyn Corp. and his staff for their participation and sponsorship. As
you will note, there was not a Frank Carver Bursary this year.  Due to difficult economics, the bursary was
not offered.  Instead, IPS has decided to offer a Young Scientist Award to an outstanding young scientist
for which the registration fee was paid along with two years membership to International Pyrotechnics
Society. The Young Scientist Award winner is Justine M. L. Corbel of Utrecht University, presenting a
paper entitled “An Intriguing Oscillating Combustion Phenomenon”.

In this day and age, the Proceedings are available in hardback and also in digital format (CD-ROM).  The
Proceedings and CD are being distributed at the Seminar to make it easier to follow the papers. Papers
presented at this Seminar that were unavailable in time for inclusion in the Proceedings book were included
in the CD-ROM if received before the CDs were produced. Please note that papers containing color (plots,
pictures, etc.) are printed in this bound copy in black and white, but the color rendition may be viewed on
the CD of the proceedings. Our thanks go to Dr. Joe Schelling of Albuquerque for editing and compiling
the proceedings for both the book and the CDs in the past. The current Proceedings were edited and
compiled by Dr. David Dillehay of IPSUSA Seminars, Inc.

The organizers of this Seminar and the host sponsoring organization, IPSUSA Seminars, Inc., wish to
acknowledge the major contributions made by Mrs. Linda Crouse for her expertise in the planning,
logistics, and operations of this Seminar.  Linda’s contributions were invaluable to the success of this
Seminar. In addition, we would like to thank Travis Swanson of Mountain Scientific Laboratory for his IT
support.

On behalf of the Seminar host and sponsor, IPSUSA Seminars, Inc., we wish to take this opportunity to
thank the authors and attendees at this Seminar for achieving the Seminar’s goal of sharing scientific and
technical information on energetic materials among the international community. We hope you have a
memorable week enjoying the Denver, Colorado area and the 38th International Pyrotechnics Seminar.

Mr. David Turner and Dr. Sara Pliskin, Co-Chairs
38th International Pyrotechnics Seminar and the 44th Anniversary of the IPS Series

June 10 – 15, 2012
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M1002 120mm TPMP-T Tracer Failure Modes and Proposed Design
Improvements

John Adams, General Dynamics Ordnance and Tactical Systems, St. Petersburg, FL., USA

John Kostka, Jason Mishock, ARDEC, Picatinny, NJ, USA

ABSTRACT

The M1002 120mm Target Practice Multi-Purpose- Traced (TPMP-T) cartridge features an unusually
long tracer assembly. This tracer design evolved in response to issues with failure to burn to 3000 meters
at cold temperatures and end user visual standards. Extension of the tracer length reduced but did not
eliminate cold failures. An unintended consequence of the length extension is the extended burn time of
the tracer causing down range fires. A series of experimental tracer builds and ride along ballistic tests
were conducted to determine the root cause of the cold failures and identify a solution that would correct
the failure while reducing the burn time and resulting down range fire issue. Thermal shock was applied
to tracers consistent with ballistic test conditioning and transportation and magazine storage
environments. Follow up X-ray analysis of the tracers revealed transverse cracks which were later
correlated to a high tracer failure rate in cold ballistic tests. Static and dynamic burn times for the tracer
were correlated demonstrating that, absent the failure mode, roughly one third of the tracer is required to
burn to 3000 meters. Analysis of down range video correlated failures with large fireballs and plumes of
ejected burning material with the tracer failures. Design improvements were identified to enable a
reduction in tracer length by using a lower temperature glass transition binder and adhesive to eliminate
thermal stress cracks and cold brittleness.

Background:

The M1002 120mm TPMP-T cartridge features an unusually large tracer assembly. This tracer
design evolved during the development of the cartridge in response to issues with failure to burn to 3000
m and end user visual standard requirements. Previous tracer designs in this type application (Tank
Ammunition) featured two tracer pellets compressed into a cup with a small Igniter charge compressed on
top. The M1002 tracer formulation was selected to meet the customer’s visibility requirements. The third
tracer pellet added to the M1002 tracer design (Figure 1) was utilized to reduce the cold failures to burn to
3000 m by adding more tracer length and mass. Unfortunately the unintended consequence of the
increased tracer burn time has been fires at the test range.

The M1002 tracer design also features shallow threads cut into the inside tracer cup surface and
an epoxy adhesive lining applied to the inner cup diameter just before insertion and compression of the
tracer pellets. Both features function ostensibly to fix the tracer column in place and help prevent
mechanical break up and side surface burning. The tracer design for the M865 120mm Target Practice,
Cone Stabilized, Discarding Sabot - Tracer (TPCSDS-T) cartridge is similar in design but only uses two
tracer pellets. Prior tracer designs did not feature the epoxy/internal thread system.
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Figure 1: M1002 Tracer Installed in Projectile Tail-Cone (1)

While the three pellet M1002 tracer design greatly improved cold performance to 3000m, initial
low rate and production builds still had tracer lot acceptance test (LAT) failure rates higher than 10% at
the cold condition that was allowed by specification. Subsequent production lot LAT tests have generally
improved such that the cumulative – 32 C pass rate is now around 95%, but the LAT failures in the initial
lots and occasional failure rates higher than 10% in specific test groups prompted formal failure
investigation activity.

An ad hoc failure analysis team including representatives from General Dynamics Ordnance and
Tactical Systems (GD-OTS), Armaments Research and Development Engineering Center (ARDEC),
Alliant Technical Systems (ATK) and TEK ORD met at the TEK ORD Clear Lake manufacturing facility
to develop a fault tree and establish an action plan. A fault tree outline was developed and discussed and a
plan of action to evaluate residual parts from recent tracer lots, including tracers from the higher failure
rate GD PY-1 lot was established.  Concurrent with the failure investigation, Process Failure Modes and
Effects Analysis (PFMEA) documents were developed for all the TEK ORD M1002 tracer processes.
These PFMEA’s identified some opportunities for improvement but no clear process related root cause
for the -32 C failures.

X-Ray and Thermal Shock Evaluations:

The team selected x-ray evaluation as the first step in the investigation since it is non-destructive
and gave the best opportunity to evaluate the internal structure. Baseline x-rays were taken and read by

Igniter Pellet (compressed)

Tracer Cup

Tracer Pellets (compressed)

Plug & Disk
Assembly
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certified readers at ARDEC.  General observations were made relative to a “mottled” appearance of the
tracer column and some tracer assemblies were flagged as exhibiting a transverse crack in the tracer
column. After the baseline x-rays, these parts were subjected to one ambient to – 46 C shock and then x-
rayed again. Results are in Table 1.

Table 1

Tracer Lot No. Application # of Samples # of Baseline
Transverse Cracks

# of Transverse Cracks
After 1 Cycle to – 46C

TOS07L009-001 GD LRIP 20 0 2
TOS08G010-001 GD PY1 20 5 7

TOS08H008-004 ATK PY2
L3

TOS08M008-005 ATK PY2
L4

20 3 6

A higher number of baseline cracks were noted in the GD PY1 tracers which had a higher tracer
failure rate in -32 C LAT.  The number of cracks detected in the sample group of 60 tracers almost
doubled after exposure to one ambient to -46 C temperature cycle.

The next step was discussed extensively. Dissecting tracers identified as having transverse cracks
and trying to isolate the flaw for analysis was deemed unlikely to be fruitful.  The only precedent for
sectioning live tracers required the use of a highly lubricated diamond saw. The procedure would in all
likelihood destroy any evidence. The primary question was “Do the transverse cracks correlate to an
increased probability of tracer failure?”  To answer that question it was decided to segregate the tracers
with transverse cracks and load them into cartridges for cold ballistic testing.  Since cartridges and
ballistic tests were not specifically designated to support this investigation, “ride along” opportunities on
other cartridge tests where the tracer performance was not under evaluation were utilized as available.

With the Government’s concurrence, ten tracers with cracks were loaded into cartridges
designated for extreme temperature testing at – 46 C. The tracers failed to burn to 3000 m in 6 of the 10
tests. In general, M1002 tracer function at -46 C has been equivalent to -32 C performance.  This
established a correlation between failure to burn to 3000m and the presence of transverse cracks.  As a
check, 45 of the remaining tracers were tested in cartridges at -32 C in another “ride along” test that was
evaluating the effect of a Nickel Acetate seal on the projectile body. Only 3 of 45 tracers in that group
failed to burn to 3000 m. By sorting for transverse cracks, the failure rate went from 7% to 60%.

The transverse cracks were shown to form in some cases after one thermal cycle from ambient to
– 46 C. The cracks noted in the baseline samples could easily have been formed by the same mechanism,
with the tracers being subject to environmental temperature swings in transportation and storage.  The
high length to diameter ratio of the M1002 tracer assembly, the rigid bond line between the steel cup and
the tracer column, and the mismatched thermal expansion coefficient was proposed as the cause of crack
formation.

To verify this root cause, two groups of M1002 tracers (30 ea.) were built using the same
components except one group was built using smooth inner diameter cups with no adhesive while the
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other was a standard part (grooved cup and adhesive). These parts were sent to ARDEC for x-ray and
thermal cycle evaluation as before.  The parts were stored in magazines without environmental controls
over a period of 5 months during prior to testing and as a result were subject to variable ambient
temperature cycling.  Results are in Table 2.

Table 2

These test results support the rigid bond and thermal expansion mismatch design aspects as the
root cause of transverse crack formation in the tracer during thermal cycling. To verify the function of the
adhesive, 15 of the no adhesive/no groove tracers were tested in cartridges at – 32 C. 5 of 15 failed to
burn to target, indicating that the adhesive liner serves a necessary function.

Correlation of Static and Dynamic Burn Rates:

TEK ORD has in the course of the three pellet M1002 tracer production routinely conducted
static burning tests on sample tracer assemblies from each day’s production. These burn times have been
relatively consistent over time and support a large number of PFMEA risk priority number (RPN)
reductions. The static burn time of about 8.5 seconds at 21 C is not consistent with failure to burn to 3000
m when the time to 3000m is about 3.25 s.  Static tracer burn times do not differ much between -32 C and
54 C.

Explaining the failures to burn to 3000m at – 32 C has to include either some mechanism of
mechanical break up of the tracer column or some mechanism where the burn rate accelerates or
extinguishes in flight.  ATK conducted some early tests using one and two inert tracer pellets to try to
correlate static to dynamic burn time. They monitored 2400m, 3000m and 4000m. There were several
failures with one and two live pellets, even to 2400m.  At the time, this resulted in failure to correlate
static and dynamic burn rates and affirmed adoption of the three pellet design.

 On the theory that the inert pellets in the ATK tests may have caused disruption of the live tracer
column under launch forces, a different approach was tested. In this case, Tracers were fabricated as
normal except that only one tracer pellet was loaded into a tracer cup machined out of bar stock such that
cavity was just deep enough to hold one tracer pellet (with the igniter pellet). The space normally
occupied by the second and third tracer pellet was solid steel. These single pellet tracers were loaded into
nine cartridges designated for a charge evaluation (CE) test at 21 C. This was again a “ride along” test
opportunity.

Tracer Configuration Baseline Cracks Cracks after One -46 C
Cycle

Cracks after Two -46 C
Cycle

Standard 7 10 Not completed
No Adhesive/No

Grooves 0 0 1
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All nine tracers in this ballistic test series burned to 3000m with an average burn time of 3.37 s.
This demonstrated the effectiveness of the improved test configuration (steel in place of inert pellets) and
verified the direct correlation between static and dynamic burn rate of the tracer material.

Tracer Mechanical Properties Study:

A finite element model of the M1002 tracer and its environment was prepared in the 2006-2007
time-frame by the Army Research Laboratory (ARL) to evaluate possible failure modes. (1) One of the
shortcomings cited in that report was a lack of tracer material mechanical properties data, especially at the
cold condition. Concurrent with this failure investigation, a tracer mechanical properties study was
defined and funded by ARDEC in order to better understand the Tracer physical characteristics and
mechanical properties and potentially improve upon them through minor formulation variations (Table 3).

Table 3: Formulation Variations used in the Tracer Mechanical Properties Study

Eight formulation variations were defined for testing by ARDEC. Type “A” was current
production tracer pellets supplied by TEK ORD as a baseline and Type “B” is the current production
tracer formulation as processed by GD-Canada.  Type “C” replicates a formulation using potassium
nitrate that was successful early in the M1002 project but was rejected by the end user due to visibility
issues.  Type “D” eliminated polyvinyl chloride (PVC) from the base formula and increased the Viton
binder and magnesium while Type “E” increased the PVC content to 5% at the expense of magnesium.
Type “F” is the same as the baseline except that grade A strontium nitrate (< 100 mesh) is substituted for
grade B (< 50 > 170 mesh). Grade A is more common in large caliber ammunition tracer formulations.
The final two Types used two different levels of a vinyl alcohol acetate resin (VAAR) binder, commonly
used in flare mixes.
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Each mix was prepared using the same process and equipment. The mixes were processed into
single and double pellets corresponding to the size and compression of the pellets in the tracer assembly.
Tensile, compression, hardness, and static burn test samples were fabricated from each formulation’s
pellets. Sample fabrication methods and test methods were documented and reviewed before proceeding
at each stage.

Figure 2: Example Mechanical Properties test Samples. Note: C2 Failure is at the Pellet to Pellet
interface while F1 and A2 are in the base material. F1 two pellet compression sample is shown.

Results from the tensile, compression, hardness, and static burn tests were independently
evaluated by GD-OTS and ARDEC to decide on which formulation Type to go forward with in cartridge
testing. Types “A” and “B” were programmed to go into cartridge testing as baseline samples.

Type “C” gave reasonably good benchmark physical properties, but was intended primarily as a
reference since it was eliminated early in the program for poor visibility issues.  Types “G” and “H”
containing the VAAR were too erratic all around (tensile and static burning) to consider.  Type “E”
burned too dimly and for too long compared to the baseline to select. Between the remaining two
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formulations (D and F), Type “F” was chosen to take forward based on marginally better mechanical
property  results and consistent static burn performance at an acceptable output level compared to the
baseline Type A. This was the consensus of all the reviewers.

Cold Temperature Performance:

Cartridge ballistic tests using the two pellet version of the M1002 tracer were conducted as part of
the tracer mechanical properties study using the two baseline Types A and B and the third formulation
Type F. Results are given below in Table 4. The initial plan was to test all 40 cartridges of each type at –
32 C to differentiate any improvement in cold performance. Since the problem with the M1002 tracer not
burning to 3000 m is almost exclusively an issue at the cold (-32 C) condition and the third tracer pellet
was added to the design to help overcome the failure of a two pellet design to burn to 3000 m at -32 C,
any improvement based on a different processing method (Type B) or improved mechanical properties
(Type F) might be discriminated. When initial testing of each group yielded high failure rates at – 32 C
testing at that temperature was cut off at 20 cartridges and the remaining 20 from each group were
conditioned to test ten each at 21 C and 54 C.

Table 4

Two Pellet M1002 Tracer
Configuration

Burn to 3000 m at
21 C

Burn to 3000 m at
54 C

Burn to 3000 m at -
32 C

Standard Tracer Pellets from
TEK ORD “A” 10/10 10/10 7/20

Standard Tracer Pellets from
GD Canada “B” 9/10 10/10 9/20

Standard Tracer Pellets from
GD Canada using Finer Grade

Strontium Nitrate “F”
9/10 10/10 0/20

Considering only the first two groups, the failure rate goes from 2.5 % to 60% by going from 21
C and above down to – 32 C. The rounds tested at 21 C and 54 C were initially conditioned to – 32 C and
so were exposed to extra environmental stress. Nevertheless, this two pellet tracer test series along with
the special single pellet tracer tests frames the cold performance issue as some significant change in the
tracer characteristics that occurs between 21 C and -32 C.

Generally, as materials get colder they can get more brittle. The epoxy adhesive used to bond the
tracer column to the cup is relatively brittle even at 21 C. The Viton binder used in the M1002 tracer mix
undergoes a glass transition at around – 20 C. That means the Viton loses its rubbery resiliency and
becomes brittle around and below that temperature. Visual observations from tracking, side view, and
down bore cameras show disruptions in the tracer plume associated with failure to burn to 3000m. This
usually takes the form of a large plume of burning ejected material (a fireball) that manifests itself usually
in the first half of flight, often shortly after leaving the gun tube. Examples are shown in Figures 3
through 10.
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Figure 3:  Test 348 Two Pellet M1002 Tracer “A” configuration Tested at -32 C Failed to burn to
3000 m

Figure 4: Test 349 Two Pellet M1002 Tracer “A” Tested at -32 C. Successful burn to 3000 m
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Figure 5: Test 348 Two Pellet M1002 Tracer “A” Tested at -32 C. Failed to burn to 3000 m

Figure 6: Test 349 Two Pellet M1002 Tracer “A” Tested at -32 C.  Successful burn to 3000 m
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Figure 7: Test 369 Two Pellet M1002 Tracer “B” Tested at -32 C. Successful burn to 3000 m.

The small bright dot to the left of the pole is normal tracer plume signature

Figure 8: Test 366 Two Pellet M1002 Tracer “B” Tested at -32 C.  Failed to burn to 3000 m

Fire ball to the left of the pole is abnormal tracer plume event down range
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Figure 9: Test 436 Two Pellet M1002 Tracer “B” Tested at 21 C.  Failed to burn to 3000 m

Figure 10: Test 437 Two Pellet M1002 Tracer “B” Tested at 21 C.  Successful burn to 3000 m
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These characteristic fireballs can only be caused by the break-up of the tracer material perhaps
combined with a failure of the adhesive bond / sidewall inhibitor. This is consistent with increased
brittleness of the tracer material and adhesive at -32 C.  If the cold properties of the tracer could be
improved then this failure mode (cold brittleness) could potentially be mitigated.

In the M1002 cold tests, there are occasionally fireballs associated with tracers that do burn to
3000 m. In that case the disruption in burn occurs but still leaves enough residual tracer material intact to
burn the required distance. The question has arisen as to why the M865 tracer, which is similar in design
to the M1002 Tracer but using only two tracer pellets, doesn’t have a high rate of failures at -32 C.  The
short answer is that the M865 target is closer (2500 m) and the round gets to 2500 m faster than the
M1002. The same fire balls characteristic of tracer material break-up are occasionally observed on M865
– 32 C tests.  Examples from M865 ballistic tests are shown in Figures 11 through 13.

Figure 11: M865 – 32 C Test with Tracer Fireball shortly after Launch (TR10S)
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Figure 12: M865 – 32 C Test with Tracer Fireball shortly after Launch (TR08S)

              Figure 13: M865 Normal Tracer Plume shortly after Launch (SR 04S)

Summary and Recommendations:
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The M1002 Tracer has fundamental cold mechanical property issues under the stress of the
launch environment in the gun tube. The failure to burn to 3000 m at – 32 C led to the addition of a third
tracer pellet and a corresponding increase in length and tracer mass to compensate for those issues.

This extra length has allowed the design to function to 3000 m at – 32 C about 95% of the time.
The extra length also facilitates a thermal cycling failure mode (transverse cracks) which could cause
higher failure rates at – 32 C in groups of tracers or cartridges subjected to unusual thermal cycling in
storage or transport. A certain number of tracers will develop the transverse cracks just from conditioning
to test at – 32 or – 46 C.  Another problem caused by the extended length is occasional test range fires
caused by the long burn time. These fires disrupt test series and can cause expensive delays. This
continuing to burn down range along with the tests conducted with single tracer pellets serve to confirm
that, absent the cold failure mechanism, the static and dynamic burn rate of the tracer material directly
correlate.

If the – 32 C mechanical properties of the tracer material and adhesive were to be improved to the
point where performance is similar to 21 C, the tracer assembly could be simplified to a single tracer
pellet assembly. That would eliminate the thermal shock failure mode, eliminate the excess burn time that
causes range fires, and potentially reduce the cost of the tracer assembly.

In order to improve the cold mechanical properties of the tracer, it is recommended that a lower
glass transition temperature elastomeric binder be qualified and substituted in the formulation for the
current binder, Viton A.  There is a Viton GLT that has a glass transition temperature in the neighborhood
of – 32 C. Other elastomers have lower glass transition temperatures and could be considered for this
application. Polyisobutylene (MIL-P-13298A) is more difficult to process but has a history of similar use
and a nominal glass transition temperature of – 75

 Another potential improvement would be the use of a low glass transition adhesive. The current
epoxy is rigid and brittle even at ambient conditions. Some urethane adhesives have glass transition
temperatures below – 50 C.  A urethane adhesive with good low temperature properties, ambient curing,
good adhesion to the metal and tracer substrate, and sufficient pot life for manufacturing operations would
be ideal.  APTEK 2214 – A/B is an example.

Evaluation of binder and adhesive improvements can take place at a fairly small sample level.
The failure rate was very high with the two pellet M1002 tracers.  If ten ballistic tests were to be
conducted at – 32 C (preferred) or – 46 C with a two (or even one larger) pellet configuration without
failures, then that would be an indication of major cold performance improvement. Experimental tracer
assemblies could be built and pre-positioned at the appropriate ammunition loading facility to be loaded
into ride along cold tests when available. That could include extreme cold tests (10 ea. at -46 C) where
tracer function is not a requirement or any special test series where tracer function is not the focus.

Test samples could include (all at -32C or – 46 C):

1) Double or single tracer pellet assemblies built with current baseline materials
2) Double or single tracer pellet assemblies built with the current baseline tracer material and lower

glass transition adhesive (urethane) in place of epoxy tested
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3) Double or single tracer pellet assemblies built with tracer material utilizing lower glass transition
binder and current epoxy

4) Double or single tracer pellet assemblies built with tracer material utilizing lower glass transition
binder and lower glass transition adhesive (urethane)

The first test evaluates single pellet performance of the current material at - 32 C, since this
configuration has only been tested at ambient. The only way this will pass is if the two pellet failures
include some gross ill effect of the pellet to pellet interface that would be absent with a single pellet. The
others would evaluate the effect of the lower glass transition binder and adhesive. Follow-up testing is on
hold pending identification of concurrent test opportunities.

Establishing an effective low glass transition temperature binder and adhesive system for the
M1002 application would add another design option that could then translate to better, more efficient and
cost effective design options for other large caliber ammunition tracers.

References:

(1) Garner, J., Huang, X., Mishock, J, Kostka, J ; A Tracer Analysis for the M1002 Training
Projectile, ARL-TR-4924, September 2009
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Purpose/Relevance of
Research

• To develop advanced materials that
mitigate explosive effects and high velocity
impacts
– To reduce any resultant fragmentation

• To create effective means of modeling,
evaluating, and testing such materials

• To educate the next generation of
explosives engineers and blast mitigation-
savvy civil engineers and architects
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Overview

• Programmatics
• Details of how we are meeting the

challenge
– Past efforts
– Current research

• Future work
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Programmatics
• Formal project began in 9/08 with the ALERT project

– “Awareness and Localization of Explosives-Related Threats” – a 12-university
Dept. of Homeland Security Center of Excellence

– Includes four core area research thrusts (1-explosives characterization, 2-
explosives sensors, 3-explosive sensor systems, and 4-blast mitigation)

– Missouri S&T’s efforts are in thrusts 2 and 4; this presentation includes thrust 4
• Prior to 9/08, Missouri S&T blast mitigation efforts centered on research

begun immediately after 9/11/01
– At that time, we were the University of Missouri – Rolla, and three research

centers conducted our blast mitigation work
• The Rock Mechanics and Explosives Research Center, the Center for Infrastructure

Engineering Studies, and the University Transportation Center utilized State and
Federal funding for advanced materials research and structural design efforts

– Milestones
• 2002 – 2004 Advanced structural materials design and blast testing
• 2004 – 2008 Research, engineering, design, and test of structural panels, advanced

glazing and framing systems, and blast- and vehicle-penetration-resistant barriers
• 2005 – 2006 Assistance to the Technical Support Working Group (Blast Mitigation sub-

group) in the areas of bridge, tunnel, and railway defense against terror attacks
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Programmatics

• In addition to ALERT, the Missouri S&T
Research Centers have continued
Missouri and Federally-funded efforts to
develop advanced materials, design
methods, and test methods for blast-
resistant civil and highway structures
and barriers
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Counter-IED Research at the Missouri University of
Science and Technology - Program

• On-going in several departments and
research centers since at least late
2003.

• Early funding through private sources,
DoD, FHWA, TSWG

• Latest efforts through funding by the
Leonard Wood Institute and DHS (the
ALERT Center of Excellence)
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How are we meeting the
challenge?

• Designed basis for
the Massive Modular
Block (MBB) by
Kontek Industries
– Linked SRC barrier

system to meet NRC
requirements for
blast and vehicle
barriers deployed at
nuclear power
stations

– Variations in use at
DoD and DoE
facilities

Kontek MBB – 21.5k lb, 10 ft (l) x 5 ft (w) x 3 ft (h)
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How are we meeting the
challenge?

• Collaborative efforts between
then-University of Missouri-
Rolla (UMR) Rock Mechanics
and Explosives Research
Center and the Department of
Civil Engineering to design
hybrid- and advanced-materials
columns and structural panels
for blast resistance and to test
them

• Year-long (2005) consultative
effort with the USG Technical
Support Working Group
(TSWG) on Emerging Explosive
Threats

– Included publication of “Best
Practice” guides for identifying
potential threats to bridges,
railways, and tunnels
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How are we meeting the
challenge?

• Blast-resistant glazing
and window frame
system design and test
in collaboration with:
– WINCO, St. Louis

(privately funded)
• Large explosive-driven

shock tube
– University of Mo –

Columbia Dept. of
Mechanical Engineering
(DHS funded)

• Direct blast impingement
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How are we meeting the
challenge?

• Consultation on
and blast testing
of the design of
Fiberglas
structural panels
for Kansas
Structural
Composites Inc.
(private funds)
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How are we meeting the
challenge?

– Blast tests of
polyurea-coated
CMU walls for
Armorthane USA,
Inc. (private funding)

Coated walls, pre-test

Coated
walls,
post- 3 lb
distributed
explosive
shot at 6
inch
standoff

Coated
walls,
post- 3 lb
C-4
contact
shot

26



How are we meeting the
challenge?

• Provided consultation, test
facilities, and testing to
ATRO Engineered Systems
for the development of a
ballistic-resistant blast
deflector (private funding)

– Top photos on right – results
of the detonation of a
simulated M19 anti-tank mine
(9.45kg Comp B simulated by
C-4) 18” from 1” aluminum
armor plate mounted on a
replica HMMWV box frame

– Bottom photos on right –
results of similar test fired
against 2” thick ballistic-
resistant blast deflector
(weight ~ 18 lb/sq ft) mounted
between the armor plate and
the simulated mine

• Approx. ½” deflection of
armor, no spall, no
penetrations
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How are we meeting the
challenge ?

• Coaxial cable sensors for
dynamic crack detection in
SRC columns under blast
loads (funded by
CALTRANS)

– Project and tests validated
electrical time-domain
reflectometry sensors, as well
as novel fiber-reinforced
polymer and visco-elastic
blast retrofits to SRC columns

– All three columns cast as ¼
scale bridge columns into
single test specimen, with
SRC footing and top slabs
(left photo)

– Shot on Range 26D, Fort
Leonard Wood, MO with
different charge weights (4 –
10 – 30 lb HE)
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How are we meeting the
challenge ?

• Joint Industry-University projects under the
Army-funded Leonard Wood Institute
– FY07 – Missouri S&T and American Military

Equipment, Lightweight Armor to Defeat
Explosively Formed Penetrators

– FY08 – ProPerma Engineered Coatings and
Missouri S&T, Enamel-Coated Steel Reinforcing
Bars for Improved Blast-Resistance of Reinforced
Concrete Structures

– FY09 – Missouri S&T and the University of
Minnesota, “Long” Carbon Fibers for Blast
Resistant Concrete
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How are we meeting the
challenge ?

• Lightweight Armor to
Defeat Explosively
Formed Penetrators
– Tested porous material-

filled lightweight “cans”
against EFPs

• EFPs designed and
constructed by the Missouri
S&T Explosives Research
Facility; 330 gram solid
copper flyer and 950 gram
C-4 charge (photo at right)

– After several iterations,
AME found a filler that
would defeat penetration
by the EFP
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How are we meeting the
challenge ?

• Enamel-Coated Steel Reinforcing Bars
for Improved Blast-Resistance of
Reinforced Concrete Structures
– Project to improve bond between rebar and

concrete paste
– On Range 26D, Fort Leonard Wood, blast

tested scale “T-barriers” built using these
improved rebar materials
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How are we meeting the
challenge ?

• “Long” Carbon Fibers for Blast Resistant Concrete
– Direct addition of carbon fibers > 2” long to a concrete mix

to improve blast and impact resistance
• Overcome mixing, batching, and casting difficulties (photo on left)

– Blast tested panels on Range 26D, Fort Leonard Wood

Post-blast,
conventional SRC

Post-blast, CFRC
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How are we meeting the
challenge ?

• USAF-funded 3-year project, Blast-
Resistant Barriers and Structural Design
for Homeland Defense
– Two universities/four departments/two

research centers plus one contractor
– Research, engineering development, and

deployment of blast-resistant barriers,
structures, and barrier standards for
homeland defense
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How are we meeting the
challenge ?

• DHS-funded ALERT (Awareness and
Localization of Explosives-Related Threats)
Center of Excellence for Explosives Detection,
Mitigation, and Response
– Missouri S&T is one of 12 universities participating

in this five-year project; currently in the fourth year,
S&T is to:

• develop advanced materials to mitigate explosive and
high velocity impact with reduced fragmentation

• develop systems for the detection and neutralization of
electronics used with explosive devices
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How are we meeting the
challenge ?

• Under the first four years of ALERT, Missouri
S&T developed and tested:
– Fiber-reinforced polyurea coatings for hybrid

concrete barriers
– New high impulse loading test for concrete
– Wood fiber-reinforced, fly-ash paste concretes for

shock absorption and ballistic protection
– Design concepts for structures and barriers

utilizing ultra high strength concrete
– Discrete particle infill shock attenuation barriers

• Graduated eight MS and one PhD student
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Summary

• Programmatics
• Details of how we are meeting the

challenge
– Past efforts
– Current research

• Future work
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Shock Induced Ignition of Pyrotechnic Materials

S. Barak, G. Yagudaev, L. Kalontarov, S. Dvir
Israel Military Industries (IMI) Ltd., Ramat-Hasharon, Israel

Abstract
     A modified Small Scale Gap Test (SSGT) procedure was developed to measure the shock
sensitivity of pyrotechnics. The donor was RDX explosive and three kinds of pyrotechnic materials
were used as acceptor charges: boron/barium chromate (B/BaCrO4, 10/90), boron/potassium nitrate
(B/KNO3, 25/75), titanium-subhydride/potassium perchlorate (TiH1.65/KClO4, 33/67) mixture. Each
mixture was loaded with two different densities. The measured output of the pyrotechnic mixture
was the burn time which was indicated by the photo diode. It was found that the shock initiation
pressures for pyrotechnic materials strongly depend on the powder densities tending to rise with
density increase. Burn times for shock ignited  B/KNO3 and B/BaCrO4 are of the same order as for
usual heat ignition, whereas shock ignition of TiH1.65/KClO4 results in significant reduction of the
burnt time from seconds to milliseconds.

Introduction
     Pyrotechnic compositions are usually ignited by means of heat, friction and flame. However, in
modern applications, high requirements on the accuracy of ignition delay and the safety and
reliability of the composition are the major considerations in the design of energetic components. In
addition, insensitive pyrotechnic compositions are developed in some applications, and ignitions by
heat and flame are avoided by designing regulations.  Therefore, shock initiations, which are used to
evaluate the shock sensitivity of high explosives in the explosive field, are also involved in the study
of pyrotechnics.
     Among the earlier research project on the shock ignition of pyrotechnics was the work by Hardt
and Martinson [1] .The method was used to induce the foil vapor or explosion to drive the flying
plate to impact the sample. The velocity threshold of shock ignition was the major parameter
measured. Later work includes Lee and Schwarz [2], they studied the response of titanium
subhydride/potassium perchlorate TiHx/KClO4  (33/67) to the shock. The pressures on the impact
surface were measured. Sheffield and Schwarz [3] reported their research work on the shock ignition
process of TiH0.65/KClO4 that was induced by several means. Lombard et al [4,5] gave the regularity
of the effect of components, proportion, density, bulkhead thickness, and initiation manner on the
performance of shock ignition.  Hornig et al [6] reported the results about the shock ignition of the
mixture of Al and Fe2O3. Shock impact experiments of two kinds of gun propellant were completed
by Weirick [7,8]. Aoki et al. [9] measured the bulkhead thickness of some pyrotechnics with 50%
ignition probability using an up-and-down method. Chen and Shen [10] and Chang [11] reported
their research result on the shock ignition by the use of bulkhead method. Lee and Finnegan [12]
tried to predict the shock response of pyrotechnic mixtures from thermal analysis.

 Experimental setup
     The modified Small Scale Gap Test (SSGT) procedure was developed to measure the shock
sensitivity of pyrotechnics. The standard SSGT is usually used for explosives. However the reaction
times of the explosives are much faster than the pyrotechnics (detonation versus combustion). In the
case of explosives the propagation of the detonation/shock wave from the detonator to the steel plate
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finishes before the fracture of the test components. There are two main differences in the case of
pyrotechnics as the acceptor charge. First the fracture of the test components as a result of donor
explosion takes place before the acceptor charge burns out. This means that the test design must
include special adaptors to avoid the fracture of the acceptor. Second,  in the case of explosives the
regular detonation of the acceptor (if it was initiated) was estimated by the dent depth induced in the
steel plate. The correct initiation of the pyrotechnics can be characterized by the time and/or rate of
its burning. The modified scheme of SSGT adapted to pyrotechnics measurements is presented in
Fig.1.

Fig 1.Scheme of SSGT adapted for pyrotechnics

     The donor and acceptor charges were loaded into identical brass cylinders. The outer and inner
diameter of the cylinder were 25 mm and 5.1 mm respectively and the length was 38 mm. PMMA
spacers of different thickness served as a gap. The donor charge was initiated  by Nobel 8 detonator.
The special fixture for acceptor charge was designed. The aim of the fixture is to hold the acceptor
charge in its place after the donor explosion and to allow the measurement of the burning time.
Since the detonator and donor act within microseconds and acceptors are in several orders of
magnitude slower the burning time was measured from the detonator initiation to the end of acceptor
burning. The end of burning was indicated by the photo diode situated behind the acceptor charge
and measuring the final flash emitted from the burning pyrotechnics. In the case of gasless
pyrotechnic material a small amount of light producing composition was loaded at the end of the
acceptor charge column. RDX type 1 loaded with the density of 1.74 g/cm3 was used as the donor
charge. Three kinds of pyrotechnic materials were used as acceptor charges. They are boron/barium
chromate (B/BaCrO4, 10/90) mixture, boron/potassium nitrate (B/KNO3, 25/75) mixture and
titanium subhydride/potassium perchlorate (TiH1.65/KclO4, 33/67) mixture. Each mixture was loaded
with two different densities and their regular burning times were previously measured with match
head   ignition.
     The intensity of the shock wave generated by donor charge and its absorption by the PMMA
spacers were preliminary measured with manganin pressure transducers and modeled with LSDYNA
calculations. The obtained dependence off the transmitted pressure on the spacer thickness P(t) was
used to measure critical pressure values (Pi) necessary to initiate the acceptor charges.
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 Results
In this section the results for shock sensitivity of pyrotechnic materials measured by gap test

technique are presented. To facilitate the understanding of the experimental data the special
treatment procedure was developed. Since the measured output of the pyrotechnic mixture was the
burn time, the experimental results can be presented as the dependence of the burn time on the
PMMA spacer thickness. The burn time consists of the ignition delay and time of burning of the
pyrotechnic column. Usually the ignition delay is much less than the time of burning. However, in
the case of no fire the ignition delay and consequently the burn time will be infinite. The infinity
cannot be presented graphically therefore the inverse measured burn time were used for plot
presentation. The inverse burn time characterizes to some extent the burn rate of the composition. In
such coordinates the infinite burn time (no fire) transforms to zero burn rate (1/  0) and the
dependence of the inverse burn time upon spacer thickness take a sharply gradual form suitable for
further treatment and data extraction.

Boron/Potassium Nitrate (B/KNO3)
     Boron/Potassium Nitrate pyrotechnic mixture is usually used in pyrotechnic igniters for rocket
motors. According to military standards MIL-STD-1316 and MIL-STD-1901 it is the only material
which can be used in pyrotechnic chains without mechanical interrupters. Fig.2 shows the results for
B/KNO3. As can be seen the initiation pressure strongly depends on the powder density changing
from 9.2 kBar at low density to 51.5 kBar at high density.
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Fig 2. Gap test results for B/KNO3. Dashed lines denote burn times obtained with matchead ignition

 The other distinctive feature of B/KNO3 especially at high densities is that in “no go” experiment
the part of the material from the side of donor has been removed after the donor detonation. The
depth of the removal depends on the incident pressure (Fig.3), which in its turn is a function of the
spacer thickness.
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Fig 3. Removal depth for B/KNO3 acceptor (high density) as a function of incident pressure

       Boron/Barium Chromate (B/BaCrO4)
       Boron/Barium Chromate pyrotechnic mixture is a well-known delay composition.. The mixture
is practically gasless, i.e. it produces a very small amount of gases upon burning. Fig.4 shows the
results of the gap tests. Again the shock sensitivity of the composition increases with the decrease of
the density: from 17.2 kBar at high density to 7.1 kBar at low density.
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Titanium subhydride/Potassium Perchlorate (TiH1.65/KClO4)
       Titanium subhydride/Potassium Perchlorate pyrotechnic composition is initiation mixture used
in pyrotechnic initiators. It is loaded directly on the bridgewire. The composition conforms to the
requirements of 1A/1W initiators. The main advantages of this mixture are short response time (~1
msec) and very low sensitivity to electrostatic discharge.
     The gap tests results for TiH1.65/KClO4 are shown in Fig.5. This mixture also shows the strong
dependence of the shock sensitivity upon powder density. The initiation pressure changed from 9.6
kBar at high density to 2.8 kBar at low density. The interesting feature of TiH1.65/KClO4 shock
initiation is considerable decrease of burn times: from seconds at match head initiation to
milliseconds at shock initiation.
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Fig 5. Gap test results for TiH1.65/KclO4. Dashed lines denote burn times obtained with matchead
ignition

Discussion
     The common feature for all three mixtures studied is the reduction of the shock sensitivity with
the increase of the loading density. Such dependence was also found for explosive materials [13]. It
indicates certain similarity in the mechanisms of shock initiations. Such a similarity was previously
discussed by Maiden and Nutt [14]. They believe that shock ignition of pyrotechnics, as in high
explosive materials is achieved by heterogeneous heating. The increase in internal energy from a
passing shock is concentrated in small regions of the shocked material known as hot-spots. It has
been proposed [15] that the mechanism for the local heating in a solid material is the collapse of
individual pores. As a pore collapses under shock pressure, work is done in overcoming the plastic
resistance and viscous stress in the material surrounding the pore. The heating rate is therefore
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dependent on the rate of pore collapse. The localized heating is reduced by conduction owing to
large temperature gradients, and the surface to volume ratio of the pores. Ignition occurs if the local
heat content of the hot spot reaches critical conditions for runaway reaction.
     The described mechanism of the ignition supposes two main conclusions:
a) The ignition must be sensitive to the thermal and thermo-chemical properties of the material

(theory of thermal explosion and thermal runaway developed by Frank-Kamenetskii).
b) Since the formation of hot spots strongly depends on the particles morphology, crystal defects

and powder compaction the ignition process will be also dependent upon these properties.
     The latter conclusion explains the increase of the ignition pressure with the rise of density. At the
same shock impact (incident pressure) the particles velocity is higher for low density materials (e.g.
[2]). Thus the conversion of the shock energy into kinetic energy and consequently into internal
energy of the material for the less dense powder is more effective. This energy excess increases the
probability of hot spots formation and facilitates the ignition.
     The other common feature for all three mixtures is that the burn times are shorter for shock
ignited composition than for match head ignition. However if for B/KNO3 and B/BaCrO4 materials
the values are of the same order (seconds) (Fig.2 and Fig.4) the shock ignited TiH1.65/KClO4 mixture
burns in three order of magnitude faster than with match head ignition (Fig.5). Consider first
B/KNO3 and B/BaCrO4 since we believe that the mechanism of the phenomena for these mixtures is
similar while for TiH1.65/KClO4 it is quite different.
     To understand the observed effect it should be again noted the great difference in the time scales
of shock induced phenomena and burning. The velocities of shock waves and particles in
pyrotechnic powders are usually not less than 0.5 km/sec, i.e. taking into account the length of the
acceptor charge (38 mm) the shock effects must proceed within 100 microseconds. The fact that the
burn times for shock induced B/KNO3 and B/BaCrO4 were about 1 second indicate that the shock
effects did not contribute to the general mechanism of burning. It remained the same as in the case
of match head ignition: the combustion propagation was provided through the thermal conductivity.
With such conclusion the reduction of burn times upon shock initiation can be explained if we
assume that only the part of the acceptor column takes part in the combustion. It has been already
noted (section 3.1.1) that under “no go” condition the part of the acceptor material removed from the
acceptor column (Fig.3). It is believed that this removal is not due to incomplete burning since there
were no traces of heating and combustion products. On the other hand the great amount of energy
pumped into the acceptor material by the shock wave from the donor initiates various processes in
the acceptor powder: compaction, discontinuity, heating, fracture etc. The part of the energy
transforms into kinetic energy of the powder particles which together with the discontinuity and
fracture results in the partial removal of the material. The amount of the removed material will
depend mainly on the amount of the shock energy. Indeed the removal depth strongly depends on the
incident pressure (energy) (Fig.3). If we put all data for removal depth for all mixtures studied on the
same graph (Fig.6) we can see that there is no great difference at low incident pressures. Of course
every mixture at every density will have its own dependence of the removal depth on the incident
pressure, but the qualitative form of the dependence will be similar to that presented in Fig. 6.
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Fig 6. Removal depth for all acceptors as a functionof incident pressure

  The above consideration leads to the conclusion that in the case of ignition only the part of the
acceptor column which was not removed upon shock-powder interactions takes part in the
combustion. Consequently the burn time decreases in accordance with the decrease of the acceptor
column participating in the burning. Among two compositions the effect is more expressive for
B/KNO3 at high density (Fig.2) and for B/BaCrO4 at low density (Fig.4). The first is explained by
high incident pressures required to ignite high density B/KNO3. The second one (B/BaCrO4) is due
to that at the same incident pressures the removal is higher for low density powder. It is important to
take the effect into account when designing pyrotechnic components containing the shock initiation.
     As for TiH1.65/KClO4 since the burn times shorten in three orders of magnitude (from seconds to
milliseconds) it is believed that the shock ignition changes the mechanism of burning. It is known
[16] that the rate of combustion of   TiH1.65/KClO4 strongly depends on the pressure achieving
hundreds of meters per second and changing the mechanism of burning propagation from conductive
to convective. It seems that the shock wave initiates the convective burning of the mixture. Since the
acceptor burns under unconfined conditions it is unclear why the convective wave does not decay
after the completion of shock propagation. This effect requires special investigation.

Conclusion
1. Shock initiation pressures for pyrotechnic materials strongly depend on the powder densities

tending to rise with density increase.
2. Among three pyrotechnic mixtures studied (B/KNO3, B/BaCrO4 and  TiH1.65/KClO4)

B/KNO3 has the lowest shock sensitivity while TiH1.65/KClO4 has the highest one. The
sensitivity of B/KNO3 measured in this study is in good agreement with the data published in
[17].

3. Shock ignition of   B/KNO3 and B/BaCrO4 does not influence the mechanism of mixtures
burning. At the same time the shock wave can initiate the fracture of the acceptor column
causing the removal of the part of the acceptor material and leading to the reduction of the
burn times.
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4. Shock ignition of  TiH1.65/KClO4 changes the mechanism of the mixture burning and shortens
the burn times from seconds upon match head ignition to milliseconds.
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Features of Initiation and Development of Explosive Transformation Process
in Pyrotechnic Compositions at Weak Shock-Wave Impact

S.V. Batalov, I.V. Ovcharov, A.B. Syrtsov Federal State Unitary Enterprise “Russian Federal
Nuclear Center – Zababakhin All-Russia Research Institute of Technical Physics”

(FSUE “RFNC-VNIITF”), Snezhinsk, Chelyabinsk Region, Russia

ABSTRACT

The Report reviews the results of experimental studies of specific features of initiation and
development of explosive transformation (detonation) in pyrotechnic compositions (PTC) under weak
shock-wave impact. In particular, it provides experimental data on the effects of loading pulse and density
of pressed samples of potassium perchlorate-based and boron-based PTC on peculiarities of combustion
(explosive transformation) under shock-wave initiation by divergent shock waves with great front
curvature.

Introduction

PTC are widely used in actuating devices of different purpose and principle of operation. When
designing such devices, it is essential to know peculiarities of combustion (explosive transformation)
initiation and evolution at different types of initiating pulse. Investigation of the behavior of specific PTC
types under weak shock-wave impact is of peculiar interest, since in this instance the nature of oxidation
processes may considerably differ from conventional one, giving rise to phenomena akin to explosive
transformation of high explosives.

Unlike combustion, peculiarities of explosive transformation initiation and development in PTC
under shock-wave initiation are not thoroughly studied. This is due to the wide range of this class of high-
energy materials, different recipes, as well as due to the complexity of oxidation processes followed by
formation of gaseous and condensed phases of combustion products (CPs) (explosive transformation
products) under shock compression, the presence of a durable shell preventing CP removal, and other
factors affecting PTC decomposition.

The objective of this research is to study the process of shock-wave initiation of pressed samples
of potassium perchlorate-based and boron-based PTC of different density.

Experimental studies of shock-wave PTC initiation

The experiments were carried out using the units shown in Figure 1.
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a b
1 – steel case, 2 – shock-wave generator, 3 – manganine (constantan) sensors, 4 – sample under

study, 5 – fluoroplastic insertion, 6 –additional steel case, 7 – inert plate, 8 – HE charge of XTX-8003
type.

Figure 1 Experimental units to study explosive transformation in pressed PTC
samples under shock-wave impact
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3

The 3-5 mm-high pressed samples, 4 mm in diameter, made of potassium perchlorate-based and
boron-based PTC placed in a steel case were studied (Figure 1a). The input shock-wave profile was
varied using inert plates of steel, aluminum, and fabric-base laminate, and an additional initiator of mixed
HE of XTX-8003 type. The profiles of input and (or) output shock waves were recorded. Figure 2 shows
the experimental pressure profiles of studied PTC samples of different density.
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a Pressure profiles recorded by sensors placed at the shock wave input

b Pressure profiles recorded by sensors placed at the shock wave output

Figure 2 Typical pressure profiles obtained for samples of potassium perchlorate-based
and boron-based PTC with different densities:

1 −  = 1.63 g/cm3, 2 −  = 1.82 g/cm3
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The diagram (curves 1 and 2, Figure 2a) shows that the increase of the initial density (porosity) of
the studied samples of potassium perchlorate-based and boron-based PTC influences the character of
oxidation initiation and development and, in particular, leads to the increase of explosive transformation
induction time of the studied samples. In the meanwhile, the experimental pressure profiles obtained for
samples with higher density demonstrate a more monotonous growth of pressure induced by
decomposition products (Figure 2b).

One can assume that for the given pressure range of the input shock wave the difference in the
explosive transformation evolution is due to different porosity of the studied samples.

To obtain pressure profiles corresponding to longer periods of time, the experiments were made
in the setting provided in Figure 1b. The density of the studied pressed samples of potassium perchlorate-
based and boron-based PTC was PTC ~ 1.90 – 1.91 g/cm3, so an additional HE charge of XTX-8003 type
was used also for initiation (Figure 1b).

The obtained experimental pressure profiles are plotted in Figure 3.
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Figure 3 Pressure profiles at the output of studied PTC samples at different parameters of the
initiating shock wave: 1 – 2.5 GPa, 2 – 1.5 GPa
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The diagram (curves 1 and 2, Figure 3) shows that for the given amplitude range of shock-wave
impact, the explosive transformation in the studied samples starts at the depth h  0.2 mm (induction time
does not exceed  0.20 μs). The decrease of the initiating shock-wave pulse amplitude leads to the
increase of the explosive transformation induction time.

The change of initiation conditions and the increase of the initial sample density allowed
obtaining pressure profiles (Figure 3) with characteristic kinks (shown by arrows) associated with the
multi-phase nature of oxidation reactions under shock-wave initiation

Main conclusions

The results of experimental studies on shock-wave initiation of perchlorate compositions show
that, depending on the initial loading conditions, the evolution of oxidation reactions may demonstrate
distinct multiphase nature.

Taking into account strong attenuation of input wave parameters, one can assume that the
increase of density of potassium perchlorate-based and boron-based PTC samples affects the character of
explosive transformation (combustion) under shock-wave initiation. Apparently, with the decrease of
sample density, the mechanism of bulk combustion becomes dominant, forming both condensed and
gaseous phases. The increase of sample density and, accordingly, the decrease of porosity may establish
conditions for abrupt changes of oxidation conditions.

The experimental results described also confirmed the possibility to use mini manganin
(constantan) sensors for research of explosive transformation process in PTC under the conditions of
initiating by diverging shock waves with a large wavefront curvature and sharply decaying pressure
profile.

In their further investigation into peculiarities of initiation and development of explosive
transformation in pressed PTC samples under shock-wave impact and influencing factors, the authors
plan to employ the radio-interferometric method and the conductivity measurement technique.
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The Development and Application of a Predictive Model for Determining the Critical Ink Film
Thickness of Printed Pyrotechnics

William J Beer1, D T Gethin1, G Morgan2, P Halliday2
1 Welsh Centre for Printing and Coating, College of Engineering Swansea University.

2 AEL Mining Services, Modderfontein, Johannesburg, South Africa

ABSTRACT

Printing has been used to deposit a traditional pyrotechnic delay composition. This has
presented a number of research challenges compared against conventional delay
devices produced via a powder compaction route. Previous research has determined
the Critical Ink Film Thickness (CIFT) required to facilitate a self – sustaining burn. A
simple PDE solver that captures the influence of reaction rate, pre – exponential
factor, activation energy, auto – ignition temperature, and geometry has been
developed and compared with experimental data showing very good agreement
between predicted and measured values. The model is flexible allowing a full range of
geometrical parameters that can influence a burn to be investigated.

INTRODUCTION AND MODEL BASIS

Pyrotechnic delays are a key element in controlling the detonation sequence in mining operations,
they are instrumental in achieving desired rock fragmentation.  Traditionally delays are produced
through a powder processing route in which the delay compositions in this case comprising silicon
and red lead [1] are compacted into cylinders to be assembled to form a pyrotechnic delay.
Considerable benefit may be gained by developing a delay that could be manufactured by printing.
This work is an extension and consolidation of previous work [2].

Previous research has led to a pyrotechnic delay that can be manufactured by printing/ A
comprehensive study on ink formulation, printing parameters and burn has been investigated. One
formulation was based on red lead and silicon and following the parameter investigation the CIFT was
determined to be in the region 58.59 - 67.91µm [3].

There is a significant attraction to be able to use computational tools to design future delay
configurations and thus a combined heat transfer and combustion model was developed for this
purpose. Other studies have been carried out modelling the combustion of traditional pyrotechnic
delays [4, 5] in which gas generation has been accounted for, however for the purposes of this
investigation and in line with the combustion of red lead – silicon systems, the pyrotechnic is assumed
to be gasless.

The governing equation consists of a transient function, conduction mechanism and source term,
shown below;

                         (1)

During implementation the auto-ignition temperature Ti depicts whether combustion will occur, if the
temperature is below than no further combustion will occur. Energy is lost from the system through
boundary conditions which are constrained to the perimeter of the 2D model, energy is lost through
radiation and convection heat transfer shown below;

                                                       (2)

54



                                                  (3)

Where hc, A, T, Ԑ, σ represent convection heat transfer coefficient, area, temperature, emmisivity, and
Stephan Boltzmann’s constant respectively. s and a refer to the substrate and ambient respectively.

Two PDE’s are solved in the model, governing temperature and the extent of reaction, where the
extent of reaction is contained in the Arrhenius equation;

                                                            (4)

Where C, A, Ea, R, and T are extent of reaction, pre – exponential factor, activation energy, universal
gas constant and temperature respectively. The Arrhenius equation is then manipulated with a
decaying function to take into account the reduction in concentration of reactants during the
combustion process as this takes place along the length of the printed line.

In implementing the governing equations, the coupled model was built in a partial differential solver
FlexPDE – Solutions [6]. This is an attractive because the solver takes care of the routine finite
element manipulations while allowing the user to focus on the physics through the facility to write the
formulation directly as a script in the code. In this work, the model is based in a 2D coordinate
framework as a longitudinal section through the printed line. The model solves for two variables
through the line section, temperature and concentration of reactants. To illustrate its utility, the model
will be used to investigate the combustion of the delay over a range of different geometries such as
substrate thickness and surface roughness. It will also be used to investigate ambient temperature
affects the CIFT.

METHODOLOGY

The basic geometry, in this case containing a section of surface roughness was built as shown in
Figure 1. The figure also includes the mesh that was mapped by the solver system. Comprising of
linear triangular elements that facilitates automatic refinement where this is determined by either
geometric or process conditions, i.e. refinement will also take place around the combustion zone as it
progresses along the delay.

Figure 1: Basic 2D Geometry

The surrounding temperature is set to ambient with an initial temperature condition, Tinitial along the
RHS edge providing the energy for combustion to occur set to 2000K, this temperature loses energy
to the surrounding environment over time. The rest of the models initial temperature is set to ambient,
once the model is running heat is transferred from all edges via radiation and convection.

Following the explanation of the governing equations above, two dependant variables, temperature
(temp) and extent of reaction (C) are computed across the model in which two PDE’s containing the
respective variables are required. If the temperature in the model does not reach the auto – ignition
temperature then the extent of reaction is zero.

A TGA was used to determine the auto – ignition temperature of the pyrotechnic [7] along with the
rate of reaction allowing the Arrhenius equation [8] shown in equation (4) to be solved for the
pyrotechnic ink.
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The plots of the model of particular interest were expressed as “Concentration of Reactants” which
was shown against the geometry & “Temperature along Pyrotechnic Print”, both detailed whether a
print was self – sustaining at a given IFT as the concentration of reactants was zero when complete
combustion occurred and the temperature of the print would historically go above the auto – ignition
temperature of AEJ (770.12K).

RESULTS

The results can be broken down into four sections, CIFT, Surface Roughness, Substrate, and Ambient
Temperature.

Typical material properties are shown in Table 1;

Table 1
Thermal Material Properties

Air Ink
Thermal Conductivity K (w/mK) 0.0257 5.745
Specific Heat Capacity Cp (Kj/KgK) 1.005 0.3417
Density ρ (Kg/m3) 1.205 8051.35
Emmisivity 0.80904

Critical Ink Film Thickness

The model was run under the same conditions as the experimental investigation [3] with a paper
substrate thickness of 120µm over a 50 - 70µm range of IFT’s. 55, 60, 65, and 70µm IFT temperature
plots are shown below;

55 µm IFT 60 µm IFT
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65 µm IFT 70 µm IFT
Figure 2: 55, 60, 65, & 70 µm IFT Core Temperature (K) Histories

Figure 2; shows a complete combustion of 65 & 70µm IFT’s indicated by the temperature being
higher than 770.12K, however a below 65µm no ignition occurred, upon closer inspection the CIFT
was determined to be 64.1µm. The Core Temperature Histories are also in agreement with the Extent
of Reaction data. The CIFT was experimentally determined to be in the region 58.59 – 67.91 µm
which has an average of 63.25µm this is a variation of 1.32% against the models value.

Surface Roughness

White Light Interferometry (WLIF) used in previous research determined the surface roughness to be
approximately 7µm [3], this was implemented into the code giving a surface roughness along the LHS
of the geometry shown in Figure 1: The aim was to determine how surface roughness would affect
reliability, for this the surface roughness deviated below the IFT such that the troughs were below the
CIFT of the prints allowing the effects of the peaks above to be investigated, IFT = hp + sr. The
results are shown in Table 2;

Table 2
Surface Roughness

Results
hp
µm

sr
µm

Complete
Combustion?

56 0 No
56 7 No
58 0 No
58 7 Yes
59 0 No
59 7 Yes
60 0 No
60 7 Yes
62 0 No
62 7 Yes
64 0 No
64 7 Yes
66 0 Yes
66 7 Yes
68 0 Yes
68 7 Yes
70 0 Yes
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70 7 Yes
72 0 Yes
72 7 Yes

A hp and sr of 58 & 7µm respectively gives an IFT of 65µm which is just above the CIFT is self –
sustaining despite the troughs being below the CIFT. This shows that surface roughness does not
affect the reliability of the prints when within small regions obtained from the screen printing process,
this is in agreement with the experimental investigation [3]. The model has been exaggerated to show
this in Figure 3; in which the focus lies in the pyrotechnic component and not in the substrate that are
differentiated in the figure.

Substrate Print
Figure 3: Comparison of Trough and Channelled Models

Figure 3; shows two models with surface roughness and channelled geometries, the channel deviates
from the CIFT by the sr value used in the surface roughness model effectively giving an IFT of the
same thickness as the bottom of the troughs, thus allowing the effects of the peak material to be
investigated. As can be seen the surface roughness model combusts entirely whereas the channelled
model does not, showing that the material in the peaks contribute significantly to the reaction showing
that surface roughness doesn’t affect the reliability of the prints when in the reasonable ranges which
occur during the screen printing process.

Ambient Temperature

Whilst the screen printing process produces relatively high IFT’s it is important to consider how the
CIFT varies with ambient temperature changes as the IFT may be lower than the required CIFT at an
extreme mining temperature. The lower the ambient temperature the greater the temperature change
required to raise the pyrotechnic to the auto – ignition temperature, resulting in the CIFT being higher
for lower ambient temperatures.

Varying the ambient temperature in the model predicts the CIFT at 5, 10, and 25oC the CIFT’s are 82,
76, and 64µm respectively. A fluctuation of 20oC alters the CIFT by 18µm, this shows that ambient
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temperature has to be taken into account when determining future screen ruling for printed
pyrotechnics. Whilst 82µm is relatively thick it is still over 40µm below the feasible IFT achievable
with the screen printing process.

DISCUSSION

The model has provided the consolidation of experiment results through quick and simple
modification proving to be an evaluable tool. The model has determined the CIFT to be 64µm,
deviating by an average of 1.3% from experimental results.

The models provide an initial platform for the investigation of other pyrotechnics for ink
functionalization once the Arrhenius equation values and auto – ignition temperatures are determined.
This could be a useful tool for reducing experimental outlay for the initial stages of research.
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Modeling and Simulation of Taggant Loss in Sheet Explosive

Eric R. Bixon, US Army ARDEC-RDECOM, Picatinny Arsenal, NJ, USA

ABSTRACT

Mass loss rate data from the sheet explosive accelerated testing program have been assembled in
order to evaluate the shelf life of the sheet explosive roll in the packaged configuration.   The mass loss
rates from spiral rolls at a number of different sizes have been correlated and the main predictive
variables have been identified as the outside diameter of the roll, the mass to surface area ratio and the
accelerated aging temperature.

A kinetic model was used to develop a correlation to relate the lifetime of the full size roll to the
experimental data.  The initial concentration of the Taggant level in sheet explosive has been varied using
modeling and simulation techniques, and a predictive model was used to estimate the shelf life.   The
results indicate that the Taggant loss rate is very slow in the packaged configuration.

This is due to the spiral geometry of the sheet explosive.   Once the layers of sheet explosive are
wrapped in a spiral, the surface area for material transport is substantially reduced.   The results of the
simulation indicate that the Taggant loss rates are very slow when the roll is kept under controlled storage
conditions.  The predicted lifetimes are very long for the current value of Taggant which is added to the
explosive.

EXPERIMENTAL

The drying rate has been obtained on samples of explosive.  The actual experimental data was
taken on a daily basis and the mass loss units used were weight percent per day.  Different size samples
were used and the weight losses were recorded and well correlated by a simple linear equation given as
Equation (1).  In Equation (1), y is the mass fraction lost, and x is the time in days.

y = kx + b (1)

The data were well correlated by Equation (1) and k is the rate of mass lost per day in weight
percent per day.  Typical results are shown in Figure 1. The intercept has no physical interpretation.   The
mass loss rates are a function of a number of variables associated with the sample dimensions.

The slope, k, in Equation (1) may be considered a zero order rate constant and was correlated
using Equation (2).  In Equation (2) k0 is a pre-exponential factor and (Ea/R) is the activation
temperature. The parameters A and B are constants related to the outside diameter and the mass to surface
area ratio of the roll, respectively.  The variables in the equation below include D0 (outer diameter of the
roll), Ls/ANEW (Mass to surface area ratio of the roll), and T (conditioning temperature).

(2)
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Figure 1.  Typical mass loss results during an accelerated aging experiment

In some cases data for spirals without any plastic were also used in the correlation.  Since the
packaged configuration includes plastic, this makes any model using unwrapped spirals biased to a more
extreme exposure.   In other words, the estimates are somewhat conservative since in several cases the
spirals were exposed without any plastic wrap.  As we will see, the lifetime estimates are so large that this
is inconsequential. Also, during the taggant evaluation study, there were no gradients found along the
radial direction of the spiral. Diffusion theory would tend to predict lower volatile concentrations near
the outside of the spiral and higher concentrations near the center. This was not found experimentally.
The parameters obtained for Equation (2) are given in Table I.

Table I.  Parameters for Equation (2)

Parameter Value

k0 1.0926E+11 (weight %/day)
EA/R 18095.406 R

A 4.443 inches
B 0.399 in2/g
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The predicted results obtained using the model given in Equation (2) for the data provided in
Table I had percent errors ranging from -41.5196 percent to 40.08034. The confidence limits and percent
errors for the actual predictions can be expected to be even larger than this.

Using the parameters in Table I, predictions were made for the lifetime of the rolls of sheet
explosive used in this study.   Those predictions are shown as a function of temperature in Table IV.
They vary from 40000 years for a cold storage temperature of 50 F to 12 years at 200 F.  Even for storage
in a very hot climate (120 F), the lifetime of the roll is 500+ years.  The current level of taggant provides
a large assurance that the sheet explosive will have very good detection properties even at high, hot
temperatures.  As indicated at the beginning of the results section, these predictions refer to the bulk
Taggant concentration in the roll.   Concentration gradients in the radial direction were not obtainable
from the experimental sequences performed on the samples used in this study. The predicted mass loss
rates for the large roll as a function of temperature are shown in Figure 2.
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Figure 2.  Predicted Taggant mass loss rates for the full size roll used in these experiments.

Controlled Storage Life Predictions

The controlled storage life predictions are shown in Table II.  These are based on the time until
the concentration of Taggant reaches the lower limit of detection.  Based on the initial concentration
found in the two used for this experiment and average of about 50 readings (Bixon, 2010) was used to
compute the initial value of Taggant in the roll.  The predicted lifetimes for the large roll as a function of
controlled storage temperature are shown in Table II for the temperature range of 50 °F to 200 °F.  Even
at 200 °F the lifetime prediction for the roll is 12 years.  It is extremely long for the lower temperatures.
The lifetimes as a function of temperature are shown in Figure 3.
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Table II. Predicted Lifetimes for Large Roll as a function of temperature for Controlled Storage

Temp in
F

Days*
until lower

limit is
reached

Years*
until

lower limit
is reached

50 14384937 39410.79
90 1080499 2960.271

100 599359.2 1642.08
130 115346.9 316.0188
190 6746.7 18.48411
200 4420.055 12.10974

* The weight percent remaining Taggant refers to the Bulk Concentration in the roll.   During the
experimental sequence there was no concentration gradient found in the radial direction.

Figure 3:  Predicted lifetime of the large roll as a function of temperature under controlled storage.
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Figure 4:  Predicted lifetimes as a function of temperature at five initial Taggant concentrations –
low temperature range.

Figure 5:  Predicted lifetimes as a function of temperature at five initial Taggant concentrations –
high temperature range.
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The controlled storage life predictions for compositions with incremental values of Taggant levels
are shown in Figure 4 and 5. The Taggant levels are labeled as A1 through A5 for increasing levels of
Taggant where the highest level is the current value of the Taggant added in accordance with the current
requirement. The value of the x-coordinate has been truncated at 120 F in Figure 4. The controlled
storage lifetimes for the large roll as a function of initial weight percent Taggant levels is shown in Figure
5 for the high temperature range.  Even at 175 F the depletion rates are slow enough that the controlled
storage life is 20 years or greater for levels of A2 or A3 weight % which are lower than the current
Taggant level used during manufacture.

Uncontrolled Storage Life predictions for Various Initial Taggant levels

Uncontrolled storage lifetimes for the explosive based on the Taggant level are computed using
the temperature profile given in AR 70-38 for the hot and humid cycle.  The lifetimes in years for
uncontrolled storage at lower Taggant levels than those currently used during the manufacturing process
are given in Table III. The levels B1 to B6 represent increasing initial levels of Taggant. The lifetimes
have been computed for the large roll based on the parameters given in Table I.  As the Taggant level is
increased from the low level to the current level of Taggant added at manufacturing, the uncontrolled
storage life increases from 37 years to 285 years.   This is far beyond the uncontrolled storage life
requirement of 2 years.  The results are also shown graphically in Figure 6.

Table III.  Uncontrolled Storage

Wt %
Taggant YEARS

B1 37.19
B2 136.38
B5 235.56
B6 285.15

The lifetimes in years for uncontrolled storage at Taggant levels at lower levels of weight percent
Taggant added at manufacturing are given in Table III.  The lifetimes have been computed for the large
roll based on the parameters given in Table I of this document.  As the Taggant level is increased from the
low level to the high level of Taggant added at manufacturing, the uncontrolled storage life increases
from 37 years to 285 years.   This is far beyond the uncontrolled storage life requirement of 2 years.  The
results are also shown graphically in Figure 6.  In Figure 6 the label B1 represents the lowest level of
Taggant and B6 is the highest level which is the current requirement.
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Figure 6:  Predicted lifetimes as a function of weight percent Taggant for uncontrolled storage
scenarios.

Summary and Conclusions

A model based on the Eyring equation was developed from data obtained during the accelerated
aging study.  The model was developed to predict the lifetime of the actual roll in its packaged
configuration. Using that model lifetime estimates were provided for the full up roll as a function of
temperature.   Those estimates represent the bulk Taggant level in the roll and indicate extremely long
storage lifetimes at normal temperatures which occur in the stockpile to target sequence.
Additionally, the model was used to predict the lifetimes of the roll as a function of initial Taggant level.
Those estimates indicate that a lowered level of Taggant will still provide detectable vapor pressures even
under uncontrolled storage scenarios.

These results were based on extrapolated values from spirals which were much shorter and lower
mass than the actual roll. From these extrapolations it appears that the explosive has a very long shelf
life when produced at the current level of Taggant.  The Taggant has a low vapor pressure and can
withstand temperature stresses that are generally much higher than those encountered in the stockpile to
target sequence.   There is a large safety factor in the Taggant level when it is in its packaged
configuration, and the shelf life is very long.
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ABSTRACT

A packet design effort, targeting manufacturability and safety, for a 40 mm low-velocity, airburst

nonlethal projectile has been completed. The packet houses the illuminant portion of a two-part payload

system composed of a pyrotechnic activator and the illuminant, a reactive metal powder. The packet

design requirements were prioritized such that the resultant packet would (a) be inexpensive to produce,

assemble, and load into the projectile, (b) provide protection from humidity and water leakage, (c) be

sufficiently robust to survive handling, transport, and launch, (d) not decrease projectile accuracy on target,

and (e) readily break up upon payload activation and not decrease the payload’s performance. Decreased

performance was represented as reduction of the system’s ability to cause temporary incapacitation of

humans through impulse noise and visual stress. Spiral development monitored through static and ballistic

testing of prototypes yielded a multi-compartment, injection molded, glass bead filled polystyrene packet that

fits in the annular volume around a flash tube. The packet must be held in place within the projectile during

spin up and launch thereof. The position of the packet’s compartment walls relative to flash tube holes does

not affect performance. Fireball shape and intensity are different in static relative to dynamic mode.

Introduction

A two-part payload system was incorporated into a 40 mm low-velocity, airburst nonlethal

projectile. The system is perchlorate-free and consists of a pyrotechnic activator and a fuel rich illuminant

(1). The projectile was designed to produce temporary human incapacitation through noise impulse and

visual stress while minimizing the risk of permanent injury.

A packet design effort, targeting manufacturability and safety, for a 40 mm low-velocity, airburst

nonlethal projectile was initiated. Design requirements were prioritized such that the resultant packets would

(a) be inexpensive to produce, assemble, and load into the projectile, (b) provide protection from humidity

and water leakage, (c) be sufficiently robust to survive handling, transport, and launch, (d) not decrease

projectile accuracy on target, and (e) readily break up upon payload activation and not decrease the payload’s

performance. Decreased performance was represented as reduction of the system’s ability to cause temporary

incapacitation of humans through impulse noise and visual stress.
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Exploratory efforts to design a packet to house the igniter portion of the two-part payload system were

described earlier (1).

Herein, efforts are described to develop a packet to house the illuminant portion of a two-part payload

system. As part of this effort, a packet was designed to fit in the annular volume between the flash tube

and projectile body (Figure 1). It was designed with a lid and four dividing walls within the packet. The

dividing walls were placed therein to force the illuminant powder to spin up at the same rate as the

projectile. The packet and lid were designed to be produced via injection molding. Walls thereof were

selected to be sufficiently thin to break apart readily during projectile function while, at the same time,

being sufficiently thick to allow rapid flow of molten compound in the mold during packet manufacture.

Candidate molding compounds with brittle mechanical properties were selected such that packets

produced therefrom had sufficient strength to allow packet loading and assembly but are readily

pulverized upon projectile function. A few of the molding compounds selected were eliminated from

further consideration either because the molten compound did not inject properly into the mold due to

their requirement for high process temperatures or that the packets were so brittle that they shattered

during removal from the injection mold. Projectile prototypes containing payload packets manufactured

from molding compounds that processed favorably were tested statically to determine how the payload

packet material affected pressure impulse, fireball intensity, and area. These performance data were

instrumental in down selecting the molding compound used for producing the packets used for housing

the illuminant powder.

Ballistic testing of projectile prototypes was used to define requirements for loading the packets into the

projectile in order to maximize performance and simplify, as much as possible, projectile assembly.

Differences were observed in the performance of projectile prototypes tested in static mode relative to

those tested ballistically.

Experimental

Rapid prototype designs of illuminant packets were produced with three different wall thicknesses of

using Objet FullCure® 850 Vero Gray rapid prototyping compound at Metropolis Design located at 900

Figure 1. Drawings depicting the shape of the illuminant packet and cap.
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North 400 West, North Salt Lake, Utah 84054. Injection molded designs of illuminant packets were

produced (or attempted to be produced) to a target wall thickness (± 17%) using selected molding

compounds. The molding compounds were purchased from the RTP Company located at 580 East Front

St, Winona, MN 55987. The illuminant packets were produced from a single packet mold design by

Silicone Plastics located at 97 West 300 South, Millville, Utah 84326.

Assembly steps for static and ballistic test prototypes were very similar. Assembly of a static prototype

(Figure 2) is described below and compared to that of a ballistic prototype.

Igniter tube
contains activator

Outer annulus
contains a payload
packet containing
illuminant powder

Part Number Part Description

1 Opening in flash tube spacer

2 Wire retainer

3 Washer

4 O-ring, Buna_N

5 RP-3 detonator

6 Flash tube spacer

7 Blow molded PVC igniter tube

8 Flash tube

9 Cartridge body

10 Blow out ring

11 Body

Figure 2. Static test prototype design

All materials involved in the assembly were pre-dried and selected parts were serialized. Each quartile of
a vibrated illuminant packet was completely filled with illuminant and the packet lid was sealed with
modeling cement (Figure 3-left). The flashtube (Figure 3-far left) was screwed into the body and the flash
tube spacer was inserted therein producing the flash tube assembly. Adhesive was applied to the base of
the flash tube assembly and the sealed payload packet was inserted around the flash tube (Figure 3-
center). The pyrotechnic activator was added to the vibrated PVC igniter tube (Figure 3-far left) followed
by a static dissipative foam disc prior to inserting the igniter tube into the flash tube. A lubricated O-ring
was inserted onto the body. The blow out ring was inserted onto the projectile body (Figure 3-right).
Finally, adhesive was added to the top of the payload packet and the cartridge body and blow out ring was
screwed into the flash tube until the blow out ring engaged fully with the body. For static tests, the RP-3
detonator was inserted and secured at the time of test. For ballistic prototypes, a point detonating fuze
assembly was screwed onto the fore end of the projectile prior to testing (Figure 3-far right).
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Figure 3. Assembly of test prototypes: far left-flash tube and igniter tube, left-filled payload
packet, center-packet on flash tube assembly, right-projectile body with blowout ring, far right-

fully assembled ballistic prototype

The instrumentation used for static testing is shown below in Table 1. The test set-up with placement of

measurement equipment and the grenade test stand is shown below in Figure 5. Pencil gauges were offset

15º from axial at two, four, and six feet from the munitions prototype. Photopic radiometers were

positioned 15 feet from the prototype at a radial position and in front of projectile in the axial position.

Colored high speed video cameras were also positioned radial and front-axial. The normal speed video

was placed in a radial position. As much as possible, the instrumentation was set at a height equivalent to

the grenade. In some cases, where the view of one instrument or piece of equipment would interfere with

that of another, the heights were slightly adjusted to eliminate the interference, while maintaining, as near

as possible, the same general instrumentation/equipment height.

An initial ballistic arena is pictured below in Figure 6. It included a 40 mm grenade launcher 50 meters

from the target, a chronograph and high speed video to determine muzzle velocity, high speed and regular

video to monitor flight stability and high speed video and a photopic radiometer at a position radial to

projectile flight behind the target to

assess fireball area and intensity.

In a later arena, only the chronograph

was used to determine muzzle velocity.

High speed video and a photopic

radiometer were placed behind a

protective shield behind the target

facing the oncoming activated

projectile.

Data from photopic measurements were

used to determine the high speed video

frame of maximum intensity (Figure 4).

This frame was evaluated using digital

media software to determine the

number of pixels above a “flash”

threshold. These were counted and

compared to a known area to determine pixels/ft2. From the pixels/ft2 a standard fire ball area was

determined, and from this, a circular fireball diameter was calculated.

Figure 4. Fireballs at maximum intensity (circle added to
assess fireball symmetry.
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Table 1. Static test equipment

Measurement Device
Input Optic/

Bandwidth/Rate
Range

Pencil gauges (three each) PCB model 137A23 100 kHz bandwidth 50 psi range

Photopic (two each) Radiometer Silicon Cell Quartz Diffuser 475 - 650 nm

High-Speed Color Video (HSV1) Phantom 12 5000 frames/sec 400 - 700 nm

High-Speed Color Video (HSV2) Photron SA1 Color 5000 frames/sec 400 - 700 nm

Normal Speed Video (NSV1) Cannon XL3D 30 frames/sec 400 - 700 nm

HSV2

HSV1

NSV1

Radiometers

Pencil Gauges

Test Stand

Figure 5. Static test layout (two different views). Bottom-left: Test assembly ready for functioning.
Bottom-right: Activated prototype containing a single annular chamber polyethylene packet.
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Figure 6. Selected views of a ballistic test arena. Critical equipment are labeled.

Results and Discussion

Normal VideoHSV-Muzzle

Velocity

HSV-Flight

Stability

40mm Gun

HSV-Muzzle

Velocity

Background

Chronograph

Assembly

Target

HSV-Fireball

Photopic

Radiometer

Smash Wall
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As mentioned in the Introduction, the goal of this development effort was to identify payload packet design

with the following properties:

1. Inexpensive to produce, assemble, and load into the projectile
2. Provides protection from humidity during storage and water leakage when the munitions are

immersed in water
3. Sufficiently strong to contain the illuminant during:

a. Loading of the packets and application of the payload packet cap
b. Packaging and transport of the packets to the facility where the projectiles are assembled
c. Assembly and transport of the projectiles
d. Set back and spin up of the projectiles during launch

4. Sufficiently weak to allow activator effluents to readily compromise the packet inner wall
5. Minimizes leakage of activator effluents around the inner and outer diameters of the packet, thus

maximizing the effluent’s ability to heat and eject the illuminant

Initial feasibility tests are summarized in Table 2. Ultimately, an injection molded packet design with four

annular compartments was desired as shown in Figure 1. This design forces the illuminant powder to spin

up at the same rate as the projectile. Rapid prototypes of this design at two different wall thicknesses were

tested. Simplified annular designs without dividing walls were machined out of two injection moldable

plastics: high density polyethylene and polystyrene.

The best overall light intensity values were obtained for the four chamber rapid prototypes. The intensity

values are significantly higher than those measured for the baseline design in which no packet was

present. The best overall light intensity was measured for a projectile containing a polyethylene packet.

However, its counterpart yielded a significantly lower light intensity.

The rapid prototype packets pulverized upon actuation of the grenade. Only a few small pieces of these

packets were recovered from the test site. The machined polyethylene packets either remained intact (Figure

4, bottom right) or were ripped into two pieces. The machined polystyrene packets broke into a number of

pieces, several of which were recovered. In either case, it did not appear that the activator effluents melted a

hole into the inside diameter of the packet. This suggests that a brittle plastic similar to that found in the rapid

prototypes or a weakened version of polystyrene would function best for these illuminant packets.

Intensity values vary significantly for the test assemblies containing polyethylene and polystyrene packets

where the payload packet did not pulverize. The light intensity observed for these grenades is actually lower

except for one polyethylene packet. This raises a concern that a significant amount of energy is leaking

around the outer surface of the respective packet because the inner wall of a packet is not sufficiently weak to

be readily compromised. Leakage around the packet may be occurring in the designed small amount of void

space in the annulus outside the confines of the packet. Leakage around the packets may also be occurring if

the packet is distorted inward due to activator effluents compressing the illuminant powder therein. Divider

walls (Figure 1) were present in the rapid prototype packets whereas they were not present in the machined

polyethylene and polystyrene packets. These walls most likely decrease inward compression of the payload

packet decreasing leakage around the packet. Thus, the lack of divider walls in the single compartment

designs may have contributed to lower intensity values.
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Table 2. Results of initial feasibility tests

Packet

Material

Packet

Design

Relative

Pressure

Impulse

Relative

Integrated

Light

Intensity

Notes

1.00 1.00

1.04 1.27

0.71 6.47
Packet remained intact

but distorted.

0.67 2.45
Packet ripped in two

pieces.

0.75 1.64
Packet broke into pieces,

several recovered.

1.06 0.85
Packet broke into pieces,

several recovered.

1.13 5.03 Packets Pulverized

0.65 5.32 Packets Pulverized

Polystyrene

Single

Annular

Chamber

Rapid

Prototype

Four

Annular

Chambers

Baseline
Paper

Ring

HDPE

Single

Annular

Chamber

The test results summarized in Table 2 support the selection of packet materials that are brittle and do not

distort significantly before the packet material fails. Although packets produced by rapid prototyping

shattered readily and promoted consistently high flash intensity in the first round of tests, the process for

producing them is significantly more expensive when thousands are to be produced in a munitions production

program. Thus, candidate materials were sought to produce injection molded illuminant packets. Product data

sheets (Table 3) for compounds formulated for injection molding (2) report notched and unnotched Izod

impact values. Lower Izod impact values (ft-lbs/in) suggest the corresponding molding compound is more

brittle. The ability for an injection molding compound to deform can be tracked by tensile elongation. The

inner packet wall formed using an injection molding compound with a lower percentage elongation at failure

should be less susceptible to distortion when impacted by the hot activator effluents promoting shattering of

the packet wall and/or failure at the inner packet wall/packet divider wall interface (Figure 1). Lower values

for tensile strength are desirable but were not given priority in identifying candidate compounds to produce

injection molded illuminant packets. Internal ATK consultants, injection molding polymer suppliers, and

production houses all recommended polystyrene as the polymer of choice for injection molded payload

packets. Table 3 compares mechanical properties of general purpose, high density polyethylene (HDPE) and

polystyrene (PS). These materials are similar to those used in the machined polyethylene and polystyrene

packets tested as reported in Table 2. Notched values for polystyrene are less than half those for high density

polyethylene, HDPE. HDPE does not break in the unnotched Izod test. Furthermore, it has greater than 10%

elongation at failure.
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Table 3. Properties of candidate injection molding compounds for production of payload packets

Molding Compound Melt
Temp.

(C)

Mold
Temp.

(C)

Notched
Izod (Ft-

lbs/in)

Unnotched
Izod (Ft-

lbs/in)

Tensile
Elongation

(%)

Tensile
Strength

(psi)

FullCure® 850 Verogray Rapid prototyping 0.47 15% 8700

High Density Polyethylene 193-232 21-66 1.0 No Break >10% 2900

Polystyrene (PS) 210-250 38-66 0.4 3.0 2-3 7700

70/30 PS/glass beads (GB) 210-250 38-66 0.3 1.0 0.5 3500

60/40 PS/GB 210-250 38-66 0.3 3.0 2.5 4600

60/40 PS/G- static
dissipative (SD)

210-250 38-66 0.2 1.0 <1.0 4500

Polyphenylene Sulfide -SD 307-329 135-194 0.5 1.4 0.4 9000

Consultants suggested that to further enhance the brittle character of polystyrene while maintaining

manufacturability, 40% by weight glass beads should be added to the polystyrene. Carbon black also

increases the brittle character of an injection molding compound (3) while introducing static dissipative

character to the packet that is being designed to house static sensitive powders. Thus, a molding compound

containing polystyrene, 40% glass beads, and carbon black was selected for injection molding feasibility

studies (Table 3). In addition, an injection molding compound with static dissipative properties containing

polyphenylene sulfide was also selected as a candidate because it introduced a polymer other than

polystyrene to be tested as a packet material and has very low Izod and tensile elongation values.

During the process of producing payload packets using the injection molding process, the 60% polystyrene

40% glass beads (60/40 PS/GB) packets containing carbon black injected into the mold were too brittle to be

ejected off of the mold without shattering. The injection mold die was not designed to be heat jacketed.

Because of the significantly higher temperature required to process the plastic containing polyphenylene

sulfide, it solidified before filling the mold. Thus, injection molded packets were produced successfully only

from polystyrene, 70/30

polystyrene/glass beads and

60/40 polystyrene/glass beads.

These as well as packets

produced by rapid prototyping

were selected for incorporation

into munitions prototypes for the

second round of prototype static

testing.

The packets in all

configurations pulverized into

small pieces in the tests where

results are summarized in Table

4. Although peak impulse

Table 4. Selected data from the second static test

24" 48" 72"

1.00 0.48 0.36 1.00 1.00

0.80 0.41 0.50 0.73 0.94

1.44 0.59 0.38 0.20 0.74

1.31 0.55 0.46 0.40 0.90

1.11 0.44 0.25 1.12 1.04

1.40 0.54 0.31 0.35 0.88

1.18 0.49 0.29 1.00 1.05

1.20 0.52 0.31 0.79 1.01

Relative

Fireball

Diameter

(feet)

Rapid

Prototype

PS

70/30

PS/GB

60/40

PS/GB

Packet

Relative Peak Pressure
Relative

Integrated Light

Intensity
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pressure for polystyrene configurations is higher than those of

other configurations, integrated light intensity and fireball

diameter are substantially lower. Since the principal means of

human incapacitation for this less than lethal projectile was

anticipated to be flash blindness, configurations producing

larger fireball diameters and integrated intensities were

desired. Those values are comparable for rapid prototype and

60/40 PS/GB. However, fabrication costs for items produced

by rapid prototyping are considerably more expensive than by

injection molding. Thus, payload packets produced using

60/40 PS/GB were down selected for ballistic testing.

Objectives of the first ballistic test included verifying
consistent function of the projectile in ballistic mode and to
determine if it is necessary to lock the payload packet into
place around the flash tube and if so, the necessity to clock the payload packet divider walls relative to
flash tube outlet holes (Figure 7). The position may affect the efficiency of packet break up during
function of the grenade and thus integrated light intensity and fireball area. If no significant difference in
either is observed between the two clocking positions, 40mm ANLM projectile manufacture can be
simplified since clocking of the packet will not be necessary.

The coordinates where each projectile hit the

target are plotted in Figure 8. Projectiles

with secured payload packets met the

projectile accuracy objective: impacting

within a specified target area (inner square

in Figure 8). One of the projectiles with

unsecured packets, T06, hit the target well

outside the normal scatter. The projectiles

with unsecured packets were unstable in

flight and hit the target at an angle

significantly less than perpendicular.

Projectiles functioned at a consistent

distance, ± 21%, behind the target. No

significant difference was observed in

function distance for projectiles in either of

the two payload packet configurations,

staggered or lower holes eclipsed.

Furthermore, fireball area and intensity did

not vary significantly with clocking position.

Figure 7. Clocking of packet divider
walls relative to flash tube holes.

Left: lower holes eclipsed
Right: staggered

Figure 8. Plot of projectile impacts on target. T04,
T05, and T06 contain unsecured packets.

Inner box is specified target area.
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Additional ballistic and static testing conducted on these

prototypes was focused on determining reproducibility

of the munitions (Table 5). The integrated light intensity

values measured in static mode are consistently higher

than those observed in ballistic mode. Possibly, the

fuel/air reaction between the fuel rich payload and

oxygen is quenched more readily in ballistic mode. The

fireball becomes more elongated in ballistic relative to

static mode (Figure 9). In ballistic mode, the fuel rich

illuminant powder has a forward momentum as it reacts

with the oxygen in the air. This has the effect of

elongating the fireball: The fireball diameter of a static

fireball in the axial view is larger than it is in ballistic

mode, whereas the fireball diameter of a static fireball in

the radial view is smaller than it is in ballistic mode. Both the

static and ballistic test arenas have been invaluable in

characterizing fireball characteristics. Data derived from these two types of test emphasize the point that

static characterization of the fireball may not be totally accurate in evaluating the visual stress on target

individuals since fireball intensity and area differs in static vs. ballistic mode.

Relative

Integrated

Light

Intensity

Relative

Fireball

Diameter

Relative

Integrated

Light

Intensity

Relative

Fireball

Diameter

AVE 1.00 1.00 0.63 0.48

Std Dev 0.22 0.06 0.17 0.02

AVE 0.45 0.84 0.32 0.74

Std Dev 0.12 0.06 0.07 0.06
Ballistic 10

Static 10

Test

Design

Number

of Tests
Metric

Axial Fireball Data Radial Fireball Data
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Figure 9. High speed video
frames of fireballs at maximum

intensity.

Axial

Radial

Static Ballistic

Table 5. Analysis of fireballs tested in static and ballistic mode
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Critical Initiation Velocity of Explosives

S.K. Chan, Orica Canada Inc., Canada

ABSTRACT

A brief description is given on the methodologies used to predict the particle velocity produced in the
target explosive, by a shock wave generated by a donor in explosive gap test or by projectile impact.
These methods were applied to various gap and projectile impact initiation data from the literature on a
number of high explosives including PETN, tetryl, RDX, TNT, nitroguanadine, Pentolite, Comp-B3 and
HMX. It was found that the critical initiation particle velocities for almost all of these explosives are
relatively constant for densities less than about 0.95 theoretical maximum density. The only exception
was found to be nitroguanadine.  The experimental critical particle velocities were produced with
relatively small sample dimensions.  These values were extrapolated to that corresponding to infinite
charge dimensions.  The critical velocities at infinite charge dimensions were shown to be approximately
75% of the values from small scale tests.  The resultant values are proposed to be the true critical
initiation particle velocities, an intrinsic property for an explosive, independent of test configurations.
This critical velocity can be used as a conservative estimate of the maximum allowable impact velocities
of an explosive for hazard prediction purposes.

Introduction

Explosive reactions can be initiated in a number of ways.  These include thermal ignition,
mechanical impact, friction, electrostatic, shock wave etc. These mechanisms, other than shock wave, are
all related to thermal ignition of the explosives that can only detonate through a process of deflagration to
detonation transition under confinement.  The confinement is necessary for all secondary explosives to
allow the shock pressure to build up to detonation initiation strength.  For example, mechanical impacts
provides the thermal source for ignition, e.g. by shear or adiabatic heating of air voids, and the
confinement of the impacting surfaces allows the explosive to detonate.  However, a shock wave can
initiate an explosive to detonate without the need for confinement if the magnitude and duration of the
shock are above the threshold values required for the explosive, provided the dimensions of which are
above the critical values.  Despite the many efforts to formulate reaction models to predict the shock
initiation of explosives, there is little success from purely theoretical approaches.  Up to now, all
predictions of explosive initiation were based on empirical rules derived from evaluation of experimental
shock initiation data1-4.  Orica’s CPeX program5 was designed to predict the reaction rates of explosives
by fitting to experimental detonation velocity variation as a function of charge diameter.  This has been
used with reasonable success in numerical modelling of the initiation of explosives6.  However, the use of
relatively sophisticated numerical modelling is not readily available to most hazard analysts who are
mostly interested in the assessment of potential hazards, including high velocity impacts, to within an
acceptable degree of accuracy.  Therefore, empirical rules are the most suitable tool for this purpose.

The most widely used empirical formula for the prediction of shock initiation is the critical
energy fluence of Walker and Wasley1.  The energy fluence is defined as p2t, where p is the shock
pressure and t is the pulse duration.  It was found that the energy fluence is approximately constant, for a

78



given explosive and density, under threshold shock initiation conditions.  This is relatively straight
forward for people familiar with shock physics.  However, it remains challenging for most hazard
analysts where neither the shock pressure nor the duration can be determined easily in most situations.  A
much simpler empirical rule is highly desirable.  The most suitable variable would be a critical particle
velocity. Since the particle velocity is always less than the velocity of an impacting projectile, it is
therefore simple and conservative to use the critical particle velocity to assess the potential hazards of
detonating an explosive mass from the impact of high velocity projectiles. The concept of critical
velocity has been proposed previously by Roth2 and Streasau and Kennedy3.  Roth was apparently the
first to observe that the critical particle velocity, uc, is almost constant over a wide range of initial
densities for the explosives investigated, including RDX, HNS, PETN and Tetryl.  Streasau and Kennedy
further expounded on the concepts of critical energy fluence and critical particle velocity. They pointed
out that the critical velocity applies when the shock duration is relatively long, e.g. compared to the
reaction time (usually in microseconds). Under most hazardous conditions when high velocity projectiles
are involved, it is reasonable to assume the long shock criterion when the critical particle velocity applies.
The critical particle velocity is a reasonable criterion for temperature dependent reactions since the shock
temperature is proportional to the internal energy, ½u2, where u is the particle velocity.

Hugoniot of Unreacted Explosives, Gap and Projectile Materials

Knowledge of the un-reacted Hugoniot of an explosive is needed to predict the pressure and
particle velocity transmitted from an explosive driven attenuator or from the impact of a projectile. The
Hugoniots for most condensed materials can be approximated by the linear form

U = a + bu (1)

where U and u are the shock and particle velocity in laboratory coordinates and a and b are constants.
Table 1 gives some of the values of a and b for explosives and inert materials at the theoretical maximum
density (TMD).

One of the most common gap materials used in Card-gap initiation tests is PMMA
(polymethylmethacrylate).  The Hugoniot of this material is more complicated and is given by the
following equations7

U = 2.7228 + 4.0667 u – 10.9051 u2 + 10.6912 u3 0.03 <u< 0.5363km/s (2a)

U = 2.561 + 1.595 u u > 0.5363km/s (2b)

The Hugoniot of the explosive at initial density lower than the TMD is predicted following the method
suggested by Voskoboinikov8.  The particle velocity of a porous material at initial density of 0, u*, and
shock pressure p is given by

(3)

where uC is the particle velocity of the material at the TMD (C) at the same shock pressure.  Eq.(3)
assumes that the volume of the gas in the porosity is compressed to the strong shock value of (-1)/(+1),
where  is the ratio of specific heats of the gas.
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Table 1 Hugoniot Parameters for explosive and donor gap materials.

Material TMD a b Ref
gm/cm3 km/s

HMX 1.9 2.901 2.058 9
NQ 1.596 3.048 1.725 10

PETN 1.78 2.87 1.69 9
Tetryl 1.73 2.476 1.416 9
TNT 1.654 2.57 1.88 9

Comp B 1.742 2.95 1.58 10
Comp B3 1.75 2.71 1.86 10

RDX 1.806 2.78 1.9 9
Pentolite 1.71 2.885 3.2 10

Brass 8.45 3.794 1.424 11
Mild Steel 7.84 3.67 1.645 11

Gap Tests and Shock Transmission

Most shock initiation experiments in the literature were carried out using explosive driven gap
configurations in one form or other.  The most sophisticated ones used an explosive plane-wave lens to
produce a planar shock through the adjacent booster and inert gap material to attenuate the shock to
initiate the explosive sample sitting on top of the gap material. In this setup, solid samples can be in the
form of a wedge with one inclined face.  This allows the measurement of the distance of travel of the
shock in the sample using a high speed camera.  The distance to full detonation can be determined with
this setup as a function of shock pressure.

Another commonly used technique is the card-gap test, e.g. the Naval Ordnance Laboratory
(NOL) large scale gap test7.  In contrast to the previous setup, the donor explosive is initiated by a
detonator and the resultant shock waves in the attenuator and the acceptor explosive sample are curved.
However, since this is easy to set up, it is very popular for less demanding experiments.  In the NOL gap
test, the acceptor explosive is contained in a steel tube as added confinement.  The standard gap material
for these tests is PMMA. In some sophisticated tests, the pressure or particle velocity was measured at
the contact surface between the attenuator and the explosive sample.  However, in the card gap test the
shock particle velocity was pre-calibrated as a function of the thickness of the PMMA gap.  For cast
Pentolite donors with dimensions used by NOL (donor diameter and thickness of 50.8 mm), the particle
velocity, u (mm/s), was related7 to the gap thickness, x (mm), as

u = 1.7735 exp(-0.01841 x) + 0.8765 exp(-0.3495 x) x 36mm (4a)
u = 0.0905 +  4.0877 exp(-0.04451 x) x > 36mm (4b)

The determination of the interface pressure and particle velocity is by traditional shock
impedance matching technique12.  The expansion or re-compression of the gap material is assumed to be
identical to the Hugoniot, reflected vertically at the point (p=pg, u=ug), where g is the subscript referring
to the shock property in the gap or projectile material prior to the shock’s entry into the acceptor
explosive.
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Experimental Data Analysis

Relevant threshold shock initiation data for a number of high explosives are listed in the
Appendix.  The high explosives considered here include the following: PETN, Tetryl, RDX, HNS,
Pentolite (PETN/TNT 50/50), TNT (pressed and cast), Composition-B3 (RDX/TNT 60/40), NQ
(nitroguanidine), HMX.  The data were generated by a number of different tests, including plane-wave
wedge, gap tests of different configurations and projectile impact.  The original data were in many forms,
including gap pressure, gap thickness, projectile velocity and, in a few cases, the interface particle
velocity.  The data were converted into the particle velocity in the explosive using procedures and
Hugoniots outlined above.

PETN

PETN is the most widely used high explosive as the base charge in commercial detonators and the
core material in detonating cords.  Potential hazards involved in the handling and manufacturing
processes are of major interest and concern to the manufacturing institutions. Fig.1 summarizes the
threshold velocities from different sources2,9,10,13-15.  Similar to all other explosives investigated here, the
particle velocity for PETN increases dramatically as the density approaches the TMD.  This is consistent
with our present understanding of initiation mechanisms.  Shock wave induces hot spots in porous or
heterogeneous materials and these hot spots increase the initial reaction rates of these explosives allowing
them to be initiated at relatively low shock pressures.  On the other hand, for explosive at or close to full
density, the material is reasonably homogeneous where very few hot spots are generated.  Consequently,
much higher pressure is required to heat the bulk of the explosive to the initiating temperature.  Other
than the data points marked u0(wedge), all data are within a reasonably narrow band and are almost
independent of density.  It is well known that initiation sensitivity is highly dependent on the morphology
of the crystals, i.e. particle size and shapes.  Therefore, one cannot expect the sensitivity from different
investigators to be identical.

Other factors that affect the threshold velocity are the scale and configuration of the test which
control the effective duration of the pressure pulse during the initiation process.  Therefore, it is possible
that the threshold velocities determined from experimental data may not be the lowest possible.  For a few
explosives, the initiation time or distance to detonation was measured as a function of input pressures.
Howe4 showed that it was possible to extrapolate the data to deduce the critical particle velocity
corresponding to infinite initiation time.  This is theoretically the lowest possible threshold velocity under
shock initiation conditions and should be an intrinsic property of the explosive, independent of test
configurations.  He analyzed available data for PBX-9404 and Tetryl showing that the threshold velocities
were approximately equal to 0.27 and 0.2 km/s respectively.  Unfortunately, detailed p(x) data are not
readily available for other explosives.  However, equations of p(x) fitted to experimental shock pressure-
initiation distance data are given10 for PETN at four initial densities of 1.75, 1.72, 1.6 and 1.0 gm/cm3.
The corresponding particle velocities are plotted in Fig.2 as 1/(u-u0) versus x.  The value of u0 is varied
until the line is nearest to a straight line.  The values of u0 for the four densities are shown in Fig.1.  They
have lower values than the other data suggesting that the lowest threshold velocity for PETN should be
about 0.2 km/s, compared to the range of 0.25 – 0.3 km/s from the different tests.  Therefore, it appears
that the theoretical lowest critical velocity is approximately 75% of that in typical sample and donor
dimensions.
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Figure 1 Critical initiating particle velocities of PETN

Figure 2 Dependence of initiation distance on particle velocity for PETN10.

Tetryl

Tetryl was extensively tested with results available in the literature. Figure 3 shows the data for
Tetryl from tests including the NOL small gap16, NOL large gap7, plane-wave wedge17 and projectile
impact14.  Similar to PETN, below a certain initial density between 0.9-0.95TMD the critical particle
velocities are almost independent of density and data from different test methods are in reasonable
agreement with each other, considering the fact that different materials were used in the various tests.
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The data marked u0(Howe) represents data calculated by Howe4 for effective infinite explosive
dimensions.  The data that Howe used was obtained by Lindstrom17. These data were obtained with
wedge tests using very large plane wave lenses (30 cm diameter plus a 10 cm thick Baratol booster).
They are effectively initiated by a conventional charge of infinite dimension, i.e, plane shock. In contrast,
the shock waves are highly curved in the gap and projectile tests with relatively small dimensions. The
critical velocities from the wedge tests are lower than those from the other tests, as is evident in Fig.3.
Therefore, the effect of planar shock wave appears to result in lowering the critical velocity by about 15%.
Similar to those for PETN, the theoretical lowest critical velocity for Tetryl can be taken approximately as
75% of the initiation velocities from tests in typical sample and donor dimensions.

Figure 3 Critical initiating particle velocities of Tetryl.

RDX

Data for RDX are shown in Fig.4.  It is not clear why the NOL large scale gap data7 differ so
much from the small gap9 and other data.  Roth’s small gap data2 are in the same range as the projectile
test14 and much higher than the NOL tests.  Roth2 used explosive donors with a 12.7 mm diameter which
is identical to that of the projectiles in the projectile tests14.  It appears that the higher critical velocities
are related to these smaller driver (and sample) dimensions.  The driver dimensions are more significant
at high densities when the materials are less sensitive to initiation.  At lower densities the critical particle
velocities are almost independent of densities.
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Figure 4 Critical initiating particle velocities of RDX

TNT

Data for TNT are shown in Fig.5.  Two sets of data were obtained with cast TNT.  One was
obtained with the NOL large scale gap test7 and the other by projectile impact14.  The densities of the cast
TNT are very high and the critical velocities, particularly those from projectile impact, are much higher
than those for the pressed materials. The higher projectile velocity compared to the gap velocities is most
likely a consequence of the small projectile diameter.  Two extensive sets of gap data for pressed TNT are
shown in Fig.5. The projectile velocities for the pressed material are also higher than the gap results.
They differ from each other by approximately 0.1 km/s.  However, both sets show that the critical
velocities are almost independent of density at density less than about 0.95TMD.

Other Explosives

Data for nitorguanadine7,14 are shown in Fig.6.  This material behaves very differently from all
other explosives examined in this paper.  The very high critical particle velocities indicate that this is a
very insensitive material even compared with cast TNT.  It is the most insensitive high explosive
investigated10.  The critical particle velocity is also density dependent, although the data do suggest that it
levels off at densities below 0.6TMD.  If we interpret the critical velocity to be related to the critical hot
spot initiation3, then nitroguanadine requires higher energies to produce the same rate of reaction, either
due to lower reaction rate or to lower hot spot temperature. Data for pentolite, HNS and HMX are shown
in Fig.7.  The pentolite velocities are very low at about 0.2 km/s, which is even lower than that for PETN
in Fig.1.  More discussion on this will be given in the following section.
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Figure 5 Critical initiating particle velocities of TNT.

Figure 6 Critical initiating particle velocities of nitroguanadine.

Different Explosives from the NOL LSGT

It is interesting to compare the sensitivity of different explosives tested in a common test
configuration.  The data from the NOL large scaled gap tests7 are summarized in Fig.8.  The lowest
critical particle velocity was found to be slightly above 0.2 km/s, for RDX and pentolite.  These
explosives appear to be even more sensitive than PETN (Fig.1).  It is commonly accepted that PETN is
one the most sensitive secondary explosives, based on conventional drop weight impact test results (see
for example Ref.10).  Therefore, it is not expected to find PETN to be sensitive than these two explosives.
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It is well known that the morphology of the solid crystals has significant effects on the shock sensitivity
of the explosive.  Therefore, it is also possible to explain the reversal in sensitivity on the differences in
the crystal morphologies.  To clarify this apparent contradiction of the higher sensitivity of RDX and
pentolite in shock initiation, more tests will have to be done on these explosives under identical test
configurations using materials with well characterized morphology.

Figure 7 Critical initiating particle velocities of pentolite, HNS and HMX.

Figure 8 Summary of all data from the NOL large scale gap test.
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Lowest Critical Initiating Particle Velocity

From an examination of the data available, e.g. Figs.1-8, one can determine a minimum value for
the critical particle velocity for each of the explosives explored.  Table 2 summarizes these experimental
lowest critical particle velocities u(expt).  The column with heading u0 signifies the values of the
theoretical lowest limits and is obtained by multiplying the u(expt) values by  factor of 0.75.   These
values can be considered the intrinsic shock initiation threshold particle velocity for the corresponding
explosive.

Table 2 Suggested lowest critical initiating particle velocities

u0 u (expt)Explosive km/s km/s
PETN 0.19 0.257
Tetryl 0.23 0.3
RDX 0.16 0.217

Pentolite, cast 0.16 0.212
Nitroguanadine 0.51 0.679
TNT, pressed 0.26 0.35

TNT, cast 0.50 0.667
HMX 0.33 0.44

Comp-B3 0.26 0.341

Conclusions

This report analyzed different shock initiation data from tests including plane-wave wedge tests,
card-gap tests from many different sources and projectile impact tests.  The original threshold initiation
data were converted into particle velocities induced in the explosive.  The results show that all explosives
except nitroguanadine show an approximately constant critical initiation particle velocity over a wide
range of initial densities below approximately 0.9-0.95 TMD.  The unusual behaviour of nitroguanidine
provides a good example to explore the hot spot initiation theory in the future.  It is realized that critical
initiation parameters depend on the test dimensions and configurations, including all tests investigated in
this report.  However, it was possible to extrapolate the data to obtain an effective critical velocity for
infinite charge dimensions and shock pressure pulse durations.  This was demonstrated with data from
PETN and Tetryl.  The asymptotic critical particle velocity was found to be approximately 75% that
obtained using typical charge and donor dimensions of less than 50 mm.  This factor was applied to the
lowest experimental critical particle velocities to generate the true critical particle velocities that are
independent of test configurations for all explosives investigated.  These critical velocities can be applied
easily for hazard prediction purposes.
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APPENDIX Table of  Gap and Projectile Impact Initiation Data

0 0/TMD Gap P(gap) P(expl) u(proj) u(expl) Ref CommentsExplosive
gm/cm3 gm/cm3 mm kbar kbar km/s km/s

PETN 0.99 0.56 2.18 0.283 15
1.25 0.704 3.06 0.261 15
1.50 0.845 5.73 0.258 15
1.64 0.924 8.62 0.257 15
1.69 0.955 10.5 0.262 15
1.74 0.980 16.49 0.335 15
1.59 0.896 0.3 2

1 0.564 2.5 0.314 13 wedge
1 0.564 0.237 10 u(x=inf.)

1.6 0.902 0.199 10
1.72 0.970 0.185 10
1.75 0.986 0.192 10
1.4 0.789 0.313 0.268 9 Al proj.

1.75 0.986 0.418 0.3 9
1.48 0.834 0.31 0.290 14 brass proj.

Tetryl 1.7 0.983 0.41 17
1.6 0.925 0.3 17
1.5 0.867 0.27 17
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1.4 0.809 0.27 17
1.3 0.751 0.26 17

1.69 0.977 17.6 0.405 16 NOL SSGT
1.66 0.960 17.2 0.409 16
1.62 0.936 13.6 0.35 16
1.54 0.890 10.2 0.3 16
1.5 0.867 10.9 0.328 16

1.43 0.827 9.6 0.314 16
1.42 0.821 9.6 0.316 16
1.43 0.827 74.68 0.3 7
1.49 0.861 71.88 0.305 7
1.62 0.936 66.29 0.309 7
1.64 0.948 60.45 0.357 7
1.7 0.983 0.352 4 u( x=inf.)
1.6 0.925 0.198 4
1.5 0.867 0.227 4
1.4 0.809 0.231 4
1.3 0.751 0.191 4
1 0.578 0.31 0.303 14

1.57 0.908 0.425 0.383 14

RDX 1.64 0.908 0.4 2 small gap
1.54 0.853 0.41 2
1.56 0.864 9.8 0.293 16 NOL SSGT
1.63 0.903 11.2 0.303 16
1.72 0.952 13.8 0.321 16
1.73 0.958 17.1 0.38 16
1.53 0.847 85.34 0.229 7
1.64 0.908 82.04 0.217 7
1.11 0.612 3.1 0.314 15 gap
1.26 0.7 3.91 0.294 15
1.64 0.909 8.76 0.259 15
1.73 0.959 12.72 0.274 15
1.75 0.967 14.42 0.29 15
0.80 0.443 0.3 0.296 14 projectile
1.62 0.897 0.455 0.405 14

HNS 1.59 0.914 0.56 2 small gap
1.57 0.902 0.55 2
1.39 0.799 0.54 2
1.57 0.902 0.44 2 wedge
1.39 0.799 0.4 2

Pentolite 1.64 0.959 76.45 0.212 7 LSGT
50/50 1.66 0.971 71.12 0.231 7

1.67 0.977 70.87 0.228 7
1.68 0.982 66.29 0.251 7
1.61 0.942 0.44 0.382 14 12.5mm

TNT 1.07 0.647 71.63 7 LSGT
pressed 1.25 0.756 60.71 0.465 7

1.32 0.798 59.44 0.459 7
1.33 0.804 58.67 0.465 7
1.33 0.804 56.90 0.489 7
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1.42 0.859 54.10 0.494 7
1.49 0.901 52.83 0.484 7
1.58 0.955 49.02 0.507 7
1.58 0.955 50.29 0.484 7
1.6 0.967 46.48 0.545 7

1.64 0.992 44.45 0.567 7
0.91 0.549 5.05 0.481 15 gap
1.23 0.744 6.82 0.381 15
1.34 0.813 7.71 0.347 15
1.41 0.852 9.3 0.35 15
1.59 0.959 16.57 0.371 15
1.62 0.981 21.51 0.42 15

TNT, cast 1.62 0.979 31.50 21.51 0.873 7 LSGT
1.61 0.973 31.50 0.879 7
1.6 0.967 41.15 0.667 7

1.61 0.973 33.78 0.843 7
1.61 0.973 34.29 0.835 7
1.58 0.955 36.83 0.8 7
1.59 0.961 33.78 0.855 7
1.62 0.979 27.43 0.94 7
1.62 0.979 30.73 0.885 7
1.5 0.907 0.75 0.658 14 projectile

1.54 0.931 0.78 0.677 14
1.55 0.937 >1.74 1.44 14

Comp-B3 1.67 0.954 1.47 1.207 14 projectile
1.66 0.949 0.341 7
1.7 0.971 0.441 7

1.69 0.966 0.422 7
1.69 0.966 0.404 7
1.7 0.971 0.373 7
1.7 0.971 0.383 7
1.7 0.971 0.379 7

1.71 0.977 0.803 7
1.71 0.977 0.753 7
1.65 0.943 0.577 7
1.6 0.914 0.455 7

NQ 0.56 0.315 54.86 0.751 7 LSGT
0.9 0.507 49.28 0.783 7
1.2 0.676 30.73 1.139 7
1.4 0.789 21.34 1.209 7

1.51 0.851 15.24 1.275 7
1.63 0.918 8.89 1.374 7
1.16 0.654 49.78 0.679 7
1.33 0.749 32.51 1.037 7
1.4 0.789 23.62 1.163 7

1.51 0.851 17.27 1.228 7
1.61 0.907 11.94 1.292 7
1.64 0.924 8.13 1.396 7

1 0.563 1 0.938 14 density est.

HMX 1.27 0.668 0.445 0.423 14 projectile
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ABSTRACT 
 
Polytetrafluroethylene (PTFE) polymer is widely used in the industry and by the military 
for its versatile chemical and physical properties.  Although PTFE is classified as a very 
stable compound at below 325°C, it reacts violently with fine magnesium powder (Mg) 
as the temperature approaches at or near its decomposition temperature (≥435°C).   
 
During the combustion period of Mg/PTFE, several stages of mechanisms may take place 
at different temperature levels against time.  Each mechanism is very unique but also has 
good links between each other.  It is believed that the formation of a pi complex at the 
pre-ignition temperature is one of the slowest steps because it requires higher activation 
energy to reach this stage.  Since the formation of a pi complex is a very important step to 
homogenize the reaction system, the activation energy required, based on the molecular 
orbital theory, depends heavily on the surface area of Mg and magnitude of steric 
hindrance of the fluoropolymer used.  Many attempts to enhance the burn rate and 
increase temperature have been performed by the addition of additives (binders and 
oxidizers) and catalysts.  These attempts have been futile due to the inadvertent 
competition of pi complex formation reaction between the Mg and PTFE.  In order to 
obtain higher burn rate and temperature, it is theorized that steric hindrance of 
fluoropolymers must be reduced.  The PTFE has the least steric hindrance among all 
other fluorocarbon counterparts.  Therefore, it is concluded that no other fluorocarbon 
polymers can replace PTFE for better reaction rate as well as higher reaction temperature.  
 
INTRODUCTION 
 
For the last decade, many attempts have been made to improve the radiant intensity of the 
infrared decoy flares by the replacement of conventional magnesium fuel with different 
metals, or by the addition of new metal oxides as additives or catalysts to enhance the 
burning intensity. Only little success has been achieved so far. Very limited studies have 
been reported on how to improve the burning characteristics of Mg/PTFE through the 
understanding of the very basic combustion mechanism.1-4   The Mg/PTFE reaction 
believed to be a very complex reaction involving multiple rate determining steps.  It is 
evident that the step with the smallest rate constant (the slowest step) will be the principle 
rate controlling step.  There are five experimental evidences that indicate that the 
decomposition of the PTFE polymer to monomer may be the principle rate controlling 
step:  1) the burning rate increases with increasing the weight fraction of magnesium at a 
constant pressure while the reaction surface temperature (adiabatic) decreases; 2) the 
activation energy increases with increasing weight percentage of PTFE; 3) the magnitude 
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of the activation energy is that of a sublimation process; 4) solid-vapor transformation 
observed; 5) the activation energy of the fuel rich flare (2 to 1 excess magnesium) is 
constant either in air or inert gas.  All evidence indicates that the rate and mechanistic 
pathway of depolymerization of PTFE may be significantly affected by the amount of the 
magnesium present in the flare composition.   
 
The purpose of this paper is to delve into the principle reaction mechanism between 
magnesium and PTFE prior to reaching (or at) the ignition temperature.  The effects of 
the stereochemistry of the fluorocarbon polymers on the mechanism and burning 
characteristics will also be discussed.   
 
TECHNICAL APPROACH 
 
The approach will have both experimental and theoretical aspects and will yield 
mechanistic and kinetic information on the reaction between magnesium and PTFE.  The 
experimental phase of the approach will attempt to shed light on how the metal-perfluoro 
polymer reaction is initiated.  This will be accomplished by the following procedures: 
 

1) Identify the major decomposition products and intermediates from heating 
commercially available fluorinated polymers. The flow rate of the helium gas will 
be adjusted at times in order to determine the recombination (dimerization, 
carbene insertion) of the decomposition products.  Diagnostic instruments used 
include GC/MS, HPLC, etc. 

 
2) Identify the major decomposition products and intermediates from heating the 

same fluorinated polymers in the presence of magnesium at different reaction 
conditions.  Surface analysis on the metals after reaction will be studied by SEM 
(Scanning Electron Microscopy). 
  

3) Polymer decomposition products such as tetrafluoroethylene monomer, 
hexafluoropropylene, and octafluorocyclobutane will be used individually to react 
with magnesium.  These studies are extremely important because the results may 
provide useful information to determine the key mechanism responsible for 
initiating metal/fluoropolymer compositions. 

 
4) Quantification of all decomposition products and intermediates from 

metal/fluoropolymer compositions will be done by using internal and external 
standards. 
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THEORETICAL CONSIDERATIONS 
 
When olefinic compounds pass the surface of hot metals (alkali or transition), a pi 
complex type intermediate or adduct may be formed.  The stability of the pi complex 
varies depends on which orbital of the olefins and metals are available for overlapping.  
Unconjugated olefins such as ethylene or its perfluoro derivatives form only slightly 
stable complexes which exhibit the following specific characteristics. 
 
1) The HOMO (highest occupied molecular orbital) of unconjugated olefins does not 

energetically correlate to that of magnesium.  Therefore, the potential energy of such 
complexes is relatively higher.  Physical and chemical stability are lower. 
 

2) The overlap of the pi-electron density of the olefin with a sigma-type acceptor orbital 
on the metal (see (a) of Figure 1). 
 

3) In solution, pi complex may rapidly exchange its alkyl group and exhibit equilibrium 
relationships as shown in Figure 1. 

 

 
            Figure 1 Pi Complex Intermediate and Its Relationship to the Other Organomagnesium 
              Counterparts in Solution. 
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4) In a complex containing tetrafluoroethylene,5 the C-C bond is about as long as a 

normal single bond and the angles within the C2F4 ligand suggest that the charge 
transfer from metal atom to the unsaturated carbon π orbital is likely to be significant 
in the interaction between Mg and TFE6,7.  This means that olefins containing strong 
electronegative atoms such as F and CN will form relatively stable complex with Mg 
(l 1S) and Mg (l 3P) orbital7.   

 
5)   Unconjugated halogenated olefins and magnesium complex may exhibit similar 
characteristics as magnesium alkyl complexes (R2Mg or RMgX)6,8,9,10 which can 
polymerize or dimerize simple olefins back to their original polymeric form in solution 
(solvent).  In a reaction involving solid/gas at the initiative stage, the formation of the pi 
complex may help homogenize the two phases resulting in accelerating the 
decomposition of the polymer and increasing the burning rate of the flare composition.  
At a constant fuel/oxidizer weight ratio, the reduction in particle size (more surface area) 
of magnesium will definitely help the formation of pi complex and increase the burn rate. 
 
EXPERIMENTAL 
 
The experimental portion of this program focuses on the determination of combustion 
mechanisms and kinetics of the Mg/PTFE composition.  In addition to identifying the 
combustion products11 this study also hopes to identify the key intermediates during the 
initial stage of the combustion process.  These intermediates are proposed to be the major 
species involved in the rate determining step which controls the kinetics of the 
combustion. 
 
In a typical reaction, the pyrolysis of fluoropolymers under a stream of helium was 
conducted in a 42-inch long, 1-inch ID quartz tubing heated by a tube furnace (Figure 2).  
In a typical experiment, approximately 0.7grams of powdered fluoropolymer was placed 
in a 2 ml quartz cuvette before inserting in the quartz tube to prevent the PTFE from 
being blown down the tube by the carrier gas.  The tube was heated at 435°C (<450°C), 
with and without a one-gram magnesium block, for 8 to 12 hours.  The decomposition 
products were collected by two specially made gas sampling traps in liquid nitrogen.  The 
collected gaseous products were analyzed by a gas chromatograph/mass spectrometer.   
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Figure 2 Experimental Setup 

 
 
In order to control the concentration and flow rate, a slow stream of commercially 
available pure TFE (2-3 ml/min) diluted with helium gas at 40 ml/min flow rate was 
passed through the hot surface of 7-gram prewashed Mg particles at 435°C for three 
hours.  The flow of TFE gas was stopped and only the He gas continued to flow.  The Mg 
particles after reaction looked like a piece of shiny bamboo tissues.  The reacted Mg pack 
was then purged with He for three more hours at room temperature.  A slow stream of 
steam was passed through the Mg for 30 minutes until it turned dark.  A quantitative 
amount of gaseous products was collected in a liquid nitrogen cold trap.   
 
In order to trap the proposed intermediates, an apparatus which can perform cross-over 
experiments was assembled.  The setup utilized a vertical quartz tube and powdered 
magnesium for maximum efficiency.  A 15 to 1 ratio of He to TFE flow was adjusted to 
reduce TFE polymerization.  A water atomizer powered by He gas pressure was also 
connected to the inlet of the quartz tube so that hydrolysis of another possible 
intermediate (RMgF) on the surface of the magnesium could be carried out immediately 
after Mg/fluorocarbon polymer reactions. 
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RESULTS AND DISCUSSION 
 
Results from GC/MS analysis indicated that the major decomposition products from  
heating PTFE at 435°C (pre-ignition temperature) in the presence of magnesium were 
TFE (97 percent), HFP hexafluoropropylene (1 percent), and octafluorocyclobutane (2 
percent).  Without magnesium, the products are TFE (94 percent), HFP (2 percent), and 
octafluorocyclobutane (4 percent).  Using pure TFE monomer as the source of oxidizer, 
ninety-nine percent of the gas products collected was the unreacted TFE probably due to 
the fact that the excess amount of TFE had been used.  There was a trace amount of 
carbon deposition inside the tube wall and there was some white dust accumulated at the 
end of the tube which was later proved to be polytetrafluoroethylene (repolymerization 
from TFE).   
 
The formation of the TFE monomer at the pre-ignition temperature from PTFE is 
important because it is believed that the TFE/Mg complex formed at this stage is the 
main precursor of the carbene type of the intermediate which is responsible for higher 
temperature burning with magnesium.  The formation of TFE/Mg pi complex will 
increase the homogeneity of the system and therefore will accelerate the ignition and 
combustion process.   
 
The fluorinated ethylene/propylene polymer (FEP) has a little higher steric effect in 
geometric structure which will hinder the formation of pi complex, resulting in less 
carbene precursor (TFE) formation (TFE, 48 percent and hexafluoropropylene (HFP),  
52 percent).  This result reconfirms why FEP does not perform as well as PTFE as an 
oxidizer in the flare.  Results from burning many compositions containing Mg and 
various commercially available fluorinated compounds, fluoropolymers and copolymers 
further prove that any compound which have higher structural hindrance and less 
symmetry do not perform as well as PTFE in terms of kinetic and thermal energy 
output12.   
 
PROPOSED MECHANISMS 
 
The proposed burning mechanism scheme of magnesium/PTFE flare is shown in  
Figure 3. The initial steps involving formation of a magnesium carbide type of pi 
complex at ~435°C (pre-ignition temperature).  Free TFE seems to be essential for the 
formation of this pi complex.  The four strong electronegative fluorine atoms on the 
olefin create a highly symmetrical electron deficient carbon-carbon center which helps 
attracting the electrons from Mg to the center to form a relatively stable complex. 
Ignition temperature of an actual Mg/PTFE flare composition could vary to some extent 
due to the physical condition changes such as particle size, shape, purity, surface area and 
extrusion pressure, etc.  The RMgF type intermediate may exist only when temperature is 
elevated to about 600°C or higher8.  The complex will break down to either carbene, or 
free radical, or both at even higher temperatures.  The ideal weight ratio between 
magnesium and fluorocarbon in the flare composition is about 4 to 1 which may explain 
why the tetramagnesium fluoroethylene is a possible intermediate.   

97



                                                                                                                                                                                                                                                                                                                                                                                                    
                                                                                                                    
                                                                 2MgO                                             2CO2 
                                                                                                                           
                                                      O2                                                2O2 
    Fireball boundary                                                                                                                                                                             
   TºC (not scaled) 
                                                2MgF2   +   2Mg                  
     
   2000ºC                             
                                               4MgF  +  2C                2C  +   2MgF2                                      

    
 
                                                                                                                        Mg 
 
                                                                                                                                                             
                              CARBENE A   2 [:C(MgF)2]       CARBENE B  2 [:CF2] + Mg                 
     
                                            
                                                                                                                               Mg 
                                     FMg                            MgF 
                                                C       C                      
                                FMg                            MgF       
                                                                 
    600ºC                                                           stepwise 
                                                                                          
                             concerted       
                                                                                                      Mg 
                                                                   F                                      F         
    Pre-ignition Temp                                           C            C                   π Complex Intermediate 
                                                         F                                 F                e‾ direction 
   400°C                                                                                           
   
                                                                                         Catalytic Depolymerization 
                                                                                            
                                                                                              
    Ambient Temp °C                                      nMg  + PTFE   n ≥ 2  
                                                
  
                    Figure 3: Proposed Burn Mechanism of Mg/PTFE Composition 
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According to the JANNAF Thermochemical Table, magnesium monofluoride is 
thermochemically more favorable (free energy) than that of magnesium fluoride.  
Therefore, it is believed at near 2000°C, magnesium monofluoride is very probable to be 
a precursor for the formation of magnesium fluoride. 
 
From the DTA thermograms (Figures 4-5), there is no evidence that the metal fuel would 
not catalyze the decomposition of the PTFE polymer.  The large dip of the endothermic 
curve around 500°C is probably due to the rapid decomposition of the polymer. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
In the whole combustion period of burning Mg/PTFE, there may be several stages of 
mechanisms taking place at different temperature levels against time.  Each mechanism is 
very unique but also has good links between each other.  In the overall combustion, the 
slowest step (most difficult step) of the reaction should be the rate determining step of the 
whole reaction.  The discovery of the formation of pi complex at the pre-ignition 
temperature is a very important step to understand how the stereo hindrance of the 
oxidizer structure would affect the rate of the reaction.  In other words, if one can reduce 
the factor which may slow down the rate of reaction, one may obtain higher temperature 
of the reaction.   
 
According to the findings, the formation of pi complex is a very important step to 
homogenize the reaction system; it requires higher activation energy to reach this stage.  
Therefore, it is believed that the formation of pi complex may be also involved in the rate 
determining step.  The advantages of forming a pi complex at the rate determining step 
are to increase homogeneity and burning surface.  The chance that this advantage can be 
offset by the catalytic effect of the complex to repolymerize the TFE monomer or itself 

    Figure 5 DTA Thermogram of PTFE Figure 4 DTA Thermogram of Mg/PTFE composition 

glass transition  
   temperature 
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back to PTFE is very marginal. Obviously, structural factors (steric hindrance, orbital 
symmetry) of the monomers (from the corresponding fluoropolymers) may play a very 
important role for the formation of the activated complex (pi complex) with Mg.  The 
direction of equilibrium constant will determine the rate of the reaction. With this in 
mind, the tetrafluoroethylene has the least steric hindrance and highest symmetry among 
all other fluorocarbon counterparts.  Therefore, it is concluded that no other olefinic 
fluorocarbon polymer can replace PTFE for better reaction rate as well as burning 
temperature.  A fluorocarbon polymer with certain energetic groups may compensate the 
disadvantage caused by the steric hindrance in the rate of reaction.  Or, some type of 
energetic material whose basic skeleton is not olefinic fluorocarbon may show some 
higher heat of reaction or burning temperature by going through other more favorable 
mechanisms during combustion.  However, effort to enhance the burn rate and increase 
temperature by the addition of additives (binders and oxidizers) and catalysts have been 
proven to be futile12 due to the inadvertent competition of pi complex formation reaction 
between the Mg and PTFE. 
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Determination of explosive weight for cable-cutter through Impact Test
Chang S. Choi, Agency for Defense Development, Daejeon, Korea

ABSTRACT

We performed Impact tests to estimate necessary explosive charge weight for cutting the cable whose diameter
is 22 mm. The Impact test results were analyzed by Probit method. The cutting energy was calculated 37.7 J
with 99.99% probability at 99% confidence compared to the average energy of 24.9 J. The cable was cut 3
times without failure with 150 mg of Zirconium Potassium Perchlorate (ZPP), which was considered to
generate 24.5 J of mechanical energy with assumption that only 10% of explosive energy converts to
mechanical energy. The calculated energy from measured pressure with 150 mg ZPP was 26.1 J, which is
almost same with both impact test result and expected mechanical energy. We can argue that 99.99% of
the cable can be cut by 192 mg of ZPP with 99.99% confidence.

Introduction
Pyrotechnics devices such as explosive bolt, cable cutter and pyro-valve are just for one-time only,

which is difficult to expect the functional reliability. Since the failure of pyrotechnic device leads to the
failure of the system, it is required that the pyrotechnic devices show very high reliability. But, to reach
99.9% reliability more than 3000 tests should be performed without failure, which means big money and
time.

In this paper, the method of determining explosive weight for a cable cutter with a few explosive
cutting experiments is presented. Before explosive cutting experiments, static cutting experiments using
Instron and dynamic cutting tests using Universal Impact test machine are performed.

Tests and results
 Instron tests

Cable cutter, which is able to cut the Φ 25 mm cable, is shown in Fig. 1. The blade moves very
fast by gas pressure generated by a cartridge. Test cable is Belden 1091A 300V Power limited tray cable,
whose diameter is approximately 22 mm.

Instron cutting results are shown in Fig. 2. Changing the speed of Instron from 22 mm/min to 94
mm/min does not affect the cutting forces. The average cable cutting energy and standard deviation
calculated by integrating force over displacement is 21.3 Joule and 0.97 Joule respectively.

Figure 1 Cable cutter
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 Impact tests
The Universal Impact Test Machine (Instron Dynatup 8250), shown in Fig. 3, is used for dynamic

cutting test.  The weight and load cell drops to the blade from a certain height, and a falling velocity is
measured by photo sensors. Cutting tests are performed eight times each at five different heights. Impact
test results are summarized in Table 1.

Table 1  Impact test results
Height (mm) 405 415 425 435 445

Energy (J) 23.8 24.4 25.0 25.6 26.2

Number of cut 1 3 4 5 8

Number of non-cut 7 5 4 3 0

Figure 2 Cable cutting forces by Instron

Figure 3 Universal Impact test machine
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 Probit Analysis
Impact test data are analyzed by Probit method1-3). If measured data are normally distributed

     (1)

     (2)

Where σ and μ are estimated from the data and Y is related to p as eq. (3).

      (3)

      (4)

The zp is the ordinate to the normal distribution corresponding to the probability p. The weighing
coefficient W is defined as eq. (5).3)

      (5)

For convenience, define as follows,

Then

                 (6)

          (7)

        (8)

The Probit regression line becomes

  (9)
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Next iteration starts with Y, calculated by eq. (9). After calculation of W, weighting coefficient,
from eq. (5);   are calculated by eq. (6) ~ (8).  If newly calculated value of Y is almost same with
former values of Y, then the iteration stops, otherwise repeats. Calculated values of Y from measured data
are shown in Fig. 4. Since the values of Y from the first and forth iteration are almost same, the iteration
stops at 4th iteration. The estimate of μ, m, and the standard deviation sm become

(10)

.              (11)

The calculated values of m and sm from measured data are 423.7 mm (24.9 J) and 14.5 mm (0.59
J) respectively.

 Confidence Estimates
Through Probit analysis, we have the expecting average and standard deviation, which are 24.9 J and 0.59 J.

Since the number of experiments is 40, it is hard to say the measured average is exactly same with true average
energy. Also the calculated standard deviation from measured data should be a same situation with average value.
Both average and standard deviation have upper and lower limits according to confidence level. The upper limits for
an average and standard deviation can be calculated as eq. (12) and (13) 1).

                           (12)

                                       (13)

Where, n is degree of freedom and others are referred to reference (1). The upper limits of averages with 90%, 99%
and 99.99% confidence limits are 25.9, 26.5 and 27.5 respectively. With 99.99% confidence the average cutting
energy is less than 27.5 J and standard deviation is less than 1.02 J. Table 2 show upper limits of average and

Figure 4 Values of Y
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standard deviation at several confidences and probabilities. With 99.99% confidence, 31.3 J is necessary to acquire
99.99% cutting probability.  Figure 5 show cutting probabilities at three different confidences.

Table 2 Cutting energies at several confidences and probabilities
90 % 99% 99.99%confidence

Probability Energy (J)
99% 27.5 28.4 29.9

99.9% 28.1 29.0 30.7

99.99% 28.5 29.5 31.3

Upper standard deviation (J) 0.69 0.80 1.02
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 Explosive experiments
Assuming an adiabatic expansion to infinity and assuming the initial gas temperature equals to the

isochoric flame temperature

    (14)

Ep, P, V, F, C, and γ are explosive energy, pressure, gas volume, impetus, explosive charge weight and
ratio of specific heats (=Cp/Cv), respectively. The explosive is Zirconium Potassium Perchlorate (ZPP),
whose impetus is 115,000 lbf-ft/lbm (344 J/g), and whose and 0.21. One gram of ZPP can generate 1630 J.
It is experimental estimation that 10% of explosive energy converts to mechanical energy4). With this
assumption, it may be estimated that with 152mg of ZPP 50% of the cable can be cut, and with 192 mg of
ZPP the cutting probability will increase up to 99.99%.

Figure 5 Cutting probabilities at several confidences
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Figure 6 Experimental setup for cable cutting

Cable cutting experiments are performed with various weights of ZPP, such as 100, 150, 200, 250,
300 and 430 mg. The internal pressure is measured using PCB pressure sensor. To measure cutting time,
thin wires are attached at upper and lower side of the cable, which are connected electronic circuit to
generate electric voltage when they are cut.  Experimental setup for cable cutting test with explosive is
shown in Fig. 6. Typical test result with 150 mg of ZPP is shown in Fig. 7. The maximum pressure is 4.3
Mpa and time between two cutting signal is 1.3 ms.

With 100 mg of ZPP the cable is not cut three times. The cutting times with 150 to 430 mg of ZPP
are shown in Fig. 8. It is natural that the cutting time becomes short with more explosive weight.
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Figure 7 Measured pressure and cutting signal with 150 mg of ZPP
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Figure 8 Cable cutting times with various explosive weights

Analysis
Te cable cutting energy is 21.3 J by static Instron test and 24.9 J by Impact test. The cable is cut

with 150mg but not cut with 100 mg of ZPP. The 150 mg of ZPP can generate about 245 J. If only 10% of
explosive energy convert to mechanical energy, the mechanical energy with 150 mg of ZPP may be 24.5 J,
which is almost same with result of Impact test.  The mechanical work of cable cutter can be calculated by
eq. (15)

     (15)

W, P, A and d mean work, measured pressure, area of piston and diameter of cable, respectively. The
calculated mechanical energy for measured pressure with 150 mg of ZPP is 26.1 J, which supports 10%
assumption.

Summary and Conclusions

The static test using Instron is a good start to estimate a cutting energy. The necessary energy to cut the
cable (Φ 22 mm) was 21.3 Joule.

The cutting energy measured by Impact test was 24.9 Joule, and the standard deviation was 0.6 Joule.

With 99.99% confidence, 99.99% of the cable will be cut if 31.3 Joule is applied.

The cable was cut by 150 mg of ZPP. The energy calculated from the measured pressure was 26.1 Joule,
which is almost same with Impact test result.

The necessary weight of ZPP is estimated 192 mg to show 99.99% cutting probability with 99.99%
confidence.
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Temperature Control for ResonantAcoustic Mixing Processes

Z.R. Martineau and S.L. Coguill, Resodyn Corporation, Butte, Montana USA

ABSTRACT

The standard jacketed vessel mixing container for the LabRAM serves as a heat exchanger to control
mixture temperatures during mixing operations.  An instrumented jacketed vessel was used to quantify
heat exchanger characteristics. The experimental results show the LabRAM environment the overall
heat-transfer coefficient of the vessel.

Introduction

Many mixing applications require the control of the mixture temperature, either by removing heat
that is generated within the mixture or by adding heat to maintain an elevated mix temperature.  Resodyn
Corporation offers a jacketed vessel for temperature control. This jacketed vessel, fitted with a custom
lid, was instrumented with temperature probes and thermocouples to allow for quantitative
characterization of the jacketed vessel heat transfer capabilities.

Experimental

Resodyn Corporation designed a jacketed vessel for use on the Resodyn Corporation LabRAM

to provide both cooling and heating to materials mixed in the vessel during RAM operations. The
jacketed vessel was modified by the addition of thermocouples to measure inlet and outlet temperatures of
water passing through the jacket. (See Figure 1.)  This is referenced as the jacket circuit. Water circulation
was added to the vessel itself (vessel circuit) to allow hot water to flow into and out of the vessel.  This
provided the heat source, while the flow of cold water through the jacket provided cooling.  The inlet and
outlet temperatures of the vessel circuit were also monitored. (See Figure 2.)

Figure 1. Instrumented Jacketed Vessel
on LabRAM.

Figure 2. Hot and Cold Water Circulation
Circuits for Jacketed Vessel.

Cold Water
into Jacket

Warm Water
out of Jacket

TC in

Warm Water
out of Vessel

Hot Water
into Vessel

TC out

TH inTH out
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The cold water was supplied by city tap water and the hot
water was supplied by a residential hot water heater.  RAM mixing
typically utilizes a headspace in the mix vessel to allow for
expansion, contraction and overall motion of material as it is
subjected to the acoustic mixing influence.  Therefore, headspace
was incorporated into both the vessel and jacket by injecting
pressurized air into the water stream.  The injected air created a
headspace fraction in both continuous flow circuits. Figure 3
illustrates the effect low g acceleration has on water air mixtures
subject to ResonantAcoustic mixing.  The accelerated, two phase
regime provides a highly turbulent flow between the vessel wall and
the fluids (both liquid and air), as well as providing a high degree of
mixing within the two phase fluid system.  As such, heat transfer
from the vessel and movement of heat into the fluids within the mix
vessel and in the cooling/heating jacket is very high.

The experimental setup allowed for a broad parametric study of the jacketed vessel.  The
acceleration of the LabRAM could be varied, the flow rate of water in the jacket and vessel circuit could
be adjusted and the fraction of air injected could be altered.  Two parameters, acceleration and headspace
were varied for the experiments described here.  The fluid motion in the circuits was produced by the
overall flow rates and the acceleration magnitude of the 60 Hz (nominal) vibration of the LabRAM.

Constant Flow Variable Acceleration
In the first experiment, the water flow rates for the jacket and vessel circuit were fixed.  The

amount of air injection was also fixed resulting in a consistent headspace.  Only acceleration was varied.
The experimental conditions are listed in Table 1.  Once the water flows were set, the data acquisition
system was initiated and temperature data was recorded as the system was operated at different
accelerations.

Constant Acceleration Variable Headspace

In the second experiment, the amount of air injected into the jacket circuit was varied while the
water flows in the jacket and in the vessel circuit were kept constant.  All tests were conducted at a
constant acceleration.  The experimental conditions are listed in Table 1.  For each experimental
condition, the water and air flow parameters were set, the LabRAM was started and the system was
allowed to stabilize before recording temperatures.

Table 1. Experimental Parameters for Jacketed Vessel with Hot and Cold Water Circuits

Volume Flow
Water Air @ 255 kPa

Jacket
(m3/s)

Vessel
(m3/s)

Jacket
(m3/s)

Vessel
(m3/s)

Accel.
(g’s)

Area a

(m2)
cP,Water

(J/kg K)
cP,Air

(J/kg K)
Water

(kg/m3)
Air

b

(kg/m3)
Constant Flow Variable Acceleration

3.2x10-5 3.2x10-5 5. x10-5 5. x10-5 0 - 53 0.0185 4,181 1005 996 3.27
Constant Acceleration Variable Headspace b

3.2x10-5 3.2x10-5 0 or
5.0x10-5

0 or
5.0x10-5 20 0.0185 4,181 1005 996 3.27

a) Heat transfer area = vessel area in contact with jacket water
b) Air density at 255 kPa and  19C
c) The air fraction for 5.0x10-5 m3/sec air addition is 61%

Figure 3, Gas-Liquid Mixing,
Air and Water at 20 g

Acceleration
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Results and Discussion

Data Reduction
The test parameters and temperature data were used to calculate the overall heat-transfer

coefficient of the system, U (W/m2 K):
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where:

U = overall coefficient (W/m2 K) AF = air fraction

q = heat transfer (W) V = volume flow rate (m3/s)

T = Temperature (K) (locations defined by Figure 2) m = mass flow rate (kg/s)

A = Heat transfer Area (m2)  = density (kg/m3)

cP = Heat Capacity (W/K)

Results for Constant Flow Variable Acceleration
The data collected for constant flow variable acceleration is listed in Table 2.  This data was

reduced per Equations 1-10 above and summarized in Figure 4.  Note that the definition for the log mean
temperature, (Tlm) is based on a counter flow definition for a single pass tube and shell heat exchanger.
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Results for Constant Acceleration Variable Headspace

The data collected for constant acceleration and variable head space is listed in Table 3.  This data
was reduced per Equations 1-10 above. The air fraction in the flow (Equation 11) was calculated based
on the volume flow rate data in Table 1.  The results are summarized in Figure 5.

Table 2. Temperature Data for Constant Flow, Variable Acceleration Experiment
Acceleration (g’s) TC,in,Jacket (C) TC,out,Jacket (C) TH,in,Vessel (C) TH,out,Vessel (C)

0 5.25 12.10 37.12 30.45
10 5.26 12.60 37.13 29.82
20 5.18 11.65 32.76 26.46
25 5.19 12.79 35.05 27.69
35 5.17 13.05 34.61 26.99
45 5.23 13.17 34.02 26.19
53 5.05 10.04 31.80 27.05

Table 3. Temperature Data for Constant Acceleration, Variable  Headspace Experiment
Air Flow in Both
Circuits (m3/sec) TC,in,Vessel (C) TC,out,Vessel (C) TH,in,Jacketl (C) TH,out,Jacketl (C)

0 9.79 16.42 52.46 45.43
2.45 x10-5 10.09 19.78 49.69 39.73

Note: Constant Acceleration = 20 g’s

Figure 3.  Overall Heat Transfer Coefficient
as a Function of LabRAM Acceleration for
Constant Water and Air Flow Conditions
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Figure 4.  Overall Heat-Transfer
Coefficient as a Function of Added Air
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Summary and Conclusions

An experimental evaluation of the LabRAM jacketed vessel shows the RAM conditions
(nominally 60 Hz vibrations with acceleration dependent amplitudes) do not hinder the heat exchange
function of the jacketed vessel.  In fact, when air is injected into the jacket space (to provide mixing
headspace) the overall heat-transfer coefficient of the system increases significantly.  Increasing
LabRAM acceleration also increased the overall heat-transfer coefficient. The comparison of overall
heat-transfer coefficient in Figure 5 shows the two-phase mixing that occurs in the jacket enhances heat
transfer more effectively then slug flow of water alone.
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Vessel Geometry and Fluid Properties Influencing Mix Behavior for
ResonantAcoustic Mixing Processes

S.L. Coguill and Z.R. Martineau, Resodyn Corporation, Butte, Montana USA

ABSTRACT

Mixing of viscous high-solids-loaded materials such as filled HTPB was demonstrated using the
ResonantAcoustic Mixing (RAM) technology.  The experimental results illustrate how thorough
material mixing is a function of RAM operating parameters (namely acceleration), material viscosity and
vessel diameter.

Introduction

ResonantAcoustic Mixing (RAM) technology is being used to mix difficult-to-process materials
with high viscosities and high solids loadings.  These are typical conditions for processing polymer
bonded explosives (PBX) and composite solid propellant. In the past, Resodyn Corporation has
demonstrated RAM as a very effective method for mixing HTPB/Al/KCl inert formulations of composite
propellant. Anecdotal evidence suggests that as mix vessel diameters decreases (< 25 mm) it is more
difficult, if not impossible, to achieve the same mixing conditions that exist in larger diameter vessels.
Small scale experiments were performed to help define the capabilities and limitations of using RAM to
mix viscous, high solids loaded materials as a function of vessel diameter and material viscosity.

Experimental
When appropriately operated, the RAM

produces both bulk mixing and micro-mixing regimes.
The result for composite solid propellant is a highly
uniform product.[1] Figure 1 illustrates the toroidal
bulk flow that occurs during well coupled mixing.
Simultaneously, the acoustic pressure waves passing
through the mixture enhance diffusion of the small
particles in the mixture.  The result is rapid, uniform
mixing.  This mixing action has been demonstrated
over a range of vessel diameters from 25 to 430
mm.[2,3] This work is in progress, thus the limits of
this range have not been fully investigated.  A test
method was devised to evaluate geometric limitations
of mix vessels with diminishing diameters.

A high viscosity, solids filled HTPB based
material was used as the mix material. Table 1 lists
the experimental formulation which was an inert
simulation of uncured PBX explosive used to evaluate processing equipment.  This formulation was used
because the premix is white and would allow the use of a colored marker to track mix behavior.  The
formulation listed does not include any curative. Rather, DOA was substituted in a quantity similar to the
amount of isocyanate curative in order to replicate the uncured viscosity over a long period of time.  The

Figure 1. Mix material motion schematic.
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DOA substitute was combined with blue pigment and added last, just prior to mixing, to serve as a mix
tracer.

Table 1. Inert PBXN Explosive Formulation
Weight % Ingredient Characteristics

Premix
7.117 HTPB (polybutadiene) Hydroxyl Value (Acetyl meq/g) = 0.80
0.271 Lecithin/DOA (50/50) Thickening agent
0.030 DBTDL Catalyst
7.12 DOA Plasticizer

39.21 Gypsum Fine Powder, Simulant Oxidizer
37.32 Sugar Granular, Simulant Energetic
8.17 Hollow Glass Density Adjustment

Curative
0.710 DOA substituted for curative Plasticizer
0.050 Zulu Blue Powder Pigment

The experimental mix vessels consisted of
clear polycarbonate tubes with the various diameters
as listed in Figure 2.  The mixing experiments utilized
a set of the four smallest diameter vessels mounted
together using a manifold lid to provide vaccum to
each container.  This allowed mixing to occur
simultaneously for each vessel size under identical
RAM equipment operating parameters and vaccuum.
The two larger diameter vessels were used
independently to determine mix parameters.  The mix
ingrediants and laboratory environment was at 30.6C
for the four small vessels and 20.7C for the two
largest vessels.  This corresponds to a PBX absolute
viscosity of 86,800 cP and 165,680 cP, respectivly. ,
38 mm deep, with the inert PBX premix material.  A
small amount of colored DOA, the tracer, was then
placed on top of the material as shown in Figure 3.
The manifold lid was clamped in place and vaccum
was applied prior to mixing.  An identical procedure
was used for the two larger diameter vessels, except
each vessel mixed independently of the other.

A LabRAM (bench scale mixer shown in Figure 4) was used for all the experimentation.  The
mixing experiments consisted of exposing filled vessels to increasing acceleration levels. At each
acceleration level, the LabRAM was operated for 2 minutes to allow for difinitive identification of tracer
motion.  The acceleration level was recorded at the onset of mixing (defined as when the tracer was
observed moving into the bulk material).

Figure 2. Mix Vessel Geometry
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Results and Discussion

The results of the experiments described above are summarized here. Figure 5 captures the visual
results for one set of vessels during the operation of the LabRAM.  The desirable mixing condition
includes bulk flow.  The penetration of color in Figure 5a and 5b indicates bulk flow occurring under
these mixing conditions. Where bulk flow was not occurring (Figure 5c and 5d) there is only white
material showing that had no exposure to the blue tracer.  There is an observed limitation on bulk flow as
a result of smaller vessel diameter.  These conditions of mixing and not mixing appear to be defined by a
relationship between material properties of the mixture and the geometry of the vessel.

Figure 5. Mix Vessels During RAM Operation, Dye Penetration Indicates Bulk
Flow for a) and b) but not for c) and d)

a) b) c) d)

Figure 3. Four Smallest Vessels Just
Prior to Mixing

Figure 3. Four Smallest Vessels Just
Prior to Mixing

Figure 4. Resodyn Corporation
LabRAM

Figure 4. Resodyn Corporation
LabRAM

Figure 3. Four Smallest Vessels Just
Prior to Mixing
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The material properties of the mixture can be lumped into a nondimensional parameter, the
vibrational Reynolds number, Rev:


D

v Re (1)

where:  = amplitude =
 

222 f
gG


G = gravitational constant (m/s2g)

 = angular frequency = f2 g = acceleration in g’s

 = kinematic viscosity =



f = vibration frequency (1/s)

 = absolute viscosity (kg/m s)  = density (kg/m3)

D = hydraulic diameter (m)

Substituting the definitions for amplitude, angular frequency and kinematic viscosity and dividing
by the vessel diameter yields the relationship:

 



f
gG

D
v 

Re
(2)

This relationship provides a method to lump all the material and RAM parameters that
significantly affect mixing. The results of the mix experiments were plotted in terms of Equation 2 versus
the vessel diameter and are depicted in Figure 6.  The diamond symbols indicate conditions where no
mixing occurred.  The triangle symbols indicate a transition to mixing.  The square symbols indicate
visible mixing as a result
of RAM parameters,
vessel geometry and
material properties that
exist at that data point.
The dashed line
represents a theoretical
threshold condition.
When the value for
Equation 2 exceeded the
dashed line, mixing
occurred for those
experimental conditions.
The theoretical threshold
is represented here by the
power law relationship
listed on the plot. Figure 6. Well Developed Mixing as a Function Vessel Diameter, RAM
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Summary and Conclusions
The experiments indicate a relationship exists that predicts desirable mixing conditions as a

function of RAM operating parameters (namely acceleration), material viscosity and vessel diameter.
This provides a straight forward method for evaluating the minimum requirements for the design of mix
vessels based upon the mix material properties.
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Passivated Tetrazene for use in Small-Scale Impact-Sensitive Gas Generators
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ABSTRACT

Small-scale gas generators find use in propulsion of low-mass projectiles at typically sub-sonic velocities.
Small-scale gas generators should be compact, reliable, predictably ignitable, and non-toxic.
Traditionally, primary explosives or pyrotechnic mixtures that contain heavy metals (e.g. lead) provide a
means of generating heat and gas reliably, but with the drawback of toxicity. Many new primary
explosives have been engineered to address the problems of toxicity, but can be expensive and difficult to
synthesize. Tetrazene (1-(5-tetrazolyl)-3-guanyltetrazene) has been widely used as an ignition enhancer in
percussion primers for almost a century, but its use as a gas generator is less prevalent. Its high nitrogen
content and impact sensitivity make it an ideal impact-sensitive gas generator. This paper presents the
use of tetrazene, passivated with paraffin wax, as a reliable, heavy-metal-free and inexpensive alternative
to traditional impact-sensitive gas generators. Experimental data showing the tetrazene/paraffin mixture’s
reliable generation of high-pressure gas from a compact casing are presented. The packaged composition
is shown to launch 270 mg projectiles with mean and standard deviation muzzle velocities of 106 m/s and
5 m/s respectively. The tetrazene/paraffin system shows a significant improvement in repeatability and
non-toxicity over a lead styphnate based system.

Introduction

The ability to generate gas rapidly, from a compact device has a number of uses. Examples
include vehicle air-bags for crash safety (1), microthrusters for fine adjustment of space vehicles (2), and
propelling charges for low-velocity projectiles, such as “less-than-lethal” munitions (3-6). A gas
generating mixture is typically required to be easily ignitable, with fast-decomposition being preferred
over detonation. Rapid, sub-sonic production of gas is usually performed by pyrotechnic mixtures and
primary explosives. For gas generating devices, the ability to produce gas, rather than heat, is favorable.

Primary explosives, or pyrotechnic mixtures, that are sensitive to input stimuli are often based
around heavy-metal compounds. In priming mixtures, lead styphnate and lead azide are the most widely
used, owing to their long-term stability, appropriate explosive output and production of non-corrosive
reaction products (7-9). Pyrotechnic mixtures often contain heavy-metal oxidizers, such as barium
nitrate, lead dioxide (‘minium’), lead tetroxide (‘red lead’), and antimony sulfide (‘stibnite’) (10). While
chemically appropriate for the task of generating heat and gas rapidly, the toxicity of many primary
explosives and their reaction products cannot be ignored. For example, it has long been known that
firearm users are often found to have unacceptably high levels of lead in their body, which is typically
generated by the primer (11-18).

The role of heavy-metals in primary explosives and ignition mixtures is to provide suitably weak
bonding for sensitivity, and provide reaction products that are hot, lubricating, and non-corrosive.
Without heavy metals it is usually difficult to achieve a functional solution.

Perchlorate salts are also used in gas generating mixtures (10), and similarly concerns have been
raised over their toxicity (19), though such claims may be overstated (20). There is hence a similar drive
to replace perchlorate salts with alternative gas generating compounds.
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Here, we discuss the use of 1-(5-tetrazolyl)-3-guanyl tetrazene hydrate (‘tetrazene’) as a gas
generator for low-velocity projectiles. First synthesized in 1910 (21), tetrazene is a primary explosive that
has been widely used as an ignition sensitizer in priming mixtures since 1928 (7). Tetrazene’s high
sensitivity to impact (BAM 1 Nm), friction (BAM 7 N) and heat (deflagration point 140ºC) (22)
encourages its use in devices that require energetic output from a small stimulus.

Figure 1: Molecular structure of 1-(5-tetrazolyl)-3-guanyltetrazene (‘Tetrazene’) (23, 24). The high-
nitrogen content encourages tetrazene’s use as a gas generator.

The molecular structure of tetrazene is shown in figure 1. Tetrazene derives its sensitivity from
the relatively long and weak C-N bond between the tetrazole ring and the 3-guanyltetrazene chain (25).
With the high nitrogen content of tetrazene, its decomposition products are nitrogen-rich, allowing it to be
a good gas generator. If tetrazene’s sensitivity can be mitigated, its low explosion temperature and gas
generating ability becomes useful.

Recently, a large research effort has gone into synthesizing new energetic materials to alleviate
the concerns over heavy-metal toxicity of many primary explosives. The typical approach to synthesizing
new energetic materials is to aim for a high nitrogen density. It is interesting to note that many new
energetic materials have been synthesized based around the tetrazole ring (26-30), while an energetic
material that is a stabilized tetrazole-based structure has already been in use for almost a century.

In the context of green energetics, the success of tetrazole structures suggests that tetrazene is
worthy of further consideration. As a well-established primary explosive, confidence is already present in
tetrazene’s ability to decompose reliably: Hagel and Redecker, in (7), suggest that “tetra[z]ene may and
should continue to be used… it is well tried and tested and has good handling and storage stability
characteristics.”

Passivation is a common technique for reducing the sensitivity and reaction rates of many
explosives (31). By mixing tetrazene crystals with a suitable passivating agent, tetrazene’s ignition
sensitivity and fast decomposition rate can potentially be reduced. With suitably passivated tetrazene,
packaged appropriately, we propose a tetrazene-based gas generating mixture suitable for propelling
small projectiles.

Experimental

The gas generating mixture proposed in this paper is a mixture of tetrazene and paraffin
wax, named TW5.

Tetrazene was synthesized by slow addition of an acidified solution of aminoguanidine
hemisulfate to a solution of sodium nitrite, with stirring. A precipitate of tetrazene formed, which was
filtered, washed, and dried at 50ºC overnight.
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Synthesized crystals were small (~1 µm diameter), and agglomerated readily. Figure 2 shows a
microscope image of synthesized tetrazene crystals, while figure 3 shows the approximate particle size
distribution.

Figure 2: Microscope image of tetrazene crystals

Figure 3: Tetrazene particle size distribution. Crystals are typically ~1 µm in diameter, with a
favored agglomeration size of ~3 µm.

Paraffin wax (melting point ~65ºC) was chosen as a passivating agent for tetrazene. The paraffin
wax binds the tetrazene crystals together, allowing the mixture to be pressed into shape. With the
lubricating wax filling the boundaries between tetrazene crystals, contact friction between crystals is
reduced, reducing mechanical sensitivity.

Paraffin wax’s high heat capacity (2.9 kJ kg-1 K-1 (32)) and high enthalpy of fusion
(200–220 kJ kg-1 (33)) is exploited in insulation systems, where it is used to absorb and release heat
slowly (34, 35). When mixed with tetrazene, paraffin wax is expected to reduce large thermal gradients
and thus inhibit hotspot formation (which is thermal in origin (36)) that leads to premature ignition.
During tetrazene decomposition, paraffin wax should absorb heat from the decomposition reaction, and
hence reduce the gas production rate. Following reaction, unburned paraffin wax can also act as a
lubricant, which is useful for continuous functioning of a projectile-launching system.

Figure 4 shows the paraffin wax microparticles used in this research, prepared by spray-cooling
of molten wax. The microparticles are spherical and ~150 µm in diameter.
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Figure 4: Microscope image of paraffin wax particles for use in TW5. The particles are larger than
the agglomerations of tetrazene crystals

The tetrazene crystals and paraffin wax microparticles were weighed out, and combined in a
Turbula T2C three-dimensional shaker mixer. The resulting TW5 mixture was packaged as a percussion
primer for measurement, as shown in figure 5. A controlled quantity of TW5 was weighed out, and
pressed into a nickel-plated brass primer cup. A paper foil was placed on top of the mixture, and the cup
was sealed with a brass anvil. The anvil provides a crush-point for reliable ignition of the mixture.

Figure 5: Schematic of the packaged TW5 mixture for pressure measurement. The paper foil seals
the TW5 in the cup, and the anvil provides a crush-point for ignition.

The packaged TW5 mixture was ignited by impact, and its gas generating ability was measured in
a closed cavity (37), with a mechanically shielded Kistler 6215 pressure gauge. A diagram of the
experimental arrangement is shown in figure 6.
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Figure 6: Section of experimental set up for pressure measurement. The horizontally-mounted
device is ignited by impact.

Pressure measurements were taken of the TW5 mixture and the same mass of pure tetrazene
packaged identically. The TW5 mixture was also compared against the pressure-time profile of a
commercial lead styphnate based primer. Pressure-time profiles will be analyzed in terms of peak
pressure, pressure rise-time and repeatability of the pressure profile.

Results and Discussion

Ten pressure-time profiles of pure tetrazene and TW5 were recorded. The resulting mean and
standard deviation pressure-time profiles are shown in figures 7 and 8 respectively. The pressure profiles
are characterized by a rapid pressure rise, followed by a decaying pressure as the gas cools and dissipates
in the cavity. The observed oscillations are a result of the Kistler gauge’s finite response time (38), and
the geometry of the cavity.
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Figure 7: Mean of ten pressure-time profiles of pure tetrazene and TW5. The pure tetrazene peak
pressure is 704 bar, with the TW5 peak pressure slightly lower at 694 bar. The time to peak

pressure for pure tetrazene is 37 µs and 39 µs for TW5.

Figure 8: Standard deviation of ten pressure-time profiles of pure tetrazene and TW5. The TW5
standard deviation is consistently lower than for pure tetrazene.
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Figure 7 shows that the addition of paraffin wax has slightly reduced the peak pressure and gas
production rate. Figure 8 shows that the TW5 mixture has a consistently lower standard deviation
pressure than that of pure tetrazene. The addition of paraffin wax has resulted in more consistent gas
production, likely due to the reduced gas production rate.

A smaller quantity of TW5, packaged as before, was compared against a commercial lead
styphnate primer. The mean of ten pressure-time profiles of TW5 and the commercial primer are shown
in figure 9. The standard deviation about the mean is also shown.

Figure 9: Mean ± 1 standard deviation (σ) pressure-time profiles of TW5 and a commercial lead 
styphnate based primer. TW5 produces similar performance to the lead styphnate based primer,

with reduced standard deviation.

The similarity of the mean pressure-time profiles in figure 9 shows that TW5 can be used as a
direct replacement for the lead styphnate based primer in a propulsion system. The standard deviation
pressure of the TW5 mixture is much smaller than the lead styphnate based mixture, indicating that the
gas production process is more repeatable, which should result in more consistent propulsion speeds.
Table 1 summarizes the mean and standard deviation velocities for a 270 mg projectile launched down a
barrel by a lead styphnate based primer and the quantity of TW5 shown in figure 9.

Table 1: Mean and standard deviation muzzle velocities for a 270 mg projectile down a barrel. The
mean velocities are almost the same, but the TW5 mixture provides better repeatability.

Propellant
Mean Muzzle

Velocity / m s-1
Standard Deviation

Muzzle Velocity / m s-1

Lead Styphnate Primer 106 6.1

TW5 105.6 ± 0.8 5.6
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The scale of the TW5 gas pressure and projectile speed is controlled by the quantity of TW5 used.
The smaller standard deviation is a result of a simpler gas producing mixture.

While the paraffin wax is expected to reduce the sensitivity of tetrazene, measurements of impact,
friction, heat and spark sensitivity are yet to be performed. Additional processing of the TW5 mixture will
include encapsulation of tetrazene crystals with a thin layer of paraffin wax to improve homogeneity. The
effect of tetrazene crystal size and paraffin microparticle size will also be considered.

Summary and Conclusions

The ignition-sensitizing explosive, tetrazene, was proposed as a gas generator, providing its
sensitivity and decomposition rate could be reduced. Microparticles of paraffin wax were mixed with
tetrazene crystals to provide a passivated tetrazene mix, TW5. The TW5 mixture was pressed into primer
cups to provide a small, impact-sensitive gas generating device.

Measurements of gas pressure in a closed cavity showed that the addition of paraffin wax slightly
reduced the peak pressure and gas production rate. When compared with a lead styphnate based primer,
the TW5 mixture performed similarly, with improved consistency between samples. The more consistent
pressure resulted in a more consistent propulsion speed of a 270 mg projectile.

Passivated tetrazene can be used as a non-toxic replacement for small scale gas generators based
around heavy metal compounds, whilst providing more consistent performance. More generally, our work
indicates that appropriately packaging a well-used energetic material can provide green energetic
solutions, at less cost than developing new energetic materials.
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ABSTRACT

Nanothermites are versatile energetic materials which have been studied at the ISL for several years. The
research carried out in this topic was focused on the preparation, the desensitization and the applications
of these materials. The properties of the nanothermites prepared from aluminum or red phosphorus and
different metal oxides will be discussed. The pyrolysis of energetic and inert organic substances
introduced in some of these compositions was used to increase the pressure produced by the combustion
in closed vessel experiments. The extreme sensitivity of most nanothermites to friction and electrostatic
discharge is the technical barrier that currently limits their use in industrial applications. Unconventional
desensitization processes have been investigated to solve this problem. For instance, n-WO3/n-Al
nanothermites can be desensitized to friction (i) by the formation of a silicate-based cement in the
interparticle porosity, (ii) by the graphitization of WO3 nanoparticles or (iii) by the use of a silicone oil
(Rhodorsil). An ionic liquid was successfully used to desensitize a n-Bi2O3/n-Al mixture to ESD.
Nanothermites are used for different kinds of applications, such as projectile guidance, pyrotechnic delay
systems and the ignition of propellants.

Introduction

This paper summarizes the main results obtained at the ISL since 2005 in the field of nanothermites
prepared from aluminum nanoparticles and different metallic oxides. Aluminothermy reactions are a
fascinating part of pyrotechnic science that has been described for the first time by the Russian physicist
Nikolaï Beketov (1827-1911). The thermite reaction between iron oxide and aluminum was investigated
and patented by the German chemist Hans Goldschmidt (1861-1923). Up to the advent of the “nano” era,
thermites have been mainly used to weld large metallic pieces such as rails. In terms of military
applications, thermite compositions have been used as powerful incendiary compositions. Their high
combustion temperatures permit to melt most metallic structures and to initiate the combustion of all
organic substances. Despite a high energetic potential, thermites made of micrometric particles cannot be
used as explosives because their decomposition is too slow and because their reaction products are often
condensate phases. In an interesting review, Fischer and Grubelich classified numerous thermites
according to their theoretical physicochemical characteristics (1). This paper brings valuable information
for the choice of the most interesting redox systems to prepare nanothermites.

The influence of the chemical composition on the thermite reactivity becomes stronger when they
are prepared from nanoparticles. Moreover, some factors that are commonly neglected with large particles
become predominant at the nanoscale. For instance, the adsorption water content is increased from some
hundred of ppm to several percent; the oxide layer of nanometer thickness surrounding metal particles
represents a significant part of their mass; the homogenization of nanoparticle mixtures is difficult due to
the strong aggregation caused by surface forces; the densification of thermite nanopowders by
compression to decrease the interparticle porosity requires high pressing forces. These new experimental
difficulties may be overcome by active research in this field. The stakes are high for pyrotechnics:
nanothermites are versatile energetic materials, whose reactivity can be customized according to precise
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needs, from incandescence propagation to real detonation. This is the reason why the nanothermites will
be one of the pillars of future pyrotechnics.

Results and Discussion

Preparation of Al-based nanothermites

The usual method to prepare nanothermites consists in mixing oxide and metal nanoparticles in a liquid.
The wet process has several advantages over dry mixing. First, it permits to better dissociate the
nanoparticle clusters and thus leads to an optimized homogenization of the sample. Second, it limits the
risks of accidental ignition by friction or electrostatic discharge. The solvents most often used for this
purpose are hydrocarbons such as hexane (2) or petroleum ether, which do not react with the powders
used to prepare the nanothermites and which can be easily removed by evaporation under reduced
pressure. However, non-polar solvents are not the best candidates for preparing nanothermite slurries: the
suspensions are unstable, and the oxide particles tend to aggregate rather than disperse into the liquid. The
surface of metal oxide nanoparticles is covered by oxo or hydroxyl functional groups, which have a
strong affinity for polar protic and aprotic solvents. Protic solvents cannot be used to formulate
nanothermites since they react with the metal fuel. For instance, the dispersion of aluminum particles into
water or an alcohol would result in the formation of aluminum hydroxide or alkoxides, respectively.
Feedback about experiments has confirmed that polar aprotic solvents such as diethyl ether and
acetonitrile are the most suitable liquids to formulate nanothermites with a good homogeneity. Special
precautions must be taken for the handling of diethyl ether, which must be free from organic peroxides to
avoid accidental ignition of the nanothermites during the drying step.

The chemical synthesis of nanothermites is an unconventional process which has been developed
and patented at the ISL (3). The WO3/Al system has been chosen to illustrate the feasibility of this
method. For this purpose, aluminum hydride is first prepared in diethyl ether according to Schlesinger’s
reaction (Eq.1). Tungsten trioxide nanoparticles (Φ ≈ 30 nm) are then dispersed in the solution. Diethyl
ether is finally evaporated, and AlH3 is decomposed by thermolysis under reduced pressure (Eq.2):

AlCl3 + 3 LiAlH4 → 4 AlH3 + 3 LiCl Eq.1

2 AlH3 → 2 Al + 3 H2 Eq.2

Great care must be taken to avoid exposing the WO3/AlH3 sample to moisture before the
thermolysis. High humidity levels in air induce the spontaneous ignition of such compositions. Electron
microscopy observations (Fig.1) have shown that an amorphous aluminum layer is formed on the surface
of WO3 nanoparticles.

The chemical synthesis of nanothermites is an original preparation route which merits to be
further explored. It ensures an ideal contact between the metal oxide nanoparticles and the aluminum.
This technique should be fruitfully extended to the fabrication of a variety of nanothermites, provided that
the metal can be formed from the thermal decomposition of an appropriate compound (e.g. hydrides or
metal carbonyls). The main challenges to overcome for obtaining high-performance materials by this
approach are: (i) the formation of a homogeneous metal layer on elementary oxide nanoparticles; and (ii)
the long-term stabilization of the metallic deposit.
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Fig.1: SEM observations of WO3 nanoparticles before (A) and after (B) aluminum coating by hydride
thermolysis; TEM observation of the composite WO3/Al material (C).

Reactivity features of nanothermites

Thermite reactions involve a mass transfer from the oxide to the metal. This phenomenon is accelerated
by increasing the surface area of the components. The combustion rates of nanothermites are therefore
higher than those of their micron-sized counterparts, and the ignition delay time upon the abrupt thermal
stress produced by a laser shot is decreased. This is due to the interparticle porosity, which limits heat
dissipation in the bulk. Moreover, the formation of hot spots is faster and results in a quick initiation of
the combustion.

The combustion velocities of Al-based nanothermites typically range from some cm/s (e.g.
Cr2O3/Al, (4)) to several km/s (e.g. Bi2O3/Al, (5)). An experimental ranking of combustion velocities of
according to the nature of metallic oxide has been established:

Cr2O3 < WO3 < CuO < Bi2O3.

It is interesting to compare this order to the theoretical amounts of gas released by the combustion
of these thermites as reported by Fischer and Grubelich (1), which are: 0, 0.146, 0.343 and 0.894 g/g
respectively. In other words, the nanothermites whose combustion produces more gaseous species are the
most reactive. Based on this observation, it can be assumed that the addition of gas-generating substances
in thermite compositions may strongly improve their reactivity.

Use of gas-generating agents

The principle of a gas-generating nanothermite (GGNT) is to take advantage of the high temperatures
produced by the combustion of the thermite to decompose an organic molecule. The substances used as
gas generators can be energetic or inert but their decomposition must give mainly gaseous species.

A first family of GGNT was obtained by adding hexogen (RDX, hexahydro-1,3,5-trinitro-1,3,5-
triazine) as gas source to a Cr2O3/Al thermite. First, the explosive is solidified in the pores of
chromium(III) oxide synthesized by the combustion of ammonium dichromate (6-7). The GGNT is finally
obtained by mixing the Cr2O3/RDX nanocomposite material with aluminum nanoparticles. From here on,
GGNT-ξ will refer to a nanothermite formulated from a Cr2O3/RDX nanocomposite material containing
ξ wt% of RDX. The combustion of several GGNT with different RDX contents was studied in a closed
vessel; the pellets were ignited by a laser beam through a transparent window. The values calculated from
this data are reported on the graphical representation of the pressure curves (Fig.2). The combustion of a
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Cr2O3/Al thermite does not release any gas, which means that in GGNT systems, the pressure is only
created by the decomposition of the RDX. The increase of RDX content clearly accelerates the
decomposition and increases the Pmax value; this value can thus be tuned by selecting an appropriate RDX
content. The pressure decrease observed after the combustion is stronger for GGNT with high RDX
contents. This effect makes the decomposition peak finer: the GGNTs with high ξ values are expected to
give an intense – albeit short – impulse when they decompose.

Fig.2: Pressure signals obtained in closed vessel experiments with Cr2O3/RDX/Al nanothermites,
depending on the RDX content of the Cr2O3/RDX nanocomposite materials.

Fig.3: Pressure signals obtained in closed vessel experiments, with a loading charge of
0.09 g/cm3 for WO3/Al and WO3/Al/ADA samples.

A second family of gas-generating nanothermites was obtained by adding 10 wt% of a foaming
agent, namely azodicarbonamide (ADA, Fig.4, left), as non-energetic gas source to a WO3/Al
nanothermite (Fig.3). The ADA thermolysis has several effects on the combustion: (i) the Pmax value is
raised by a factor 3.2; (ii) the pressure increases faster in the combustion chamber (x 2.2) and (iii) the
ignition delay time is extended from 1.3 ms to 10.9 ms. The gaseous products of the decomposition of
ADA lead a to faster pressure decrease after the Pmax peak. In the light of these findings, we assume that
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nanothermites can be used as “energetic substrates” to decompose a variety of foaming agents to allow
tuning their combustion properties.

The gas-generating substances in GGNTs can be decomposed upon a gentle heating of some
K/min without initiating the thermite reaction. For example, in a double-run thermogravimetric or DSC
experiment, it is possible to selectively decompose the foaming agent. Conversely, high-power initiation
activates the aluminothermy and the thermolysis reaction at the same time (8).

Sensitivity of nanothermites

Nanothermites are usually quite insensitive to the impact of a fall-hammer. It is generally agreed in
pyrotechnics that impact stress forms hot spots which initiate the decomposition. The insensitivity to
impact is therefore attributed to the inorganic nature of the compounds used in nanothermites. Metal
oxides are ceramic materials with a good thermal stability up to high temperatures. For instance,
manganese(IV) oxide, which is one of the less stable oxides for formulating nanothermites, has a
decomposition temperature of 535°C. The metallic fuel is of course much more sensitive to heat than the
oxide, and its phase changes trigger the nanothermite reaction. In n-Al-based mixtures, the melting of
aluminum induces the breakdown of the alumina shell. Molten aluminum droplets are sprayed by this
process and collide with surrounding oxide nanoparticles. In the case of red P-based nanothermites, the
sublimation and the subsequent oxidation of phosphorus is assumed to activate the reaction. The low
apparent density of loose nanothermite powders can also account for their insensitivity to impact. The
compaction of nanothermite powder cushions the impact and absorbs a part of the mechanical energy
brought to the sample. The addition of different kinds of organic compounds sensitizes Al-based
nanothermites to impact. This phenomenon is observed not only for explosives but also for inert
substances. In the latter case, the sensitization probably comes from the lower oxidation temperature of
aluminum nanoparticles in the presence of water vapor released by the pyrolysis.

Most nanothermites are very sensitive to friction. Experimental observations have led to the
conclusion that the friction sensitivity increases with the specific surface area of the oxide particles.
However, the sensitization due to the size decrease of oxide particles only occurs if the mixture is
homogeneous at the scale of these particles. In other words, a mixture containing micrometric clusters of
oxide nanoparticles will behave like a composition made of oxide microparticles. The friction sensitivity
is an intrinsic property of the fuel/oxidizer system that may not be influenced by the particle size
distribution. In a thermite system made of large, micron-sized particles, the energy of the hot spots
produced by the friction of the particles is dissipated in the bulk. As a consequence, the activation energy
required to initiate the system is higher than the one that can prime the same system made of
nanoparticles. In addition, when a surface reaction happens in a micron-sized thermite, it propagates with
difficulty due to the local heterogeneity of the composition. The combination of these two effects
accounts for the high friction sensitivity of nanothermites.

The extreme electrostatic discharge (ESD) sensitivity of Al-based nanothermites originates from
the activation of numerous microcapacitors. These elementary systems are formed by the intimate mixture
of conductive domains corresponding to the metal core of aluminum nanoparticles with insulating zones
formed by oxide particles. When the ESD passes through a nanothermite powder, these microcapacitors
are first charged. The subsequent discharge initiates an abrupt decomposition at many points. This
intriguing mechanism can be “visualized” by testing a CuO/Al composition with a low energy discharge
(e.g. 0.21 mJ): a delay of up to several seconds is observed between the ESD and the reaction. From a
physical standpoint, the power brought by the ESD to a sample is much higher than the one produced by
impact, friction or an open flame. In nanothermites, the current density on the path followed by the spark
can be extremely high, resulting in a strong thermal stress. The interparticle porosity makes further heat
dissipation difficult, thus lowering the activation energy.
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Desensitization strategies

The integration of nanothermites into industrial-scale systems requires strongly decreased friction and
ESD sensitivities.

One of the most promising ways to desensitize nanothermites to friction consists in separating
their components by an inert interface. This process was investigated by Siegert et al. They prepared very
insensitive Al-based nanothermites from manganese oxide nanoparticles encapsulated into hollow carbon
fibers (9). In this case, the sensitivity to friction is at least 70 times smaller than the sensitivity of a
mixture where the reactive phases are not separated. However, the desensitization also leads to a
substantially lower combustion rate, which becomes 200 times slower. The negative correlation of the
sensitivity and the reactivity is one of the fundamental principles in pyrotechnic science. The difficulty is
to find experimental methods that allow reaching an ideal compromise between these two parameters.

Three experimental strategies have been studied to desensitize a WO3/Al nanothermite to friction
(10): (i) the use of a silicate-based cement solidified in nanothermite interparticle porosity; (ii) the
graphitization of WO3 nanoparticles and (iii) the addition of silicone oil. The WO3/Al system has been
chosen due to its intermediate sensitivity, making it less hazardous than e.g. Bi2O3/Al. Still, its friction
and ESD sensitivity thresholds are below 5 N and 0.14 mJ respectively.

A silicate-based cement has been formed in the porosity of a premixed WO3/Al nanothermite. For
this purpose, the nanothermite powder has been soaked in a colloidal solution obtained by mixing sodium
trisilicate with phosphoric acid. Once gelation has occurred, the nanothermite powder is trapped in the
gel. Water is removed from the sample by a series of acetonitrile washings. SEM observations show that
the cement phase is homogeneously distributed in the pores of the nanothermite. TG analyses have shown
that the aluminum is not oxidized in the “cementation” process. The cement phase (20.4 wt%) consists of
silica and sodium monophosphate. The friction sensitivity threshold (60 N) is increased by more than one
order of magnitude.

The graphitization of WO3 nanoparticles has been performed by grinding the oxide powder with
graphite flakes (from here on referred to as G). The material is dispersed in acetonitrile and the
suspension is passed through an 11 µm filter to remove large graphite aggregates. TEM observations
show that the WO3 particles are indeed surrounded by graphitic sheets. The WO3/G composite material
contains 5.4 wt% of graphite, corresponding to a 3.7 wt% carbon content in the final nanothermite. The
friction sensitivity threshold of the graphitized nanothermite is above 360 N.

The siliconization process consists in adding silicone oil in the liquid phase (here, petroleum
ether) used to mix nanothermite components. The sensitivity threshold to friction is increased by a factor
2 to 6, depending on the amount of silicone oil used to perform the desensitization.

The desensitization to electrostatic discharge has been studied on a Bi2O3/Al nanothermite. This
composition is extremely sensitive to ESD. It can even be initiated by the charges produced by the friction
of a latex glove. An ionic liquid, 1-ethyl-3-methylimidazolium ethylsulfate (Fig.4, right), which is a
viscous liquid at room temperature, was used to decrease the ESD sensitivity. A Bi2O3/Al nanothermite
sample with an ionic liquid content of 10 wt% has been prepared from an acetonitrile solution. A strong
increase of the ESD threshold is observed, from below 0.14 mJ to 4.23 mJ. The desensitization is
attributed to the formation of a continuous conducting phase in the nanothermite. The discharge thus
passes through the material without triggering the decomposition. The electrostatic energy is converted
into thermal energy which is subsequently dissipated in the bulk.
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Fig.4: Skeletal formulas of azodicarbonamide used as gas-generating agent (left) and of the ionic liquid 1-
ethyl-3-methylimidazolium ethylsulfate used as ESD desensitizing agent (right).

Applications studied at the ISL

Gas-generating nanothermites prepared by mixing nanocomposite Cr2O3/RDX materials with aluminum
nanopowder were used for projectile guidance tests (11). A 40 mm projectile (m = 315 g) was put into a
supersonic air flow at Mach 3 in a wind tunnel. The activation of a thruster containing 0.16 g of GGNT-
40, representing only 0.051% of the projectile mass, shifted the projectile by an angle of 3° compared to
its initial position (Fig.5). GGNT are particularly suitable materials for projectile guidance. First, the
momentum produced by the combustion is strong due to the high density and accelerated combustion rate
upon confinement. On the other hand, the ignition delay times are shorter than those of classical
propulsive powders enabling prompt action during the projectile flight. Finally, contrary to high
explosives, nanothermites do not detonate, which prevents damaging the projectile shell by the impulse.

Fig.5: Photography of the 40 mm projectile and the GGNT-40 pellet used to produce the impulse
(A); observation by high speed video of the influence of GGNT-40 combustion on the projectile

position in a Mach 3 air flow (B).

The ignition of insensitive propellants requires strong initiating substances which can both break
and ignite powder grains. The gas/solid ratio in the combustion products of nanothermites can be tuned
through the nature of the fuel/oxide system. Some substances can be added to the nanothermite
composition in order to change their intrinsic gas/solid ratio. For example, the amount of gas is increased
by using foaming agents. The solid phase content of the combustion residues can be improved by adding
refractory ceramic nanoparticles (e.g. HfO2).

Red phosphorus-based nanothermites have slower combustion rates than their Al-based
counterparts. They can be used as pyrotechnic delays instead of the hazardous compositions (containing
lead, chromium(VI) or antimony) which are currently used for this purpose in operational systems.
According to Hale et al. (12), the combustion of Fe2O3/P and Fe3O4/P (90/10 wt-%) thermites propagates
at 0.339 and 0.154 cm/s respectively. This burning rate can be increased by using Fe2O3 nanoparticles and
by adding a few percent of CuO nanoparticles to the composition (13). Conversely, the combustion can be
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slowed down: (i) by the addition of silicon oils from the Rhodorsil® family; (ii) by decreasing the red
phosphorus content; (iii) by increasing the apparent density; (iv) by using larger iron(III) oxide particles.
The combustion rates can be varied from less than one mm/s to several cm/s.

Summary and Conclusions
This article summarizes the main results obtained at the ISL in the field of nanothermites. The nature and
the size of metal oxide nanoparticles used to formulate nanothermites have a determining influence on
their reactive properties. The mixing procedure of nanothermites has a critical influence on their
performances and their sensitivity levels. Pure nanothermites are generally insensitive to impact but can
be sensitized to this kind of stress by the addition of organic substances. Conversely, their friction and
ESD sensitivity are extremely high, sometimes making their handling dangerous. The friction sensitivity
threshold is increased by separating the fuel from the oxidizer by an inert barrier. The addition of a
conductive medium – such as an ionic liquid – strongly desensitizes nanothermites towards electrostatic
discharge.

The amount of gas generated by the combustion of a nanothermite can be significantly increased by the
thermolysis of high explosives or foaming agents. Tests performed in closed vessel experiments have
shown that the use of a gas-generating agent leads to a higher Pmax value and to an accelerated reaction
rate.

Nanothermites have tunable reactive properties. Their decomposition rates vary from less than one mm/s
to several km/s, depending on their chemical composition and their morphology. These characteristics
make these new energetic materials very promising for a variety of applications. The most representative
applications studied in recent years at the ISL are the projectile guidance, the ignition of propellants and
pyrotechnic delay systems.
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Abstract:

Strobes are pyrotechnic compositions that emit bright flashes of white or colored light at regular time
intervals. The strobe effect has applications in various fields, most notably in the fireworks industry
and in the military area (signaling – missile decoys – crowd control). However, the chemical and
physical mechanisms involved in this curious combustion phenomenon remain unknown. This study
investigates parameters that influence the strobe effect (frequency, sharpness of flashes). Variations
were applied to the fuel particle size and weight fraction of the ternary composition ammonium
perchlorate, magnalium (fuel) and barium sulfate. Both parameters are related to the heat generation
and transfer within the composition. The light emission was recorded with photodiodes and a high
speed camera (5000 fps). The experimental results served as input for a model to explain the strobe
behavior based on layer-by-layer combustion. Moreover, it was established that the flash frequency is
dependent on a delicate balance between heat generation in one layer and heat transfer to a next layer.
The model gives new insights into the behavior of pyrotechnic strobes and enables a better control of
the flash frequency by variation of the size and content of the metal fuel particles.

1. Introduction

A strobe is a pyrotechnic composition which, when ignited, exhibits oscillatory combustion and
produces bright flashes of white or colored light while burning. The strobe effect has applications in
various fields, most notably in the fireworks industry and in the military area. The application in
fireworks is well known to the public as strobe pots or twinklers. In the military, applications involve
signaling or missile decoy (1-4). Strobes can also be used for crowd control where an accurate control
of the frequency, regularity and sharpness of flashes is important: a frequency of 12 Hz is known to
disturb the human visual sensory system most and even may cause an epileptic crisis (5). A better
understanding of the chemical and physical mechanisms involved in the curious combustion reaction
can help to improve frequency control.

The first known study of strobe compositions dates to an 1898 fireworks historical handbook from
Brocks Fireworks Ltd (6). Subsequent compositions showing oscillatory flashing behavior were
discovered by trial and error. Systematic strobe mechanism studies started in the 1970s when Krone
and Wasmann hypothesized two reactions (a dark and a flash reaction) that alternate at regular
intervals (7, 8). Shimizu expanded this hypothesis by identifying fuels and oxidizers for both reactions
(9). Later studies showed there cannot be both dark and flash reagents for some simple strobes,
suggesting that another mechanism must be operative (10). A thermokinetic model was suggested
based on models developed for SHS (Self-propagating High-temperature Synthesis) combustion (11-
13). This type of solid-phase combustion is similar to strobe reactions in both the ingredients used as
well as intermittent burning behavior (14-21). Here a more detailed model explaining oscillatory
combustion of strobes is described with experimental data supporting the theory. The model
quantitatively explains the variation in flash frequency as a function of the size and weight fraction of
the magnalium particles in the strobe composition.

2. Experimental

138



1.1. Compositions:

The effect of particle size and fuel:oxidizer: metal salt ratio is studied. The mixtures are based on a
classical strobe composition described in Table 1 (9, 10). Ammonium perchlorate serves as oxidizer
while magnalium is the fuel.

Composition (percentage by weight)
Ammonium
perchlorate

60 57.1 47.6

Barium sulfate 17 16.2 13.5
Magnalium 23 21.9 18.2
Potassium dichromate 5

(additional)
4.8 4

Nitrocellulose 1.7Binder
Acetone 20

(additional)
20

(additional)

16.7
15

Table 1: Base compositions of strobes used for this study

The magnalium used is 50:50 magnesium-aluminum alloy from ECKA Granules, Metal
powder technologies (Austria). The powder is manufactured from aluminum and magnesium primary
metals and they are granulated by mechanical grinding. The grade of the powder is < 100 m. The
magnalium powder was sieved in five different fractions (38 m; 53 m; 63 m; 75 m, 90 m) so
that narrow particle size distributions were achieved. Six samples of magnalium were obtained and
were named magnalium samples 1 to 6. The average determined particle sizes are 24.9 μm, 41.3 μm,
58.8 μm, 60.3 μm and 96.5 μm and 114.5 (the determination of the particle size distribution is
described in the section Evaluation of the particle size distribution). Six compositions were made
according to Table 1 with the different magnalium samples.

Nine other compositions were made based on the composition described in Table 1 with a
variation of the amount of magnalium. They are listed in Table 2 and in the ternary diagram in Figure
1. The base composition was called composition 2.0. The magnalium sample used is sample 2
(average particle size: 41.3 μm).

Compositions Ammonium perchlorate Barium sulfate Magnalium Total
2.0 60,0 17,0 23,0 100,0

60,0 17,0 10,0 87,0
2.1 69,0 19,5 11,5 100,0

60,0 17,0 15,0 92,0
2.2 65,2 18,5 16,3 100,0

60,0 17,0 20,0 97,0
2.3 61,9 17,5 20,6 100,0

60,0 17,0 25,0 102,0
2.4 58,8 16,7 24,5 100,0

60,0 17,0 30,0 107,0
2.5 56,1 15,9 28,0 100,0

60,0 17,0 35,0 112,0
2.6 53,6 15,2 31,3 100,0

60,0 17,0 40,0 117,0
2.7 51,3 14,5 34,2 100,0

60,0 17,0 45,0 122,0
2.8 49,2 13,9 36,9 100,0

Table 2: Compositions of the strobes used to investigate the influence of the fuel (magnalium) content
on the strobe frequency. All numbers refer to weight ratios. The ratio between the oxidizer
(ammonium perchlorate) and fuel (magnalium) was varied between 60:10 and 60:45.
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Ten grams of each composition were prepared, including a binder solution composed of 10%
nitrocellulose and 90% acetone. After mixing, the compositions were pressed (100 bars) into pellets of
1.5 g and then dried into a vacuum oven during two hours. The final average pellet weight of the pellet
was 1.26 g; the diameter was 0.99 cm; the average height of the pellets was 0.92 cm; the average
density was 0.446 g/cm3. The pellets were placed on a metal plate and ignited with a butane burner. A
set of three pellets was ignited for each experiment.

Figure 1: Ternary diagram showing the compositions of Table 2 for studies on the influence of the
magnalium content.

1.2. Optical equipment

Movies were recorded with a High-Speed camera (Redlake digital imaging system, 5000 and 3000
frames per second, resolution: 160×160) to follow the light emission of the strobes and to visualize the
processes during the dark and the light reactions.

The light emission and the flash frequencies were recorded using photodiodes coupled with an
oscilloscope (Sigma 30 from Nicolet technologies). The time resolution was varied from 0.1 to 0.5 ms
depending on the frequency of the flashes. Four different types of photodiodes from Roithner
Lasertechnik GmbH were used, sensitive in different spectral regions (blue – 470 nm; green – 525 nm;
red – 660 nm; infrared – 740 nm). No significant differences were observed in the time response of the
photodiodes.

1.3. Evaluation of the particle size

The particle size distribution of each sample was recorded with a particle sizer of the Malvern
2600 series that relies on the laser light scattering technique. Three different range lenses were used to
obtain the most accurate results; a 100 mm lens for magnalium samples 1 and 2; a 300 mm lens for
magnalium samples 3, 4 and 5 and a 600 mm lens for magnalium sample 6. The mathematical model
used to analyze the results is based on a Log Normal model. The particle size distribution was
measured of two different samples from each magnalium sample. The results are presented in Table 3.
D(v, 0.1), D(v, 0.5) and D(v, 0.9) are respectively the diameters (particle size) at 10%, 50% and 90%
point of the distribution. The span gives a measure of the width of the volume distribution relative to
the median diameter, D(v, 0.5) and is calculated from the percentiles using:

)5.0,(
)1.0,()9.0,(

vD
vDvDSpan 

 Eq. 1
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The values displayed in Table 3 are the averages of the values obtained from the two measurement
series. The parameters used further in this study to correlate the strobe frequency to the particle size
are the median value D(v, 0.5). Figure 2 shows the size distribution for one of each of the magnalium
samples. Note that particle sizes 3 and 4 are very close and who has the largest particle size depends
on the parameter chosen to characterize particle size. The size distribution for sample 4 is larger than
for sample 3.

Particle size distribution
(mean values)

D(v, 0.1)
[m]

D(v, 0.5)
[m]

D(v, 0.9)
[m]

Span Average particle
size [µm]

Magnalium sample 1 10.45 23.89 40.20 1.24 24,85
Magnalium sample 2 15.66 42.50 63.46 1.12 41,29
Magnalium sample 3 26.60 60.69 70.92 0.73 58,82
Magnalium sample 4 25.15 62.67 89.80 1.03 60,31
Magnalium sample 5 68.75 93.75 128.73 0.64 96,50
Magnalium sample 6 88.18 111.88 147.83 0.533 114.52

Table 3: Particle sizes and size distribution for the five samples of magnalium determined with the
Malvern 2600.

Figure 2: Typical particle size distributions for a series of magnalium samples of different particle
sizes used to study the influence of particle size on the strobe frequency.

3. Results:

The high-speed camera movies reveal details on the process involved (see Figure 3). A qualitative
analysis shows that the frequency of flashes increases with decreasing particle size of magnalium and
with increasing magnalium weight percentage. Initially, when the pellet is ignited, a layer appears on
the top of the pellet. The surface is heated up by a reaction, becomes red and white hot spots develop
on the surface (see Figure 3(G)). For compositions with a lower frequency, the reaction proceeds for a
longer time. As a result, the thickness of the layer is higher and the red colour brighter. When the flash
is imminent, parts of the surface layer are ejected (flying particle Figure 3(H)) indicating the formation
and rapid expansion of gas below the surface. A bright flash of several milliseconds follows after
which the process is repeated. The pellet is consumed almost linearly, layer by layer.
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Figure 3: Series of images recorded around two flashes for a strobe composition containing 23% of
magnalium (average particle size 41 µm) recorded with a high-speed camera. Times relative to the
first image are indicated under the images.

The data recorded with the photodiodes was analyzed and the frequencies were determined
from the graphs using a Matlab program that calculates the mean time interval between two successive
flashes. Some typical graphs are presented in Figure 4 and Figure 5 for strobes with different
magnalium particle sizes (Figure 4) and different magnalium content (Figure 5). The results are
summarized in Table 4 and Table 5. The strobe frequency decreases with the particle size of
magnalium, in agreement with the observations made from the movies.

Average particle size
(μm)

Average of the mean
time intervals (s)

Average frequency
(Hz)

Composition 1.1 24,85 0.036 27,7
Composition 1.2 41,29 0.095 10,5
Composition 1.3 58,82 0.282 3.5
Composition 1.4 60,31 0.243 4,1
Composition 1.5 96,50 1.156 1,6
Composition 1.6 114.52 1.26 0.8

Table 4: Relation between particle size and strobe frequency for six strobe compositions with different
particle sizes. Results are obtained from the time dependence of the emission intensity recorded with
photodiodes for different spectral regions. No differences were observed for the various spectral
regions. The average of the mean time interval is obtained by averaging the mean time intervals
calculated for the three measurements of one composition. The average frequency is obtained by the
same way.
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Figure 4: Temporal evolution of the intensity of the light emission for compositions with different
magnalium particle sizes recorded with the photodiode sensitive in the blue spectral region. The same
results are obtained for the other spectral regions.

Magnalium content
(% by weight)

Average of the mean
time intervals (s)

Average
frequency (Hz)

Composition 2.1 10 0.400 2,5
Composition 2.2 15 0.195 5,2
Composition 2.3 20 0.114 8,9
Composition 2.0 23 0.105 9,6
Composition 2.4 25 0.083 12,1
Composition 2.5 30 0.062 16,2
Composition 2.6 35 0.051 19,6
Composition 2.7 40 0.045 22,7
Composition 2.8 45 0.038 26,4

Table 5: Relation between particle size and strobe frequency for eight strobe compositions with
different magnalium content. Results are obtained from the time dependence of the emission intensity
recorded with photodiodes for different spectral regions. No differences were observed for the various
spectral regions. The average of the mean time interval is obtained by averaging the mean time
intervals calculated for the three measurements for one composition. The average frequency is
obtained by the same way.
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Figure 5: Temporal evolution of the intensity of the light emission for compositions with different
magnalium content recorded with the photodiode sensitive in the blue spectral region. The same
results are obtained for the other spectral regions.

The time intervals between two successive flashes were calculated for each composition from
the data obtained with the photodiodes. The evolution of those intervals with time is shown in Figure 6
and Figure 7. It is an indicator of the regularity of the flashes and also the sharpness of the flashes. If
the flashes are regular, the time intervals between two successive flashes must be constant. The
tendency observed for all compositions is a decrease of the time intervals with time indicating an
acceleration of the reaction. Moreover, when the strobe is fast (small average particle size and high
magnalium percentage), the flashes are less sharp. On the contrary, when the strobe is slow (for high
average particle size and low magnalium percentage), the flashes are less regular.

Figure 6: Evolution of the time intervals between two successive flashes for strobe compositions with
different magnalium particle sizes (see Table 3 for particle sizes).

144



Figure 7: Evolution of the time intervals between two successive flashes for strobe compositions with
different magnalium content (see Table 2 for compositions).

The mean time intervals were analyzed as a function of magnalium particle size ( Figure 8(A))
and magnalium content (Figure 8(B)). The time intervals between flashes increase with particle size
and decrease with higher magnalium content. Using the data, it is possible to create a strobe with any
desired frequency between 1 and 30 Hz. For example, a composition containing 24% magnalium with
a particle size of 41 m gives a strobe flashing at 12 Hz.

Figure 8: (A) Variation of the average time interval between flashes with magnalium particle size for
the composition with 23 % magnalium. (B) Increase of the flash frequency with the magnalium
content in a strobe composition with 41 µm magnalium particles.

4. Discussion:
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Strobe reactions present similarities with another kind of heterogeneous solid phase combustion,
also considered as a pyrotechnic phenomenon: the Self-propagating High Temperature synthesis
(SHS). They are mostly binary compositions in which when ignited, the combustion front propagates
through the powdered ingredients leaving a metallic alloy or a high quality ceramic material. Spatial
oscillations or laminated structures (periodic structure perpendicular to the combustion front) may be
observed on the produced material due to periodic variations of the flame front velocity. Unlike
strobes, this is not a desired effect and extensive studies have been conducted to understand this
phenomenon (13, 22-25). The occurrence of oscillation appears to be dependent on the porosity/
density of the sample, its diameter, the particle size and shape of the reactants, dilution with a reactant
or an inert material, etc. All those parameters are related to the thermal conductivity of the
compositions. The assumption was made that the sample burns in layers. This implies that the
characteristic time of reaction is much smaller than the time for heat transfer from one layer to the
other. The heat of reaction released by an exothermic reaction in the first layer increases the
temperature and the reaction rate. Assuming a low thermal conductivity most of the energy is
dissipated and the second layer is slowly ignited. When all the reactants are consumed in the first
layer, the reaction only begins in the next layer decreasing the front propagation velocity. A similar
layer-by-layer burning is observed in the strobe combustion. Moreover, hot spots, also called
scintillations in SHS studies, occur on the surface combustion of both types of compositions (SHS and
strobes). They randomly arise on the surface, some tarnish and dissipate, other initiate the reaction in
the neighboring areas, leading to the propagation of the reaction in the layer. The hypothesis is that
thermal heterogeneities coincide with the reaction media microstructure such as molten areas. This
induces a rapid acceleration of the reaction.

Based on those observations, a model is created to explain the oscillating behavior of strobe
reactions. It is schematically depicted in Figure 9. The first layer containing magnalium particles is
ignited, initiating burning of magnalium to magnesium oxide and aluminum oxide, a thermally
activated exothermic reaction. As the temperature rises due to the reaction heat, the reaction rate
increases causing an avalanche reaction culminating in a flash of light. Emission spectra taken during
the flash show black body radiation and emission from electronically excited reaction products,
including MgO and AlO species. Heat transfer to the next lower layer initiates an avalanche reaction in
this layer and depending on the balance between heat production and heat diffusion resulting in an
oscillatory flash behavior.

Figure 9: Schematic representation of the strobe reaction. The top left shows a strobe composed of
(four) layers. The spheres are magnalium particles that start burning after igniting the top layer. During
the reaction heat is produced and the reaction rate increases. This induces an avalanche reaction in
which the temperature rises until all material has reacted. A short flash of light is produced due to the
high temperature (black body radiation) and excited species are produced during the reaction. Part of
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the reaction heat diffuses to the second layer and initiates an avalanche reaction in this layer as shown
in the bottom part. The process continues until all layers have been consumed.

A detailed mathematical description of the model is based on a reaction of spheres where the
change in volume is proportional to the surface area and the reaction rate increases exponentially with
temperature (thermally activated reaction). The heat produced in the reaction is partly used to heat the
magnalium particles and partly transferred to the surroundings. The strobe behavior model described
in this paper is based on a set of non-linear coupled differential equations describing each layer. The
strobe burns layer by layer as shown in Figure 9. A layer n gains heat from layer n-1, produces heat
from a chemical reaction, heats the particles in it and transfers heat to n+1(See Mathematical
description of the strobe behavior model in the appendix). The particle radius in layer n is then
described by (Eq. 2):
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Eq. 2

Where the subscript n refers to the layer n with particle radius rn and Tn is the dimensionless particle
temperature (T of the layer n divided by 300 K). The change in temperature is given by (Eq. 3):
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Eq. 3

The first term describes the heat produced by the chemical reaction, the second term the heat loss from
layer n+1 and the last term the gain of heat from layer n-1.

The model uses five parameters k1, k2, k3, Tambient and T1. The definitions for k1, k2 and k3 are
provided in Table 6. Tambient is 300 K and ignition temperature for the first layer T1 is taken as 5,
corresponding to 1500 K. This temperature is slightly lower than the maximum temperature of the
flame from a butane burner that is used for igniting the strobe. The two coupled differential equations
are used to model the temperature evolution in each layer n under the following boundary conditions:
 The first layer is assumed to transfer heat to only the second layer, so its temperature change is

given by:
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Eq. 4

 The last layer (N) is taken to be an inert medium, which only accepts heat from the layer above
it. So its temperature is determined by:

 NN
N TTk
d
dT

 13
Eq. 5

 At t = 0 all relative radii (rn/r0) are equal to 1. The temperatures of all layers except the first are
the same and equal to Tambient.

 As the radii decrease in the course of time they may become zero and even negative. To prevent
negative radii it is postulated that, as the relative radius in any layer becomes zero, the layer
does not exist anymore and the layer below it only produces heat by its chemical reaction and
loses heat to the layer below it.
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 The maximum temperature that can be reached is 2700 K because it is the boiling point of
aluminium. It corresponds to 9T  (2700/Tambient) and at this temperature no particles are
present anymore and the layer has disappeared.

Parameter name Formula Description
k1 Eact

RTambient
Activation energy of the reaction divided by the gas constant
and ambient temperature.

k2 Q
c pTambient

Heat generated in the chemical reaction divided by the specific
heat and room temperature.

k3 Proportional to heat transfer between adjacent layers

Table 6: Description of the parameters used in the model to describe the evolution in temperature for
different layers in a homogeneous composition of a strobe medium consisting of oxidizer and fuel
particles.

In the modeling, values based on literature data have been used to estimate the parameters. k1
was varied from 10 to 15 which corresponds to activation energies between 25 and 37.5 kJ/mole.
Reliable numbers for the activation energy of Mg or Al oxidation are not available in literature,
however a high activation energy is necessary to ensure that the reaction does not occur at ambient
temperature, but can be initiated at ignition temperature T1.Values for k2 can be estimated from the
literature values for the standard heat of formation Q and heat capacity cp which are 600 kJ/mole and
25 J/(mole.K), respectively, for Mg and 1670 kJ/mole and 24 J/(mole.K), respectively, for Al yielding
values for k2 equal to 80 (Mg) and 230 (Al). For the magnalium composite, values for k2 will be in
between these boundaries and in our simulations values for k2 were varied between 100 and 200. The
value for the parameter k3 is difficult to estimate. The strobe consists of a highly conductive medium
(magnalium) and poorly conducting salts. The heat transfer between adjacent layers is however crucial
for the observation of strobe behaviour which depends on a balance between heating of the fuel
particles and heat transfer to subsequent layers. The variation of k3 in the simulations described
demonstrates the sensitivity of the strobe behaviour on k3 (heat transfer in the composition).

Figure 10 shows the temporal evolution of the temperature in 15 layers for different values of
k3. For low values of k3 (slow heat transport between layers) only the first layer burns. Increasing k3 to
1.5 or 2.5 produces the experimentally observed strobe effect. Faster heat transfer results in a higher
strobe frequency. For k3=3.5 heat transfer is so efficient that no heat can built up to start the avalanche
flash reaction. The model beautifully reproduces the strobe behavior and demonstrates that the present
model can explain oscillating strobe behavior in a homogeneous medium consisting of a fuel and an
oxidizer. Longer initial time intervals for smaller k3 values are also consistent with experiments.
Furthermore, the model quantitatively reproduces the observed size dependence of the strobe
frequency. The time interval between flashes is inversely proportional to r0, the initial particle size
radius due to the larger surface area for smaller particles for the same weight fraction. The predicted
linear relation between particle size and time interval between flashes shown in Figure 10(E) is in
agreement with the results in Figure 8(A). The effect of adding more magnalium is mainly on k3. Heat
transfer becomes more efficient with the fraction of conductive metal particles. If we assume that the
heat transfer parameter k3 is proportional to the metal content, a linear increase in frequency with
magnesium content is predicted (Figure 10(E)), in agreement with the observations of Figure 8(B).
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Figure 10: Graph representing the evolution of the temperature (T/Tamb) of magnalium particles in the
successive layers for k1=15 and k2=100. The parameter k3, representing heat transfer between layers,
is varied from 0.5 (A) to 3.5 (D). The temperature in different layers is presented by different colors
from the top (red) to the bottom (purple) layer. Graph E represents the evolution of the frequency
calculated from the model (in arbitrary unit) with k3.

In Figure 11 the strobe behavior is plotted for fixed values of k1 and k2 and different values for
k3 in the regime where strobe behavior is observed. In all cases the experimentally observed linear
dependence is reproduced.

Figure 11: Relation between strobe frequency and the heat transfer coefficient k3 for k1=10, k2=100
(top), k1=15, k2=150 (middle) and k1=15, k2=200 (bottom). In all three panels, the two figures on the
left give examples of the time evolution of the temperature for k3=1.5 and k3=2.5. The right-hand
figure gives the frequencies determined from the simulations as a function of k3 over a wider range.
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5. Summary

A simple model is shown to accurately describe strobe behavior in pyrotechnic
compositions. The model explains the observation of periodic flashes in a homogeneous
medium consisting of an oxidizer and metal (fuel) particles. A good quantitative agreement is
found between experimental results and the model for the relation between flash frequency
and both metal particle size and content, providing strong support for the model. The present
results give detailed insight into the mechanism behind the intriguing and well-known
phenomenon of the brightly flashing fireworks. In addition it enables the design of strobe
compositions with well-defined flash frequencies for military applications and crowd control.
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Appendix:

Mathematical description of the strobe behaviour model:

To model the strobe reaction we assume a simple reaction of a spherical object for which the change in
volume is proportional to the surface area where the reaction takes place. For the oxidation of the
magnalium particles this gives:

2O
pAk

dt
dV

 Eq. (1)

where V is the volume of one particle and A its surface area, k is the rate constant of the oxidation
reaction of magnalium and

2O
p is the oxygen pressure. We assume that the presence of oxidizer is not

rate limiting and assume
2O

p  as a constant and independent of time. By replacing V and A by their
expressions as function of the radius r, equation (1) can be rewritten as:

2O
pk

dt
dr

 Eq. (2)

Thus, the radius decreases with time according to:

20 Opktrr  Eq. (3)

If the reaction rate is temperature dependent, it can be written in an Arrhenius form and the time
dependence of the radius of the magnesium sphere now becomes:
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exp
200 Eq. (4)

151



The heat released by the heating of dN mol of magnesium dQheating is balanced by the heat transferred
to the environment dQloss so the resulting heat Q from the burning of dN mol of magnesium is:

  lossheating dQdQdNQ  Eq. (5)

 dtTTAVdTcQdN ambientp  ''  Eq. (6)

where cp is the specific heat of magnesium at constant pressure (J.K-1.mol-1), ρ is the molar density of
magnesium (mol.m-3), V is the volume of the magnesium particle (m3), T’ is the temperature of the
magnesium particle (K), Tambient is the temperature of the atmosphere (K), χ is the heat transfer
coefficient (J.K-1.m-2.s-1) and A is the surface of the magnesium sphere.

Dividing Eq. (6) by dt to obtain a differential equation and by N, V and A to obtain their expressions
depending on particle radius we get:
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Eq. (7)

v  being the molar volume the product v  must equal 1.
Using the time dependence equation of the radius of magnesium sphere, the following two differential
equations are obtained:
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Eq. (8)

The variable t is replaced by the dimensionless variable   00 2
rtpk O to reach:
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Eq. (9)

The assumption is made that the strobe burns layer by layer. The system is supposed homogeneous:
particles are present in all layers in the same density. Except for the top and bottom layers, any layer n
gains heat from layer n-1, produces heat from a chemical reaction, heats the particles in it and transfers
heat to n+1. The relative particles radius in layer n is then described by:
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Eq. (10)

where the subscript n refers to the layer n with particle radius rn and particle temperature Tn (it
corresponds to the temperature of the layer n divided by the ambient temperature). τ is a dimensionless
time, inversely proportional to the initial particle radius r0.The change of temperature is given by:
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Eq. (11)

The first term on the right hand size describes the heat produced by the chemical reaction. The second
term on the right hand side represents the heat loss from layer n+1 and the last term the gain of heat in
layer n from the layer above it, layer n-1.

A dimensionless temperature T is defined by ambientTT /'   so parameters k1’ and k2’ are replaced by

ambientact RTEk /2  and ambientpTcQk /3  respectively. The two coupled differential equations
obtained are:
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Ordnance Safety & Security Activity

Green Chemistry Timeline

• 1990, Pollution Prevention Act: establishes national pollution prevention and
reduction policy
– prevention or reduction at the source

– resource recycling and reuse

– disposal as a last resort using environmental sound treatment technologies

• 1995, President Bill Clinton establishes the Presidential Green Chemistry Challenge
Awards
– Greener Synthetic Pathways Award: 1995, Monsanto Company, Catalytic

Dehydrogenation of Diethanolamine; 2011, Genomatica, Production of Basic Chemicals
from Renewable Feedstocks at Lower Cost

– Greener Reaction Condition Award: 1995, The Dow Chemical Company, 100 Percent
Carbon Dioxide as a Blowing Agent for the Polystyrene Foam Sheet Packaging Market;
2011, Kraton Performance Polymers, Inc., NEXAR™ Polymer Membrane Technology

2

Green chemistry is the design, development, and implementation of chemical
products and processes to reduce or eliminate the use and generation of
substances hazardous to human health and the environment.
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Ordnance Safety & Security Activity

Green Chemistry Timeline

• 1997, The American Chemical Society Green Chemistry Institute joins the EPA
Green Chemistry program

• 1998, the Twelve Principles of Green Chemistry are published
(http://www.epa.gov/sciencematters/june2011/principles.htm)

• 2011, Green Chemistry turns 20 years old. Green chemistry  principles,
practices, projects, symposia have spread throughout the world.

3

Today, “Going Green” is a household term.
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Ordnance Safety & Security Activity

Green Energetic Materials

4
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Ordnance Safety & Security Activity

DoD Environmental Drivers

• Federal Facilities Compliance Act

– Federal agencies are responsible for compliance and are subject to criminal
sanctions under hazardous waste laws.

• Environmental Law Power Curve

– Increasing pressure from expanding regulations, lower action levels, lower
health advisory goals, growing amount of health data.

5
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Ordnance Safety & Security Activity

DoD Environmental Drivers

• Range Sustainability

– May 1997, EPA suspends most military training at Camp Edwards. First time in
American history that military training activities are halted due to
environmental and public health concerns.

– Munitions constituents release on ranges determined to be from UXO and
partial detonations

6

Low Order Detonation
of 155MM Howitzer Round,

TNT Chunks Next to
Low-order 90MM Round

Chunks of Explosive Near
Areas with Low-Order Detonations

Jenkins, T. F., et al., 2005. Identity and Distribution of Residues of Energetic Compounds at
Military Live-Fire Training Ranges. ERDC TR-05-10.
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Ordnance Safety & Security Activity

DoD Green Energetic Materials Programs

• Green Energetics R&D funded by service research offices (ONR, ARO, AFRO).

• Green Energetics funded by program offices (ARMY EQT, NAVY NESDI, AFCEE).

• 1990, Title 10 United States Code establishes the Strategic Environmental
Research and Development Program (SERDP).

– basic and applied R&D to meet environmental obligations

– open solicitation to government, industry, and academia.

– furnish other government organizations data and capabilities to solve
environmental problems

• 1995, OSD establishes the Environmental Security Technology Certification
Program (ESTCP) established by OSD in 1995.

– DoD’s environmental technology demonstration and validation program

– program to validate technology for ‘real’ technology transitions

7

http://www.serdp.org/
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Ordnance Safety & Security Activity
Green Energetic Materials

Lead replacements…new materials

…new formulations.

8
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Ordnance Safety & Security Activity
Lead Compound Replacements

• 2011, CDC established (lowered) the blood lead level of concern: 10 μg/dL.

• 2008, National Ambient Air Quality Standard (NAAQS) for lead lowered to
0.15 μg/m3.

• HWC MACT compliance for semi-volatile metals (includes lead): 240 μg/dscm
for existing facilities; 120 μg/dscm for new facilities (May 22, 2002 NESHAP
40 CFR Part 63, Subpart EEE).

• Production source for lead compounds increasingly limited.

9

Health effects of lead are well known. Need to replace lead compounds
used in energetic compositions: primers, initiators, detonators, ballistic modifiers.
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Ordnance Safety & Security Activity
MIC Primers

• Lead styphnate replacement for small arms (5.56MM) and CAD/PAD escape
system primers

• Metastable Intermolecular Composites (MIC): mixtures of nano-powders – metals
and metal oxides

• high temperature output

• broad range of reactivity

10
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Ordnance Safety & Security Activity
MIC Primers

• Formulation containing nanoaluminum and ultrafine bismuth trioxide (Bi2O3)
demostrated to be a drop-in replacement for lead primer for 5.55MM and a
variety of Navy impulse and delay cartridges.

11

Hirlinger, J. and M. Bichay. 2009. Demonstration of Metastable Intermolecular
Composites (MIC) on Small Caliber Cartridges and CAD/PAD Percussion Primers. Final
Report ESTCP Project WP-200205.

80 nm Nanoaluminum Ultrafine Bismuth Trioxide

164



Ordnance Safety & Security Activity
MIC Primers

• MIC modified with gas generating energetic to ensure propellant ignition in
medium caliber ammunition:

– Al/Bi2O3 plus an energetic (RDX, PETN,  NC, BTATz, DAATox)

• Tests in 25MM TP-T M793 cartridges successfully demonstrated lead-free
modified MIC percussion primers in medium caliber ammunition.

12

Ellis, M. 2007. Environmentally Acceptable Medium Caliber Ammunition
Percussion Primers. Final Report.  SERDP Project WP-1308.

25MM Mann Barrel Test Setup
ARDEC Indoor Test Range

SEM Image
Aluminum/Bismuth Trioxide
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Ordnance Safety & Security Activity
MIC Primers

• Lead-free MIC primer for electric primers for medium caliber ammunition (20MM
navy aircraft gun ammo)

– best formulation: Al/Bi2O3/BTATz/Kel F/C. Action time fell within specs.

– sensitivity issues with Bi2O3

– availability issues with BTATz

– gas generation and AUR action times need optimization.

13

Alternate (Exploding Foil)
Electric Primer Configuration

Brewer, R., P. Dixon, S. Ford, K. Higa, R. Jones. 2006.   Lead Free Electric Primer.
SERDP Project WP-1331)

Al/Bi2O3 Ignition Testing
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Ordnance Safety & Security Activity
Lead Azide Replacement

• Decades have been spent in search of a lead azide replacement W/O much
success

– readily synthesized single crystal

– high shock velocity: 17,500 ft/s

– extremely short run-up distance: 1-2 mm

• Engineering replacement: Dr. Brad E. Forch’s ‘Laser Ignition to Replace
Chemical Igniters,’ pulsed laser used to replace the lead-containing primers
used in 30MM and 155MM.

• Chemical replacement: copper(I) 5-nitrotetrazole (or DBX-1)

– chemical and safety properties similar to RD-1333 lead azide

– output characteristics that are equal to or greater than RD-1333

– ‘Demonstration of DBX-1 as an Alternative to RD-1333 Lead Azide’
underway ESTCP Project WP-201109.

14
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Ordnance Safety & Security Activity
Green Energetic Materials

Perchlorate replacements…new materials

…new formulations.

15
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Ordnance Safety & Security Activity
Perchlorate Policy

• 1999, EPA publishes an interim RfD 0.0001-0.0005 mg/kg-day, reaffirmed 0.0003
mg/kd-day in their 2002 Draft Tox Risk Assessment.

• 2005, NRC recommends an RfD of 0.0007 mg/kg-day. Equivalent to a DWEL=24.5
ppb.

• 2006, DoD adopts 24 ppb as the level of concern for managing perchlorate.

• 2008, EPA declines to set a drinking water standard under the SDWA.

• 2008, Phoenix Lander detects high concentrations of perchlorate in Martian soil.

• 2009, EPA establishes an Interim Health Advisory of 15 ppb to include sensitive
populations and contributing sources, also adopted by DoD as the PRG.

• 2011, EPA announces plans to establish a drinking water standard, but did not say
what that standard will be.

• Some states have established their own standard: CA, 6 ppb; MA 2 ppb; NJ
waffling on 5 ppb.

16
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Ordnance Safety & Security Activity

Perchlorate Free
Grenade and IED Simulators

• 2001, USAEC estimated that these munitions account for as much as 70 percent
of all perchlorate used on Army ranges.

• Materials evaluated: strontium nitrate (ECBC) ; potassium nitrate (ARDEC); black
powder and aluminum

• The black powder formulation proved to meet all requirements

17

Fiscal Year 2007 Secretary Of Defense Environmental Awards U.S. Army Nomination

The M115A2 ground burst projectile and M116A1 grenade simulators perchlorate-free
thanks to award-winning efforts by the ARDEC Perchlorate Replacement Team.

"Green" Grenade SimulatorM116A1 Ground Burst Simulator
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Ordnance Safety & Security Activity
Perchlorate Free Flare Compositions

• Perchlorate replacements sought for red (MK124), green (MK141), and yellow
(MK144) signal flares.

• Red flare composition under develop joint with Army M126A1 Red Star Parachute:

18

Shortridge, R. G., et al. 2007, Elimination of Perchlorate Oxidizers from Pyrotechnic Flare
Compositions. SERDP Project WP-1280.

MK124 Smoke and Illumination Signal
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Ordnance Safety & Security Activity
Perchlorate Free Flare Compositions

• Red perchlorate free composition further developed in ESTCP project:

– Mg + Sr(NO3)2 + PVC  + Epoxy Binder

19

MK124 Red Flare RSF-4 Perchlorate-Free
Product Improvement

Maason, J. Elimination of Perchlorate Oxidizers From Pyrotechnic Flare
Compositions. ESTCP Project WP-200730
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Ordnance Safety & Security Activity
Perchlorate Free Flare Compositions

• As well as the perchlorate free green composition for MK1 Marine Signal Flare
(Navy) and M195 Illumination Parachute Signal Flare (Army)

– Standard formulation:  Mg/KClO4/Ba(NO3)2/PVC/binder

– New variants:

• Mg/Cu /B /Mg-Al Alloy/Ba(NO3)2/PVC /Binder

• Mg/Ba(NO3)2/PVC/binder  (adjusted Mg grain size and binder level)

20

M195 Standard GSF-1E Perchlorate Free

Yamamoto, C. Elimination of Perchlorate Oxidizers from Green Pyrotechnic
Flare Compositions. ESTCP Project WP-201008.
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Ordnance Safety & Security Activity
Perchlorate Free Incendiary Rounds

• New formulations for .50 caliber M8 API, MK20 API-Tracer, MK257 API-DT (and
others)

– magnesium/aluminum alloy, sodium nitrate and calcium resinate formulations
developed and currently under demonstration

– included environmental screening of new compositions

21

2. Chen, G. 2012. Elimination of Perchlorate Oxidizers from Incendiary Projectile Compositions. ESTCP
Project WP-201110.

1. Griffiths, T.;2009. Alternative for Perchlorates in Incendiary and Pyrotechnic
Formulations for Projectiles. SERDP Project WP-1424

.50 CAL API vs iPhone 4S M2HB loaded with
M8 API and M20 API-T

Tracer  fire Marine night-fire exercise
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Ordnance Safety & Security Activity
Green Energetic Materials

Environmental screening…new materials.

22
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Ordnance Safety & Security Activity

Screening Level Environmental
Risk Assessment

• Standardized method to evaluate the potential environmental impacts of
prospective candidate energetic substances at early stages of development.

• Predictive assessments based on QSAR models and measured data

– Molecular weight and structure

– Melting point; Boiling point; Water solubility;

– Vapor pressure; log Koc, log Kow, etc.

• Followed by small scale in vitro and in vivo tests for relative toxicity

23

ASTM E 2552 – 08 Standard Guide for Assessing the Environmental and Human
Health Impacts of New Energetic Compounds
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Ordnance Safety & Security Activity

QSAR Models and
Perchlorate Replacements

• Using EPI Suite™—EPA’sWindows®-based

suite of environmental fate estimation models.

– Discrepancies in predicted and measured mp.

– Half-life in air/water/soil outputs appear useless.

– Databases derived from high Kow chemicals,

– Not suitable for polar (or even ionic) energetic
materials.

24

Clausen, J., et al., 2009. Assessing the Sensitivity of Quantitative Structural Activity Analysis
Models for Evaluating New Military Compounds. Water Air Soil Pollut 202:141–147.

Answer this question early: Is this the right thing to use?
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Ordnance Safety & Security Activity
RDX Policy

• EPA reference dose (RfD) = 0.003 mg/kg-day and Health Advisory 2 ppb.

• USEPA has not yet made the determination that RDX requires regulation under
the SDWA

• Under the SDWA, RDX initially on Candidate Contaminant List, but March 2011
EPA proposes removal.

• USAPHC proposes a revised RfD of 0.07 mg/kg-day.

– Drinking Water Equivalent Level: 105 ppb          2.45 ppm

– Health Advisory Level:  2 ppb             1.22 ppm

• Nonetheless: Lots of research going on for new RDX replacements.

25

1. ODUSD(I&E).2009. Chemical and Material Risk Management Directorate. Final Phase II
Impact Assessment Report Part A – Verification and Validation of Risks Hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX).

2. Williams, L. 2012. USAPHC.
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Ordnance Safety & Security Activity

New Materials

26

High Nitrogen Compounds

Tetrazines Tetrazoles

(b) triaminoguanidinium 5,5’-azotetrazolate (TAGZt)

(a) dimethylpyrazol tetrazine
(DMPT)

Furazans

(c) 3,3’-diamino-4,4’-Azofurazan (DAAF)

Hiskey, M. A., et al: .(a)  J. Heterocyclic Chem., vol. 35, p. 1329, 1998; Journal of Energetic
Materials, (b) Vol 16, 119-127, 1998; (c) J. Energetic Materials, Vol.18, pages 219-236, 2000.

179



Ordnance Safety & Security Activity

New Materials

• EM adsorption in nanoporous carbon: cheap and available from a number of
renewable carbon sources

27

Nanoporous C/AN

1.0 to 1.0

Nanoporous carbon infusion 1:1 wt% C/AN

Aranovich, G.  et al., 2004. Nano Fuels/Oxidizers for Energetic Compositions.
Proceedings AIChe Fall Meeting, Austin TX.

Nano Applications
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Ordnance Safety & Security Activity
The Tip of the Iceberg!

• Green Chemistry Abounds!

– New Starts:
• Webb, R. WP-2148. Development of

Low-toxicity Obscurant Material. SERDP March 2011.

•Seidner, N. WP-2149. Replacement of HC

in Handheld Obscurants. SERDP March 2011.

•Oldenburg, S. WP-2150.  Surface Modified TiO2

Obscurants for Increased Safety and Performance.

SERDP March 2011.

• Over 1,000 Green Energetics articles posted on the SERDP Web site!

• Over 9,170 links to Green Energetic Materials on Google!

28
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Ordnance Safety & Security Activity
Green Energetic Materials

29

Protecting each other…

and those around us.
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Green Energetic Materials: An Overview

Randall J. Cramer, Ordnance Environmental Support Office, Naval Ordnance Safety and Security
Activity, Indian Head, MD

ABSTRACT

Green chemistry principles have made their way into all aspects of the Department of Defense
mission, including the development and fielding of green energetic materials. These new chemistries,
formulations, and advanced technologies significantly reduce the impact to the environment in the
manufacturing and use of military munitions. This is especially true for pyrotechnics, where many of the
traditional formulations include toxic materials. Green chemistry replaces compounds containing lead, a
hazardous air pollutant, and formulations relying on perchlorate, a known groundwater contaminant, with
benign pyrotechnic formulation ingredients. Furthermore, the development of new materials along with
improved models for screening environmental risk further advances green energetic materials in
protecting human health and the environment. This paper provides some history of green chemistry and
some of the environmental policy issues impacting pyrotechnic applications, and how green energetics
offers solutions.

Introduction

Green chemistry is a category of science coined by the U.S. EPA over twenty years ago to help
focus development of new materials and technologies that are protective of human health and the
environment, and to establish a new culture of thinking in terms of pollution prevention. Since the
promulgation of the Pollution Prevention Act of 1990, which established national policy to prevent or
reduce pollution at its source (1), and with the publication of the twelve principles of green chemistry (2),
the concept of green chemistry has diffused its way into all areas of chemical studies and practices. It is
specially recognized by the defense community for its applicability in developing green energetic
materials.

The importance of green energetic materials to the Department of Defense (DoD) is accentuated
even more so by legal drivers such as the Federal Facility Compliance Act of 1992 (3), an act with the
primary purpose to ensure that federal facilities are treated the same as private parties with regard to
compliance with the requirements of RCRA, and by the need to comply with the explosion of
environmental regulations, particularly when it comes to sustaining the military ranges’ ability to meet
their national defense mission through proper environmental planning and management (4).

Over the past twenty years, tons of relevant, very creative research has advanced green chemistry
as a means of implementing pollution prevention and sustaining the use of military ranges. Over 9,000
results alone are referenced when the subject ‘Green Energetic Materials’ is searched on the Internet by
Google. Therefore, this paper will only be allowed to provide brief summaries and a few examples where
green energetic materials serve as a replacement of toxic materials in pyrotechnics and as the basis for
new green formulations, and how they are identified by environmental screening models as potential
candidates as new energetic ingredients. These examples are presented only to provide a sense of the
technological direction green chemistry has taken in pyrotechnics, and presented certainly without claim
of being a comprehensive review.
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Lead Replacements: New Materials, New Formulations

The toxicity of lead is well known. There are environmental regulations that control the use,
release, and exposure levels of lead (5). Regulations and standards are set at increasingly stringent levels.
On October 15, 2008, the U.S. EPA revised the National Ambient Air Quality Standards from 1.5
micrograms per cubic meter (μg/m3) to 0.15 μg/m3, measured as total suspended particles (6); the Center
for Disease Control now recommends 10 μg per deciliter as the level of concern to take preventive action
for childhood lead poisoning (7); the National Emission Standards for Hazardous Air Pollutants for
hazardous waste combustors, technologies commonly used to dispose of lead containing munitions, sets
the emissions standards for semi volatile hazardous air pollutant metals including lead, at 240 μg/dscm for
existing sources and 120 μg/dscm for new sources (8). (Note: the late date of the last revision indicates
these standards are due for EPA’s revision, likely to more stringent levels.)

Therefore, one of the most significant efforts in green energetic materials is the chemistry of
replacing lead with less toxic materials that exhibit equivalent performance properties of their lead
counterpart in its munitions component and defense applications.

Small arms ammunition used by the Army, Navy, Air Force, Marine Corp, National Guard and
Reserve Units contain lead styphnate based primer compositions.  Million of rounds of small arms
ammunition are fired annually on training ranges by the services. In addition, lead styphnate based
primer compositions are also specified in many cartridge actuated devices (CAD) and propellant actuated
devices (PAD) used in aircraft ejection systems, countermeasure applications, and stores release systems.
The CAD/PAD devices are used by all DoD components and foreign militaries that own U.S.
manufactured aircraft.

The commercial primer industry already undertook an effort to replace lead based primer with
Dinol (diazodinitrophenol) compositions, many of which have received US patents (9). Dinol primers
appear to satisfy the commercial functional requirements, but fall short of satisfying all military
requirements. To date Dinol based primers do not meet the extreme temperature requirements nor pass the
aging tests for military use (10).

One approach to eliminate the use of lead styphnate in small arms and CAD primers is through
the use of metastable intermolecular composite (MIC) materials, energetic compositions of nanoscale
aluminum combined with a metallic oxidizer. MIC materials exhibit exothermal reactivity similar to
thermites, but the mixture of these high surface area constituents at the submicron level provides a
metastable system which can react orders of magnitude faster (11). Mixed and wet-loaded compositions
of submicron Al with Bi2O3 was tested in M855 5.56MM ammunition and in a variety of Navy impulse
and delay cartridges. The MIC formulations yields primer with performance essentially equivalent to the
lead based compositions presently in use. Thus, the MIC composition meets the objective of being a drop-
in replacement for the lead in these primers.

Interestingly, MIC reactions produce huge amounts of heat, but the reactions products are solids;
no gases, other than ambient gases present, are produced from the MIC reaction, as shown in equation
below:

2Al + Bi2O3 → 2Bi + Al2O3

Laboratory and ballistic tests reveal that MIC primers without some gas generation significantly
affect the process of propellant ignition and pressure buildup within the cartridge of some of the small
caliber and medium caliber gun propellants. So to obtain an acceptable pressure output, gas generating
energetic materials are added to the basic MIC formulations to help in pressure buildup. These
formulations exhibit similar performance characteristics as standard primers when configured in the same
cartridge system (12). Selected formulations loaded into 25MM TP-T M793 cartridges and functionally
tested for interior ballistic conformance successfully demonstrated the application of modified MIC
percussion primers in medium caliber ammunition.
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A similar approach of adding an energetic component to the basic MIC composition for improved
pressure buildup also served well for a lead free electric primer for medium caliber ammunition The
primer formulation of 76% MIC (50 nm Al powder/Bi2O3), 20% BTATz (3,6-bis(1H-1,2,3,4-tetrazol-5-
ylamino)-1,2,4,5-tetrazine), 2% Kel-F, and 2% carbon, was demonstrated in the standard M52A3B1
electric primers for 20MM navy aircraft gun ammunition as a replacement for the existing primer
composition, and can be successfully initiated using conventional means (13).

Chemists have searched for lead azide replacements for decades without much success. Lead
azide has a collection of unique properties that are hard to match: (1) lead azide is readily synthesized into
nice crystals; (2) lead azide has an incredible shock velocity of 17,500 ft/s; (3) lead azide is unique in
having an extremely short run-up distance of 1-2 mm (14).

At this time, RD-1333 with an average particle size of 34.5 microns is the most common type of
lead azide used in the military. The only material that has even come close to matching the explosive
properties of lead azide, in addition to having improved safety and environmental properties, is DBX-1
(copper 5-nitrotetrazole) synthesized by Pacific Scientific Energetic Materials Co. (15). Preliminary tests
have shown that the sensitivity and reactivity of DBX-1 is close to lead azide, and DBX-1 is a strong
candidate for replacement of lead azide application as the transfer charge in all medium caliber detonator
assemblies, specifically in the NOL 130 mix in the M59 detonator. DBX-1 now in a green energetic
material demonstration program as a drop-in lead azide replacement for selected detonators (16).

Perchlorate Replacement: New Materials, New Formulations

Even since health studies made suspect that perchlorate interferes with iodide uptake into the
thyroid gland, and since some of the sources of perchlorate groundwater contamination are past
manufacturing and disposal of ammonium perchlorate at DoD faculties, the regulatory road for
perchlorate, especially as a contaminant in drinking water, has certainly been a rocky one.

At the request of the U.S. EPA, DoD, DOE, and NASA, the National Academy of Sciences
National Research Council (NRC) committee evaluated the potential health effects of perchlorate and the
scientific underpinnings of U.S. EPA's 2002 draft toxicological risk assessment. The NRC recommended
U.S EPA establish an oral RfD of 0.007 mg/kg-day, much higher than the EPA’s 1999 oral RfD of 0.003
mg/kg-day (17). Following the recommendation of this review, the U.S. EPA adopted the suggested oral
reference dose for perchlorate, a level if used to calculate a Drinking Water Equivalent Level is
equivalent to 24.5 parts per billion.

Shortly after, DoD followed suit and issued policy that established 24 parts per billion as a level
of concern for managing perchlorate, along with directions for perchlorate sampling and follow-on
actions (18).

Throughout this period, Safe Drinking Water Act (SDWA) Contaminant Candidate List included
perchlorate, thus public water systems sampled their drinking water for perchlorate levels as part of the
SDWA Unregulated Contaminant Monitoring Regulation regulatory process (19). On October 10, 2008,
the Agency issued a preliminary determination for perchlorate in the Federal Register for public review
and comment. The notice described the Agency’s preliminary decision that there is not a "meaningful
opportunity for health risk reduction" through a national drinking water regulation (20).

Following this determination, U.S EPA issued an Interim Drinking Water Health Advisory level
of 15 μg/l, a level based on the NRC recommended reference dose and in addition, included estimated
ingestion from contributing sources, other than water (food, cow’s milk, breast milk) (21). Shortly after
this publication, the Senate Environment and Public Works Committee chaired by Barbara Boxer (D-
Calif.), who took this action as procrastination, endorsed legislation requiring that EPA set a standard for
the chemical and do more monitoring of perchlorate in tap water (22). The U.S. EPA then decided to
make plans to regulate perchlorate under the Safe Drinking Water Act and to set a drinking water
standard for perchlorate. The EPA has not said what the standard will be, but decision is a complete
reversal of the policy set that provided a guideline of 15 parts per billion. This decision is the first time
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EPA has acted to regulate a substance from the Contaminant Candidate List and the 1996 Amendments to
the Safe Drinking Water Act (23).

Green chemistry and green energetic materials have brought forward practical replacements for
perchlorate in smoke grenades, flares and markers, and incendiary projectiles, items which have wide
spread use and serve as an uncontrolled release of emissions. For example, perchlorate was replaced by a
new formulation in the M115A2 ground burst projectile and the M116A1 grenade simulator, items that
the U.S. Army Environmental Command estimated accounted for as much as 70 percent of all perchlorate
releases in Army training ranges. Removing the perchlorate from the formulation with strontium nitrate,
potassium nitrate oxidizers and black powder and aluminum proved to meet all specification and
requirements (24).

Perchlorate free formulations were also found for the MK124 red, MK141 green, and MK144
yellow marine smoke and illumination signals flares, new formulations with the potential to meet or
exceed performance specifications for the in-service perchlorate containing flares. The red candidate
composition contains a mixture of calcium nitrate and strontium nitrate. The green flare compositions
contain a mixture of three fuels, together with barium nitrate oxidizer and polyvinyl chloride color
enhancer. The yellow compositions contain a mixture of  barium nitrate and polyvinyl chloride (25).

The perchlorate free red flare composition is currently under investigation in a demonstration and
validation program for use in the MK124 Red Marine Smoke and Illumination Signal flare. The
composition is quite similar to the one used in the Army M158 Ground Illumination Signal, Red Star
Cluster; therefore, a perchlorate free red flare composition is being investigated for both applications (26).

In addition, the perchlorate free green flare composition is also under development for a
demonstration in the Navy and Army service inventories as an improved perchlorate free green
pyrotechnic compositions for the MK 1 Mod 0, Marine Signal Illumination, and M195, Illumination
Parachute Signal (27). The new variants include formulations free of potassium perchlorate: Mg/Cu /B
/Mg-Al Alloy/Ba(NO3)2/PVC /Binder; Mg/Ba(NO3)2/PVC/binder (adjusted Mg grain size and binder
level). These new composition are expected to produce equal or superior emission intensities in the
appropriate spectral regions without releasing hazardous by-products.

Incendiary rounds, such as .50 caliber M8 API, M20 API-Tracer, MK257-DT, 20MM PGU 28/B,
20MM M940 and 40MM M918 contain potassium perchlorate as an oxidizer. To replace the perchlorate
in incendiary rounds, potential ingredients were screened not only for performance, but also for
environmental risk using screened predictive models for environmental persistence, bioaccumulation, and
toxicity. After the screening level evaluation, formulations containing magnesium/aluminum alloy,
sodium nitrate and calcium resinate were selected for demonstration (28).  These formulations are
currently under further development in a demonstration for use for .50 caliber M8 API, MK20 API-
Tracer, MK257 API-DT, and others (29).

Environmental Screening and New Green Energetic Materials

When research efforts embark to synthesize new materials with the objective of discovering new
green energetic materials—low toxicity ingredients with controllable fate and transport—it is useful to
have some sort of screening level predictive method to increase the probability that the new material
offers such advantages. Given the complexity of chemical structure-property relationships, more than one
approach is needed to make a sound risk assessment on a proposed chemical structure. In fact, a tiered
approach is recommended, beginning with basic chemical structure and physical and chemical properties
quantitative structural activity relationships (QSARs) useful in estimating toxicity and environmental
properties (30). Then as synthesis scale-up provides useful amounts of material, the next levels of
evaluation, such as acute toxicity and relative acute toxicity, can be evaluated using low cost in vitro
testing methods. As the material proceeds to advanced development, more expensive in vivo testing and
even advanced animal studies can come into play. This tiered approach is cost effective and provides a
relative ranking and helps reduce the uncertainty in the environmental consequences of a new material.
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The EPA Office of Pollution Prevention and Toxics, Economics, Exposure, and Technology
Division has developed several exposure assessment tools and has made them publically available. For
example, EPA’s EPI (Estimation Programs Interface) Suite™ is an available Windows®-based suite of
models and environmental fate estimation programs (31). EPI suites was used to examine the
environmental mobility, persistence, and potential toxicity of a set of perchlorate replacements not only to
rank the relative properties of the target materials, but also to perform a sensitivity analysis of these
QSARs to these unique class of compounds (32). This analysis emphasized the shortcomings of QSAR
models in that compounds that span the range of interest, such as the more polar heterocyclic structures of
energetic materials, must be included in the models training set, otherwise, the predicted results come
from arbitrary correlations and artifacts. Nonetheless, as the database for energetic materials structure and
properties relationships increase, so will the utility of QSAR screening level environmental and toxicity
predictive risk assessment.

As far as new energetic materials are concerned, there is a growing list chemicals that have high
nitrogen and low carbon and hydrogen content, yet that are high energy and density, thermally stable,
cool burning, and form primarily nitrogen as combustion products. Many of these structures are based on
the tetrazine, tetrazole, furazan and other nitrogen heterocyclic ring structures. DMPT (dimethylpyrazol
tetrazine) is a very useful starting material that undergoes transformation to form a variety of high
nitrogen energetic materials that vary in structure and properties; for example, BTATz, mentioned earlier
as a gas generating additive in MIC formulations, is formed from the reaction of DMPT with
aminotetrazole (33). TAGzT (triaminoguanidinium azotetrazolate), an organic salt whose empirical
formula is 86 percent nitrogen, is an extremely fast burning yet smokeless gas generating energetic
material, releases 981 ml of gas per gram when combusted (34). The following two high nitrogen
energetic materials DAAzF (3,3’-Diamino-4,4’-Azofurazan) and DAAF (3,3’-Diamino-4,4’-
Azoxyfurazan) exhibit a failure diameter <3 mm.  Both of these materials are more energetic and less
impact sensitive than HNS and may serve as possible replacements for HNS in pyrotechnic and other
devices (35).

Summary and Conclusion

Metrics for quantifying what the use of green energetic materials has offered in pollution
prevention savings and improving human health are very difficult to come by. Nonetheless, the
contributing factors of green munitions have certainly played a role in reducing toxic effluents and
hazardous air pollutant emissions and munitions constituents in groundwater.  Replacing lead compounds
with advanced materials based on creative chemistry and nanotechnology, replacing perchlorate with
different oxidizers in formulations painstakingly optimized for practical use, and replacing guesswork
with improved predictive models and approaches for environmental risk assessment, all ultimately drive
ordnance technology into a green 21th Century—ordnance technology, while used for its intended
purpose of protecting national security, is through design protective of each other, the air we breathe, the
water we drink, and the environment in which we live.
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Processing Benefits of Resonance Acoustic Mixing on High Performance
Propellants and Explosives

T. A. Cross, A. P. Nelson, B. P. Ferguson
Naval Air Warfare Center Weapons Division, China Lake, CA USA

ABSTRACT

For the last year, researchers at China Lake have been investigating the processing advantages of
resonant acoustic mixing (RAM) with energetic material formulations.  Efforts have focused on a high-
performance propellant containing ammonium perchlorate as well as a high solids content explosive.
Prior to working with high-energy materials, several additional safety features were added to the as-
received LabRAM mixer.  In this paper, some of the steps taken at China Lake to minimize the safety
risks associated with mixing energetic materials in the LabRAM processing environment will be
discussed.  Also, the processing lessons learned as well as the effect of RAM on the operational
performance of propellants and explosives will be discussed.

INTRODUCTION

Resodyn Acoustic Mixers, Inc., developed a mixing technique known as Resonant Acoustic®
Mixing (RAM) under a Missile Defense Agency (MDA) Small Business Innovation Research (SBIR)
early in the 21st century.  This technology uses acoustic waves to create multiple micro-mixing zones
within a material instead of the bulk mixing generated by traditional impeller or rotor agitation or static
mixers (e.g., baffles).

The RAM technology contains a proprietary drive system that serves as the resonant mechanical
driver that generates an acoustic-energy field.1  The resonant vibration of the mechanical system induces
low-frequency resonant sonic (LFRS) energy into the mix matrix (solid-liquid, solid-solid, liquid-liquid,
or liquid-gas).  The propagation of acoustic waves throughout the mix matrix results in bulk mixing, also
referred to as acoustic streaming.  This causes localized mixing or microscale eddies/vortices throughout
the entire mix medium.2  A schematic depicting the two types of mixing is provided in Figure 1.  This
figure shows the characteristic material flow induced by the RAM technology when the payload (mix
vessel and mix material) is subjected to a low-frequency acoustic field in the axial direction.3

Figure 1.  Schematic of Motion Within the Mix Matrix.
The RAM technology has been designed to operate at mechanical resonance.  This allows a high

efficiency transfer of the systems’ mechanical energy into the materials in the mix vessel by the

190



propagation of an acoustic pressure wave in the payload.3  The methodology required to achieve these
mixing conditions is proprietary and unique to RAM and RAM control technology.3  Resodyn Acoustic
Mixers, Inc., has designed a system to store vibrational energy by balancing kinetic and potential energy
in a controlled resonant operating condition to enable this methodology.3  The RAM potential energy is
stored in springs and the kinetic energy is provided by plates, or masses, that are connected to the springs
and translated in a vertical motion.3  The resonant frequency is defined as the frequency at which the
mechanical energy in the system can be perfectly transferred between potential energy stored in the
springs and as kinetic energy in the moving masses.3  For the RAM technology, it is the mixing system as
a whole (the spring assembly and the loaded mixing vessel, known as the three-mass system) that
operates at mechanical resonance, roughly 60 Hz for the RAM technology as it is currently designed.3

During mixing, the mechanical resonance frequency is affected by the payload and how well the mix
material couples to the vessel and how readily it absorbs energy.3

RAM technology is used in full-scale production of pharmaceuticals, cosmetics, and bulk powder
mixing.  Mixer capacities range from a pint (0.5 liters) to 55 gallons (208 liters).  Its application with
energetic materials is less developed.  This paper discusses the mixing of high-performance propellants
and explosives with the LabRAM compared to energetics processed with a more traditional twin-blade
planetary mixer.

EXPERIMENTAL

LABRAM FACILITY SET-UP

Similar to processing energetics with a twin blade mixer, mixing with the LabRAM is conducted
remotely.  The LabRAM is set-up in a mix bay where external, red warning lights are operated above the
entrances to the lab indicating a remote, energetic operation is in progress and signs are posted on the
doors to warn individuals in and near the operations building not to enter the mix bay.  The Resodyn mix
intensity/acceleration is remotely controlled from a computer in a designated control room.  A key card
lockout system was installed to limit access to the LabRAM control computer, preventing remote
operation of the LabRAM while someone is in the mix bay (e.g., to remove the mix vessel from the
LabRAM).  A camera in the mix bay is connected to a monitor in the control room, which allows
LabRAM mixes to be monitored remotely.  The camera can be used to zoom in and out to view different
parts of the Resodyn mix vessel, hold-down fixture, or vacuum gage in the mix bay.  Images depicting the
set-up described in this paragraph are shown in Figure 2.

Figure 2.  Images of LabRAM Mix Bay Entrance, Key Card Lockout System, and Remote Camera.
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Mix temperature is monitored with an internal K-type thermocouple or an external infrared (IR)
temperature sensor.  A data logger in the control room allows remote temperature observation and the
temperature data can be saved on the Resodyn operating computer.  Mixing at high accelerations for
extended periods of time can cause K-type thermocouples to break, so an IR temperature sensor was
installed to provide secondary temperature monitoring capability.  The option exists to monitor
temperature with one or both types of temperature sensors.  The IR temperature sensor is mounted on the
Resodyn cover so it is not exposed to severe vibrations that might cause damage to the sensor.  In
addition, an IR temperature sensor can be used to monitor the temperature of different vessel sizes and
shapes that are not compatible with a K-type internal thermocouple.  Images of the K-type thermocouple
and data logger are provided in Figure 3.

Figure 3.  Images of K-type Thermocouple and Temperature Data Logger.

Figure 4 shows images of some of the different types of vessels and their lids that can be used to
mix energetics with the LabRAM.  Small plastic vials can be used to remotely process 1- to 5-gram
mixes.  Aluminum or stainless steel containers can be used to process small to medium sized mixes (5- to
150-grams).  An air-tight stainless steel container with an o-ring and a clamp locking mechanism to hold
the lid in place and prevent materials from leaking out of the container can be used with the LabRAM.
Different sized stainless steel beakers can be modified and lids can be made to fit them in order to process
25- to 500-gram mixes using the LabRAM.
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Figure 4.  General Mix Vessel Types.

For mixes larger than 5-grams a flat, braided metal strap can be used to ground the metal mix
containers.  Typically the grounding strap is placed underneath the mix vessel where it provides
mechanical grounding of the vessel.  Images of the strap and its location with respect to the mix vessel on
the LabRAM are provided in Figure 5.

Figure 5.  Images of Grounding Strap and its Placement With Respect to Mix Vessels on LabRAM.
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INITIAL LABRAM ENERGETICS EVALUATION

LabRAM mixes of multiple energetic material combinations were conducted.  Ingredients were
mixed, ramping from 10- to 100-g (acceleration) in increments of 10-g (acceleration).  Each mix was held
at 100-g (acceleration) for a ten minute period.  Initially, the energetic ingredients were mixed at the
1-gram scale.  After showing no evidence of charring or smoking when mixed at the 1-gram scale they
were scaled-up and mixed at the 5-gram scale.

LABRAM MIXED PROPELLANT

The properties of a solid propellant formulation mixed on the LabRAM were compared to the
properties of the propellant mixed on a Baker-Perkins (BP) vertical mixer.  The propellant formulation
had a hydroxy terminated caprolactone ether (HTCE) binder system with solids from ammonium
perchlorate and aluminum.

PROPELLANT MIXING, CASTING, AND CURING

Following NAWCWD safety protocol, the propellant formulation was scaled incrementally from
the 5-gram scale to the 400-gram scale (5-gram, 25-gram, 125-gram, 400-gram).  The propellant samples
processed at the pint scale (400-grams), using a Baker-Perkins twin blade planetary mixer and a
LabRAM, are discussed in this paper.  Each propellant made at the pint scale was cast into a lined slab
mold (5”H x 6”W x 1”D) and cured.

The propellant processed with a twin blade planetary mixer was mixed in a Baker Perkins vertical
pint (200- to 500-grams) mixer.  The general mix procedure followed the process outlined by Jones4 and
included six ingredient additions with nine mix cycles processed for a total of 170 minutes.  The mixing
temperature ranged from 135 to 140°F and mixing was conducted under vacuum.  The propellant was
vacuum-cast with vibration into the lined slab mold and cured.  The total process time for one person to
make one propellant (including ingredient weigh-up, addition, mixing, casting, and clean-up) was around
five hours.

The propellant made with the LabRAM was mixed in thirty-five to forty minutes with five
ingredient additions, each followed by a five-minute mix cycle, and a final scrape-down with a ten to
fifteen minute mix cycle.  The first ingredient addition combined the binder polymers in the mix vessel.
The second and third mix cycles incorporated the oxidizer.  The plasticizer was added in the fourth mix
cycle and the curative and cure catalyst were added in the fifth mix cycle.  After the fifth mix cycle, the
material was scraped off of the internal vessel walls and mixed for an additional fifteen minutes.  The
temperature of the mixture ranged from 84°F to 94°F at the end of each mix cycle, and the acceleration
for each mix cycle ranged from 20- to 40-g (acceleration).  Liquids were mixed at 10-g (acceleration),
whereas solids and liquids were mixed at 20- to 40-g (acceleration).  The total process time for two
people to make four separate propellants (including ingredient weigh-up, additions, mixing, casting, and
clean-up) was around eleven hours.  Images of a propellant mixed on the LabRAM in Figure 6 show the
mixture after each mix cycle.
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Figure 6.  Images of LabRAM Propellant Mix After Each Processing Step.

STANDARD SAFETY TESTS

All propellant samples were evaluated for impact, friction, and electrostatic sensitivity to ensure
the propellants made with the LabRAM did not exhibit increased sensitivity relative to the propellants
made with the vertical pint mixer.  The impact sensitivity testing followed MIL-STD-1751A, Method
1012, using an Explosives Research Laboratory (ERL) model machine.  An Allegheny Ballistics
Laboratory (ABL) sliding friction apparatus was used to determine friction sensitivity following the
procedure outlined in MIL-STD-1751A, Method 1021.  The electrostatic discharge (ESD) sensitivity test,
designed to simulate an electrostatically charged person or object discharging through a thin layer of
sample to a grounded conductive surface, was used to observe electrostatic sensitivity.  The ESD tests
were conducted in accordance with the procedure outlined in MIL-STD-1751A, Method 1033.4

THERMAL ANALYSIS TECHNIQUE

The differential scanning calorimeter (DSC) was used to observe the thermal decomposition of
energetic and propellant mixes by subjecting them to a heating profile with a ramping rate of 5°C per
minute from ambient to 350°C.  The DSC was used to ensure the LabRAM mix process did not sensitize
the mixes such that an exothermic reaction would be initiated below 120°C.5

BURNING RATE TEST

The steady-state regression rate data were generated using the China Lake window bomb.6

Propellant samples were photographed at 500 frames per second with a Photron SA-1 camera.  Each
sample was illuminated with a 2,500-watt xenon lamp, and an IR filter was used to prevent sample
heating by the lamp.  Nitrogen was used as the pressurizing gas in all of the experiments, and propellant
samples were ignited using nichrome resistance wire.  The propellant burning rates were calculated from
the Photron SA-1 camera footage using Motion Tools® software.
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TENSILE TEST

The uniaxial tensile properties of propellants made at the 400-g scale were obtained from an
Instron Universal Tester using a JANNAF dogbone specimen (rough dimensions: 5-inch length by
1.0-inch width by 0.5-inch depth).  All specimens were evaluated at a constant rate of 2 inches per
minute, and twenty-four dogbones from six propellant mixes (three Baker-Perkins mixes and three
LabRAM mixes) were evaluated at -45°F and 77°F.

LABRAM MIXED EXPLOSIVE

A common explosive (hydroxyl terminated polybutadiene [HTPB], explosive ingredient,
aluminum) was selected to evaluate the Resodyn’s ability to mix high viscosity materials.  The viscosity
of the explosive formulation was increased by decreasing the particle size of the explosive solid
ingredient, effectively increasing the particle surface area required for the binder to coat.  Table 1 shows
the explosive mixes made with the LabRAM (Mix A and Mix B) and their corresponding explosive
particle surface area per gram of explosive ingredient compared to the baseline explosive mix.  The
explosive particle surface areas are an approximate calculation assuming perfect spherical particles from
the surface-weighted mean particle size.

Table 1.  Explosive Mixes and Their Explosive Particle Surface Area.
Mix Explosive Particle Surface Area (m2/gram)

Baseline 0.021
A 0.165
B 1.65

The objectives of the LabRAM explosive mixes were to 1) incorporate the same weight
percentage solids into Mix A and Mix B as in the baseline mix, but use progressively finer energetic
particles, 2) break-up energetic agglomerates, 3) homogenously incorporate all ingredients in the mix
vessel, and 4) fill a test article, such as an Insensitive High Explosive (IHE) gap test tube, with the viscous
explosive.

Mix A (0.165 m2/gram) was processed with the LabRAM using five different steps.  The first step
involved adding all ingredients into the mix vessel and combining the ingredients over a one hour cycle
with 90- to 100-g (acceleration).  The temperature of the mixture, a few minutes after mixing, was
measured at 128°F.  The second step involved scraping material off the sides of the vessel and
incorporating them into the mixture over a one hour cycle with 90- to 100-g (acceleration).  After this mix
cycle, the material appeared to have better light reflective properties indicating the solids in the mixture
had been fully wetted.  The temperature of the mixture a couple of minutes after this cycle was 125°F.
The third step involved combining the individual mix cells from step two into a single mix cell by mixing
at 70- to 75-g (acceleration) for twenty minutes.  During the fourth (30-g for 10 minutes) and fifth (50-g
for 8 minutes dropping to 20-g for 3 minutes) steps the mixture was settled into the bottom of the mix
vessel.  Figure 7 provides images of the mixture after each processing step.
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Figure 7.  Images of Mix A After Each Processing Step.

Material was taken from Mix A and placed into an IHE tube (0.50-inch inner diameter by
2.00 inches long).  Each end of the IHE tube was sealed with ordnance tape.  Then, the tube with the
mixture was processed with the LabRAM following step five described above to settle the explosive
mixture into the tube.  Images of the mixture at the top and bottom of the IHE tube are provided in Figure
8.  The material at the bottom of the tube was a smooth, even surface.  At the top of the tube the material
had a void due to an insufficient quantity of material being added to completely fill the tube.  The results
indicate the LabRAM can be used to fill IHE tubes with energetic material.  Hardware will need to be
designed to provide volume for over-filling of the tube and attachments to mix under vacuum in order to
provide a full, void-free tube.

Figure 8.  Images of Top and Bottom of LabRAM Explosive Filled IHE Tube.

Mix B (1.65 m2/gram) was processed with the LabRAM using four different steps.  The first step
involved adding all of the liquid ingredients and half of each solid ingredient into the mix vessel and
combining the ingredients over a twenty minute mix cycle with 95- to 100-g (acceleration).
Agglomerated energetic particles were visually detected within the mixture.  The second step involved
adding the remaining solids to the vessel and incorporating them into the mix over another twenty minute
cycle with 95- to 100-g (acceleration).  At the end of step two the mixture consisted of multiple, small,
mix cells with some agglomerated explosive material present.  The third step reduced the number of
individual mix cells by mixing at 95- to 100-g (acceleration) for one hour.  Cutting into one of the
medium-sized mix cells and inspecting the surface indicated the agglomerates observed in step one and
step two were broken-up during the long, high intensity mix cycle.  In order to combine the medium-sized
individual mix cells into one mass, the mixture was transferred to a smaller vessel and mixed for multiple
cycles at 50-g (acceleration).  Figure 9 provides images of the mixture after each processing step.
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Figure 9.  Images of Mix B After Several Processing Steps.

RESULTS AND DISCUSSIONS

INITIAL LABRAM ENERGETICS EVALUATION

There was concern that mixing energetic ingredients with the LabRAM might cause the
ingredients to heat up and possibly change morphology, forming a more sensitive material.  Several
energetic ingredients were selected from three different categories: polymers, plasticizers, and nitramines.
The polymers selected included GAP, PGN, PNO, and BN-7.  The plasticizers included BTTN, TMETN,
TEGDN, and BuNENA.  The nitramines included RDX, HMX, and CL-20.  A mix matrix was developed
based on combinations of the energetic materials, one ingredient from each category.  Samples from each
LabRAM mix for the initial energetics evaluation were tested using a DSC.  In addition, hand mixes were
made of some of the energetic ingredient combinations and samples from these mixes were evaluated
with the DSC.  The onset temperature of the first exotherm for each ingredient combination was
compared for the LabRAM and the hand mixes at the 5-gram scale.  The first exotherm onset
temperatures are shown in Table 3.

Table 3.  DSC First Exotherm Onset Temperatures for LabRAM and Hand-Mixed Energetics.
Ingredients HM DSC Onset (°C) RAM DSC Onset (°C) Difference (°C)

GAP – BTTN – RDX 206 203 3
GAP – BTTN – HMX 217 219 2
GAP – BTTN – CL20 202 204 2
PGN – BTTN – RDX 191 191 0
PGN – BTTN – HMX 183 186 3
PBN – BTTN – CL20 189 189 0
PNO – BTTN – RDX 184 189 5
PNO – BTTN – HMX 179 175 4
PNO – BTTN – CL20 185 185 0
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The difference in onset temperature of the first exotherm between the hand mixed and LabRAM
mixed energetics ranged from 0°C to 5°C.  This indicates the mixtures were similar and the LabRAM
process did not appear to cause damage to the energetics tested.

LABRAM MIXED PROPELLANT

The purpose of this propellant study was to compare the properties of propellant mixed using the
LabRAM to propellant mixed using a Baker-Perkins vertical mixer.  The propellant safety properties
(ESD, friction, impact), ballistic properties (burning rate, burning rate slope), and tensile properties
(modulus, stress, strain) were evaluated and compared at the 400-gram scale.

PROPELLANT STANDARD SAFETY TESTS

The results of the standard safety tests are provided in Table 4, as well as the results for the safety
standards RDX Class II and PETN.  The safety test results between the propellant mixed with the
LabRAM and the propellant mixed with the vertical mixer were comparable.

Table 4.  Pint-Scale Safety Test Results for Baker-Perkins Mixed and LabRAM Mixed Propellant.
Sample Impact (cm)

50% pt / Low Fire
Friction at 1000 lbs
50% pt / Low Fire

ESD at 0.25 Joules

BP-5 19 / 16 10/10 No Fires 10/10 No Fires
BP-6 25 / 25 10/10 No Fires 10/10 No Fires
BP-7 20 / 20 10/10 No Fires 10/10 No Fires

RAM-7 19 / 20 10/10 No Fires 10/10 No Fires
RAM-8 18 / 20 10/10 No Fires 10/10 No Fires
RAM-9 19 / 20 10/10 No Fires 10/10 No Fires

RDX Class II 20 741 10/10 No Fires
PETN 11 170 10/10 No Fires

PROPELLANT WINDOW BOMB BURNING RATES

Propellant burning rates from 200 psia up to 1500 psia were measured for three propellant mixes
made using the LabRAM and three mixes made using the Baker-Perkins vertical mixer.  Three samples
were tested from each propellant mix at every pressure (200-, 500-, 800-, 1000-, 1500-psia).  The
standard deviation for the propellant burning rate data at each pressure and burning rate slope across the
pressure range tested are summarized in Table 5.  In addition, the percentage difference between the
LabRAM and Baker-Perkins average propellant burning rates and burning rate slope were calculated from
Equation 1 and are shown in Table 5.  The propellant average burning rates are compared in Figure 10.

Percentage Difference = [(ABS(BP-RAM)) / ((BP+RAM)/2)]*100 (1)
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Table 5. LabRAM and Baker-Perkins Mixed Propellant Burning Rate Data Comparison.

BP RAM
Pressure (psia) Burning Rate

Standard
Deviation

Burning Rate
Standard
Deviation

Percentage Difference
Between Average
Burning Rates(%)

200 0.0009 0.0078 0.985
500 0.0047 0.0144 0.452
800 0.0071 0.0105 3.623

1000 0.0054 0.0172 2.700
1500 0.0100 0.0206 7.887

Burning Rate Slope 0.0099 0.0127 10.085

Figure 10.  LabRAM and Baker-Perkins Mixed Propellant Average Burning Rate Comparison.

The percentage difference between the LabRAM mixed propellant and the Baker-Perkins mixed
propellant average burning rate slope is 10.08%.  Table 5 and Figure 10 show the difference between the
average propellant burning rates appears to increase with increasing pressure.

TENSILE PROPERTIES

Propellant tensile properties were evaluated at ambient (77°F) and cold (-45°F) temperatures.
The ambient tensile properties were used to compare the general modulus, stress, and strain of the Baker-
Perkins and LabRAM mixed propellants.  The cold temperature tensile properties were evaluated to
observe the affect of each process on the bonding agent activity.

The standard deviation of the ambient- and cold-temperature tensile properties for three different
Baker-Perkins mixes and the standard deviation of the tensile properties for three different LabRAM
mixes are provided in Table 6.  Also, the percentage difference between the average tensile properties of
the Baker-Perkins and LabRAM mixes at ambient and cold temperatures are provided in Table 6.
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Table 6.  Comparison of Baker-Perkins Mixed Propellant and LabRAM Mixed Propellant Ambient
and Cold Temperature Tensile Property Data.

Ambient Tensile Data Cold Tensile Data
BP Standard

Deviation
RAM

Standard
Deviation

Percentage
Difference

(%)

BP
Standard
Deviation

RAM
Standard
Deviation

Percentage
Difference

(%)
E0 (psi) 35 101 17.5 352 718 23.8
σm (psi) uncorrected 7 5 10.7 17 22 6.9
σm (psi) corrected 24 21 9.5 20 25 5.4
εm (%) 21 19 1.7 1 0 10.5
εb (%) 15 18 13.9 2 5 26.7
Shore A 3 4 10.3 6 4 0

The LabRAM mixed propellants exhibited higher Shore A hardness values than the Baker-
Perkins mixed propellants when measured at ambient temperature.  The difference in hardness is reflected
in the LabRAM ambient temperature. The tensile specimen demonstrated slightly higher modulus and
stress values than the Baker-Perkins mixed propellants, as shown in Figures 11 and 12.  The LabRAM
tensile specimen demonstrated similar strain capability as the Baker-Perkins tensile specimen, as shown
in Figure 13.  The slightly higher modulus and stress with similar strain might be a result of the LabRAM
providing better solids wetting than the Baker-Perkins mixer.  The standard deviation was larger for the
LabRAM mixed propellants than the Baker-Perkins mixed propellants.  This variability might be a result
of mixing at lower temperatures for a shorter amount of time with the LabRAM compared to the longer
duration, higher temperature mix cycles with the Baker-Perkins.
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Figure 11.  Comparison of Baker-Perkins Mixed Propellant and LabRAM
Mixed Propellant Ambient Temperature Modulus.
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Figure 12.  Comparison of Baker-Perkins Mixed Propellant and LabRAM
Mixed Propellant Ambient Temperature Corrected Stress.
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Figure 13.  Comparison of Baker-Perkins Mixed Propellant and LabRAM
Mixed Propellant Ambient Temperature Strain at Maximum Stress.
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Figures 14, 15, and 16 compare the cold-temperature average modulus, corrected stress, and
strain at max stress between the LabRAM and Baker-Perkins mixed propellants.  The data shown for each
mix is an average of three to four specimens.  At cold temperatures, the LabRAM tensile specimen
exhibited lower modulus and slightly lower stress, with slightly better strain capability than the Baker-
Perkins tensile specimen.  Overall, the cold temperature tensile data was similar.
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Figure 14.  Comparison of Baker-Perkins Mixed Propellant and LabRAM
Mixed Propellant Cold Temperature Modulus.
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Figure 15.  Comparison of Baker-Perkins Mixed Propellant and LabRAM
Mixed Propellant Cold Temperature Corrected Stress.
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Figure 16.  Comparison of Baker-Perkins Mixed Propellant and LabRAM
Mixed Propellant Cold Temperature Strain at Maximum Stress.
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LABRAM MIXED EXPLOSIVE

Optical microscopy images comparing the baseline explosive mix (0.021 m2/gram) to Mix A
(0.165 m2/gram) and to Mix B (1.65 m2/gram) are shown in Figure 17.  The images shown are of broken
edges from cured samples of each explosive mix.  The baseline explosive was processed under vacuum
with a Baker-Perkins mixer.  Mix A and Mix B were processed without vacuum in the LabRAM.  As
such, small air voids are observed in the LabRAM mixed explosives.  The LabRAM mixed explosives
appear to be completely homogeneous with no evidence of particle agglomeration.

Figure 17.  Optical Images of Baseline Explosive (0.021 m2/gram) Compared to LabRAM
Explosive Mix A (0.165 m2/gram) and LabRAM Explosive Mix B (1.65 m2/gram).

SUMMARY

An initial, small-scale evaluation of mixing combinations of different energetic ingredients with
the LabRAM indicated that resonant acoustic mixing can be used to process the energetic materials
evaluated without causing ingredient sensitivity or ignition.  The energetics evaluated did not demonstrate
any sign of ignition such as charred material or smoke.  Additionally, the onset temperature of the first
exotherm for mixes made with the LabRAM was comparable to the onset temperature of the first
exotherm for similar mixes made by hand.  This indicates the energetic ingredients were not heated to the
point where a change in particle morphology occurred.

A propellant formulation was selected to conduct an initial evaluation comparing the safety,
ballistic, and tensile properties of LabRAM mixed propellant to Baker-Perkins mixed propellant.  The
LabRAM and Baker-Perkins mixed propellants were scaled-up and compared at the 400-gram (pint)
scale.  Propellants mixed with these two technologies demonstrated similar safety properties.  Their
burning rates were similar at lower pressures, but the difference in burning rates between the two
processes increased with pressure.  Their burning rate slopes from 200-psia to 1500-psia varied by ten
percent.  At ambient temperature, the modulus and stress of LabRAM tensile specimen were slightly
greater than the modulus and stress of Baker-Perkins tensile specimen, but the LabRAM specimen tensile
strain was similar to the Baker-Perkins specimen.  This might indicate the LabRAM process provided
better wetting of the solids with the binder matrix than the Baker-Perkins process.  However, at cold
temperature, the properties of the LabRAM tensile specimen were similar to the properties of the Baker-
Perkins specimen.

Two viscous explosive formulations were made with the LabRAM.  In-situ mixing-casting was
demonstrated with explosive formulation A in a small diameter IHE tube.  Also, the LabRAM appeared to
effectively break-up energetic particle agglomerates in the explosives evaluated.
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A Model of Explosive Ignition due to Pinch

J.P. Curtis, AWE, Aldermaston, Berkshire RG7 4PR, UK

ABSTRACT

It is well known that an explosive can be initiated by being pinched between two surfaces. However, the
process by which this occurs has not been well understood because it is difficult to gain experimental data
owing to the geometrical configuration of the insult situation. The gross deformation associated with
pinching renders it also difficult to use Lagrangian based hydrocode models. In this paper the
development of an ad hoc analytical model of the axial pinching of an explosive cylinder by two flat
plates moving together at constant speed is discussed. It is assumed that as the explosive is compressed, it
is in perfect plastic flow under adiabatic conditions. The reaction of the explosive is modelled with a
simple Arrhenius Law. The heating of the explosive by mechanical dissipation and by self heating due to
the reaction are also calculated. The time step of the second-order explicit numerical scheme implemented
is chosen to ensure that rapid changes in temperature are captured accurately. The model is applied to
PETN and a HMX-based explosive and predicts the generally accepted relative sensitivities of these
explosives to mechanical insult. The time of initiation is calculated and the dependence of the results on
the initial temperature of the explosive is explored.

Introduction
Safety is of prime importance in the handling, processing and storage of explosives. Mechanical

insults, resulting from low speed impact, that crush and pinch an explosive, have long been identified as a
possible ignition source. Modelling the effects of pinch with numerical continuum mechanics codes, such
as finite element or finite difference models, typically poses severe problems of mesh resolution and
distortion or of interface tracking.

A novel ad-hoc analytical model giving insights into the physical and chemical processes at work
is being developed to overcome these problems. To illustrate how the model enables thermo-mechanical
coupling to give rise to reaction in an explosive, the axial pinching of a cylinder of explosive between two
parallel plates is studied. This simple geometrical configuration has the advantage of offering
mathematical symmetry, thereby reducing the complexity of the analysis.

A solution based on the equations of incompressible plastic flow is found by making the
assumptions that the axial velocity component is linear in the axial co-ordinate, that the upper plate moves
down at constant speed, while the lower plate stays fixed, and that there is no friction between the
cylinder ends and the plates. With these assumptions an expression for the rate of mechanical dissipation
is derived. Surprisingly this takes the same value everywhere in the explosive. This expression is used to
calculate the temperature rise in the explosive along with simple Arrhenius kinetics to represent the self-
heating by the reaction of the explosive. Here adiabatic conditions are assumed.

The model is used to investigate the response of PETN and a HMX-based explosive at different
speeds of pinching and different initial temperatures. The thickness of the explosive when thermal
runaway commences is determined in each case.

The model appears to offer a useful means of assessing the likely sensitivity of an explosive
relative to other explosives. The predictions may prove useful in making comparisons with thermo-
mechanical hydrocodes. Methods of enhancing the model are discussed.
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Experimental
At present only qualitative experimental data is available for comparison with the model.

However, AWE [1] has performed a test close in nature to the situation modelled in this paper, when a
weight was dropped on the upper plate of two plates sandwiching a cylinder of a HMX-based explosive,
as shown in Figure 1. It was found that the explosive was flattened and greatly expanded laterally, but that
there was no evidence of a reaction arising from the compressive insult.

Drop weight tests have also been undertaken at the Cavendish Laboratory, Cambridge University
by Field and co-workers [2, 3]. Small pellets of PETN and HMX-based explosive of diameter 5 mm and
height 0.5 -1 mm were sandwiched between glass blocks. The sandwich was supported from below and
were impacted from above by a 5 kg drop weight released from a height of 1 m. Photography was used to
identify potential ignition mechanisms.

Evidence for the relative sensitivity of explosives to impact insults is offered by the standard tests
described by Lee in the text edited by Zukas and Walters [4]. In particular for the impact tests described it
is shown that PETN is more sensitive to this type of mechanical insult than HMX-based explosives.

Figure 1: Schematic of AWE drop weight experiment

Mathematical Model

Plastic Flow Formulation

A cylinder of explosive sandwiched between two plates at its ends as shown in Figure 2 is
modelled. The axis of the cylinder coincides with the z-axis and its height at time t is h(t). The radial and
axial velocity components are u(r, z, t) and w(r, z, t) respectively. The surface of the lower plate at z=0 is
at rest; the surface of the upper plate is moving downwards with speed V(t), assumed for now to depend
on time. Thus    tVth  .

Drop Weight

Plates Explosive
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The explosive is modelled as a purely plastic incompressible material. It is assumed that the
plates are well lubricated so that frictional effects, known to cause shear and associated mechanical
dissipation with resultant heating, are negligible.

Figure 2: Configuration for the pinching of an explosive cylinder

The equation of conservation of mass with incompressibility is
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In the absence of swirl the axisymmetric equations of conservation of momentum in the radial
and axial directions respectively are:
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The four Levy-Mises equations relating strain rate to stress are:
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In the above equations rr ,  , zz , and rz  are the radial, hoop, axial and shear stresses
respectively. The variable   is the Levy-Mises proportionality factor. The von-Mises yield criterion for
plastic flow holds, namely

      22222 26 Yrzrrzzzzrr    . (8)

On the free surface ),( tzRr   at the side of the deforming cylinder the free surface condition
can readily be shown to be
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The assumption is made that the axial velocity component varies linearly from z = 0 to z = h(t) as
follows
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Use of equations (1) and (110) with rejection of the singular solution at 0r  yields

 
 th

rthu
2


  . (11)
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Application of equations (10) and (11) in equations (2)-(8) after some manipulation leads to the
following relations for the function  and the stress components:
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Here  tg  is as yet an arbitrary function that will be found from the boundary conditions. An
analytical solution has been found, which may not be unique, but which appears to give insights into the
pinch process. It is assumed that the cylinder of explosive stays cylindrical, i.e. that its' outer surface is
given by

 tRr  . (17)

It is further assumed that the plate is driven down at a maintained constant speed, i.e. that

  .constVtV  , (18)

so that

 00 ttVhh  , (19)

where  00 thh   and 0t  is the time at which compression starts. Hence     .0,  thVth  Use of
the free surface condition (9) and stress-free condition 0rr  on  tRr   yield
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with the other stress components still given by equations (15) and (16), and  00 RR  .

Note that both the radial stress and cylinder radius become infinite at time

V
htt 0

0  , (22)

when full pinch is reached. The rate of dissipation of mechanical energy, i.e. the rate of heating of the
explosive by mechanical dissipation, is given by

zzzzrrrrD     , (23)

where zzrr    ,,  are the radial, azimuthal, and axial components of the rate of strain tensor
respectively. Equation (23) reduces to

  00 ttVh
VYD


  . (24)

It can be seen that D  becomes infinite when full pinch is reached at the time given by equation (22). Of
course, this is possible only in theory. In reality the constant pinch speed V  will not be maintained –there
will be some deceleration and the bottom plate must deform. Compressibility effects will cause departures
from the above solutions for the velocity, stresses, and deformation. It is nonetheless instructive to
explore the interaction of the mechanical heating with the chemical reaction in the explosive, which is
addressed in the next sub-section.

Thermal Model

It is assumed that the heating of the explosive by mechanical dissipation and by self-heating as a
result of chemical reaction takes place under adiabatic conditions. Heat conduction and convective and
radiative losses are neglected at this stage. The initial temperature 0T  is specified and the temperature, a

function of time,  tT  only, increases as a result of the heating from the reaction and by mechanical
dissipation. The chemical reaction is modelled as a single-step Arrhenius reaction, expressed in terms of
the mass fraction  of gaseous products by
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where A is the pre-exponential factor, E  is the activation energy, and R  is the molar gas constant. Note
that this is a preliminary model as it is well known that multiple reactions, some endothermic, some
exothermic are actually proceeding in parallel. The temperature growth is governed by the equation of
conservation of energy, namely

D
dt
d

dt
dTcV 

 , (26)

where Vc  is the specific heat at constant volume,   is the specific heat of the reaction described by
equation (25) and D  is the rate of dissipation given by equation (24).

Equations (25) and (26) are to be solved as a coupled pair of ordinary differential equations,
subject to the initial conditions

    .000 ,0 TtTt  (27)

In fact equation (26) can be directly integrated to give
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 . (28)

Equation (28) can be substituted into equation (25) which becomes a straightforward first-order
differential equation for   in terms of .t  This equation is solved by an explicit scheme, with an
adjustable time-step to capture the faster rate of heating, whether mechanical dissipation or chemical
reaction.

Results and Discussion

To date two explosive materials have been simulated: a HMX-based PBX explosive and PETN.
The explosive properties used in the simulations are given in Table 1. The other data used in the
simulation are given in Table 2.

The results for the two explosives were markedly different. For the HMX-based explosive,
heating by dissipation dominated in all cases except where the initial temperature was set to a value close
to the critical temperature. For the typical room temperature of 25° C the HMX-based explosive was
effectively fully pinched with only a very small amount of material reacted. The time-step was reducing
in response to the rapid increase of the singular form of the dissipation, equation (24) before significant
reaction could occur.
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Explosive Property HMX-Based Explosive PETN

Activation Energy E  J/mol 2.200 × 105 1.966 × 105

Molar Gas Constant R  J/kg/K 8.314 8.314

Pre-Exponential Constant A  s-1 5.011872336 × 1019 6.309573445 × 1019

Density   kg/m3 1800.0 1700.0

Specific Heat Vc  J/kg/K 1255.2 1090.0

Heat of Reaction   J/kg 5.02× 106 6.38 × 106

Dynamic Compressive Strength Y  MPa 16.0 200.0

Table 1: Explosive properties.

Simulation Parameter Value

Impact Speed V m/s 50.0

Initial Height of Explosive Cylinder 0h  mm 25.4

Start Time 0t 0.0

Initial Temperature 0T K 298.0 – 523.0

Table 2: Other simulation parameters.

This is consistent with the previously mentioned AWE experiment [1], in which no significant
reaction was seen. Of course, the singularity in the dissipation, arising from the model assumptions, is not
physically realistic, and future modelling should take account of compressibility effects, which will
prevent full pinch from occurring. Probably the assumptions, given in equations (1), (10), (17) and (18),
will all require revision in an improved model.

Quite different results were obtained for the PETN. For this explosive a plot of the height at
which the rate of heating by the reaction became greater than that by the dissipation is given in figure 3 as
a function of the initial temperature. This change, to the reaction being the dominant heat source, is
associated with the commencement of thermal runaway. As the initial temperature rises, less and less
squeezing of the explosive is needed to reach this point. The only occasion where the reaction dominates
for the HMX-based explosive (in the examples run) is also marked in figure 3.

For PETN initially at 298 K, Figure 4 shows the rise of the temperature of the PETN with time,
until 477.8 microseconds, when suddenly the heating from the reaction rapidly exceeds the dissipative
heating. Here the time-step becomes tiny in order to track the very rapid changes in temperature.
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Figure 4: Temperature rise of PETN from room temperature as
deformation progresses with time, showing the onset of
thermal runaway at 477.8 microseconds.

It is quite promising that, even with the simplest kinetics model used here, the relative
sensitivities of the HMX-based and PETN explosives are correctly predicted. For the very special solution
developed here, under the adiabatic conditions it is found that the amount of dissipative heat generated by
the pinch process is independent of impact speed. This would not be the case in reality, where there would
be losses due to heat transfer processes. It is planned to investigate other explosives, probably after
inclusion of a more realistic Arrhenius kinetics model, such as that of McGuire and Tarver [5].
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The relaxation of the assumptions, given in equations (1), (10), (17) and (18), could be
investigated analytically. Preliminary work has suggested that the complexity of the analysis would
greatly increase and it is likely that one would be led towards recreation of a hydrocode model, which was
not the objective of this research. However, it may be possible to explore techniques such as perturbation
methods, drawing upon the natural small parameter 00 Rh  to good effect, retaining an analytical
approach.

At present there is no treatment of friction in the analysis. This would inevitably lead to variation
of the dissipation as a function of position, probably with heightened values where shear is induced by the
friction. Sherwood and Durban [6] have explored the squeezing of a visco-plastic solid in the presence of
friction – this paper may offer a very good basis to explore frictional effects on explosives in this
configuration, as well as a means of implementing a more realistic material model.

The current model assumes the homogeneity of the explosive – that the reaction progresses
uniformly throughout the explosive. However, it is known that in reality local hot-spots occur and are the
origins of significant reactions.

It is hoped to explore these issues in subsequent work.

Summary and Conclusions

An ad hoc analytical model of the axial pinching of an explosive cylinder by two flat plates
moving together at constant speed has been developed. The deformation of the explosive has been
assumed to be by perfectly plastic incompressible flow under adiabatic conditions. The reaction of the
explosive has been modelled with a simple Arrhenius Law. The heating of the explosive by the
mechanical dissipation and by self heating due to the reaction have both been calculated. A fast-running
explicit numerical model with a variable time-step has been implemented. The model has been applied to
an HMX-based explosive and to PETN and predicts the generally accepted relative sensitivities of these
two explosives to mechanical insult. The amount of pinch required to ignite the explosive has been found.
For higher initial temperatures less deformation is needed for the onset of reaction to occur. There is
qualitative agreement regarding the non-reaction of the HMX-based explosive when subject to an
experimental drop weight test.

Avenues for the future development of the model include the representation of compressibility
effects, the allowance of more general deformations, the improvement of the material model, the
inclusion of frictional effects, the inclusion of a treatment of hot-spots, and the improvement of the
Arrhenius kinetics model.
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Abstract

For a more in-depth understanding of the aging processes of munitions in expeditionary

operations, research is performed with respect to the influence of transport, storage and

use on the safety of ammunition. Within this programme the influences of parameters like

temperature, humidity, vibrations, shock and combinations of these conditions which

most likely affect the aging or stability of ammunition and pyrotechnic materials, are

investigated experimentally. In addition, the experimental results will be used as input for

simulations. The results of this programme will allow TNO Defence, Security and Safety

to advise the Dutch Armed Forces on the technical issues related to the safe use of

ammunition in expeditionary operations.

With ongoing expeditionary operations and known extreme conditions, it is a worthwhile

exercise to compare realistic loadings (either temperature, humidity, vibrations or shock)

with the test conditions of the original Type Classification programmes, since it is very

likely that the ammunition is subjected to conditions exceeding those for which the

ammunition has originally been tested/classified.

In the first phase of the programme, relevant health monitoring parameters have been

identified, some of which are of essential importance for the health monitoring of
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ammunition during expeditionary operations. Models will be used or developed which

describe the influence of these parameters on the aging of munition that is subjected to

these extreme conditions.

For collecting all relevant information regarding the operational stress on ammunition, a

number of 40 sensors (temperature, humidity and vibration) have been placed on the

different vehicles in Afghanistan. These sensors will give valuable information regarding

the real stress during the Expeditionary Operations. The programme will result in

architecture for a decision sheet for safe use of munition by the Dutch Armed Forces

during expeditionary operations.

Overview

Nowadays an increase of the storage time of ammunition can be noticed for many countries due

to the fact that large conflicts are not foreseen but also as a result of decreasing defence budgets.

This implies that the safety aspects of stored ammunition but also the effect of longer storage

times on the actual performance and functioning of the ammunition becomes increasingly

important.

For example propellant powders of ammunition in long-term stock process undergo slow

decomposition reactions resulting in an overall exothermic effect. This process can, at the end,

lead to spontaneous ignition of the ammunition in stock. Another example is pyrotechnic

ammunition which is known for its relatively short shelf-life. Especially the presence of moisture

during its life-time will strongly influence its stability and performance and can lead to

malfunctioning of the ammunition. It may be clear that the way how the ammunition is stored and

handled is of real importance in this matter.

TNO is currently investigating the lifetime of munitions during expeditionary operations. Recent

operations in Afghanistan made it clear that severe climatic and environmental conditions cause

materiel to deteriorate at a much faster pace than was first anticipated. These severe conditions of

course also influence munition lifetime. Ageing munition can turn into hazardous material and

therefore safety issues have to be investigated in order to ensure safe operations. When

addressing the effects of operational conditions, it is important to note that there are many
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different parameters affecting munition lifetime. One can think of temperature, humidity, (solar)

radiation, shock, pressure, vibration, etc. Certain combinations of these parameters may have an

aggravated effect.

Ageing characteristics

The knowledge of the ageing characteristics of energetic materials is essential to gain insight in

expected shelf life of munition systems and the life cycle costs:

during purchase, comparison of expected lifetime of the ammunition from different suppliers;

during maintenance, how and when to perform periodic inspection;

during and after ‘out of area’ operations one needs to know whether the ammunition will function

properly or is at least save to store and transport before destruction;

once the initially indicated lifetime has expired, it is paramount to know whether the ammunition

can still function well and safely for a few more years.

Munitions are normally required to withstand exposure to a wide range of environmental

conditions without becoming unsafe or unsuitable for handling, storage or transport and then

function as designed when required. This may mean that the most extreme climatic environments

are experienced by the munition concurrently with induced environmental conditions arising from

service use. The safety or suitability for service of a munition may be terminated by an

unacceptable degree of degradation of components or materials when subjected to normal service

environments, or after exposure to certain extreme conditions. The degradation of a munition’s

components or materials when subjected to normal service life use will eventually produce a

critical failure mode which may be the life limiting factor. Munition designs incorporate a wide

range of materials including metals, plastics, rubbers, adhesives and explosives. It is essential that

no chemical or physical interaction will occur between the materials in a munition such that its

safety or suitability will be unacceptably degraded during its specified service life. Test

procedures by which the chemical compatibility of explosives (also gun propellants) may be

determined include vacuum stability test, heat flow calorimetry and chemical analysis. The

majority of munitions spend most of their service life in storage. The period spent in operational

use will be shorter and packaging (if used) may be much lighter. Adequate protection is required

during al these periods. So suitable packaging of munitions is essential to maintain safety,

serviceability and reliability by protecting the munition against extremes of temperature,

humidity, vibration, shock and other environmental hazards. The packaging should be constructed

of compatible materials which do not affect or contaminate the munition.

For whole life assessment it is necessary to collect as much of information which will be possible.
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Lifetime of energetic materials

Energetic Material; A component of, or an item of ammunition that is designed to produce the

necessary energy required for ignition, propulsion, detonation, fire or smoke, thus enabling the

item to function. Also a material (corrosive, oxidizer, etc.) that is inherently dangerous and

capable of causing serious damage and which requires regulated handling to avoid accidents in

connection with its existence and use.

Function-Failure-Analysis (FFA)

Nowadays an increase of the storage time and operational impact of ammunition can be noticed

for many countries, partly as a result of Expeditionary Operations. This implies that the safety

aspects of stored ammunition but also the effect of longer storage times on the actual performance

and functioning of the ammunition becomes increasingly important.

The lifetime of an ammunition article ends if the article does not function properly anymore. In

order to function properly, all of its ‘sub-functions’ have to meet their requirements. TNO has

developed a tool, for setting up a function-failure-analysis (FFA) in order to evaluate the critical

‘sub-functions’. In the FFA, first of all it is necessary to define the different ‘sub-functions’ of the

article. The expected conditions during the lifetime of the article are identified after which their

influence on the ageing behavior of all of these ‘sub-functions’ is estimated. As a result of this

study, the life time determining ‘sub-function(s)’ are identified, which can be split up into

different ways of operations or use of ammunition.

Out-of-Area impact

During Out-of-Area operations the climate conditions are different from the national operational

or training conditions and even more different from the storage conditions. During these

operations the munition will be subjected to extreme temperatures in the higher range but also in

the lower range, in combination with fast fluctuations and an additional impact of shock and

vibrations. The consequences for the lifetime of munition could be drastic or even catastrophic

when critical temperatures are passed, for example melting point of white phosphorous (44 °C) or

TNT (80 °C).

These extreme conditions will not only have an impact on the energetic materials, but also on the

non-energetic materials like polymers (e.g. sealings). Due to changes in the mechanical

properties, the material can lose its functionality.
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Figure 1: Climatic categories in the world (A1=Extreme Hot Dry, A2 = Hot Dry and A3

Intermediate)

At the moment, the majority of the missions occur in areas that are in the hot dry (A2) or extreme

hot dry (A1) category according to STANAG 2895.

Sensoring

For gathering all the data there are many systems on the market, here in Figure 2 the most

relevant ones for this paper are mentioned. It has to be announced that more systems are

available.

Figure 2 Sensors, from left to right, two times Tinytag, and Rheinmetall

To subscribe the necessity of using sensors in the storage facilities and during expeditionary

operations is presented in the figure 3.
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Figure 3: Temperature profile as measured inside a storage facility in Afghanistan

Besides the temperature and humidity sensors there are also sensors for shock and vibration

available on the market to register the stresses for example during the transport of ammunition by

truck (part of this project).

Mean Kinetic Temperature (MKT)

Good warehousing and distribution practice requires that warehouse temperatures are monitored

and controlled and that appropriate actions are taken if temperatures exceed the specified storage

conditions. It is widely recognized that MKT gives a far more representative picture of the effects

of temperature changes on sensitive materials such as pharmaceuticals and food products during

storage and distribution. It can be shown that the shelf life of sensitive materials is directly related

to the MKT.

The mean kinetic temperature (MKT) is defined as 'a single derived temperature which, if

maintained over a defined period, would afford the same thermal challenge to a product as would

have been experienced over a range of both higher and lower temperatures for an equivalent

defined period'. In other words, MKT is a calculated, fixed temperature that simulates the effects

of temperature variations over a period of time (day and month cycles). It expresses the

cumulative thermal stress experienced by a product at varying temperatures during storage and

distribution.

Mean kinetic temperature refers to a date, which can be calculated from a series of temperatures.

It differs from other means (such as a simple numerical average or arithmetic mean) in that higher

temperatures are given greater weight in computing the average (Arrhenius). This weighting is
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determined by a geometric transformation, the natural logarithm of the temperature number.

Disproportionate weighting of higher temperature in a temperature series according to the MKT

recognizes the accelerated rate of thermal degradation of materials at these higher temperatures.

MKT accommodates this non-linear effect of temperature.

The equation for MKT is:
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where Ea is the activation energy (J/mol.K), R is the universal gas constant (8.3144 J/mol.K), Ti is

the temperature in degrees K, n is the total number of (equal) time periods over which data are

collected. The practical application of this equation is less complex than it first appears. For gun

propellants an activation-energy of 110 kJ/mol can in general be used. T1 is the average

temperature recorded over the first time period and Ti is the average temperature recorded over

the nth time period.

Finally two different ways can be followed to determine the equivalent storage period with

respect to stability for the different locations.

First and easiest way is to calculate the mean value between minimum and maximum. Based on

this value, the decomposition process can be calculated.

Second way is to calculate a ‘mean kinetic temperature’ (MKT), where the decomposition

process as function of Temperature and time is taken into account.

Vibrations

In real life, however, components are subjected to many different forces. Transports of

ammunition by truck, aircraft or boat all impose different forces, which generally are far from

sinusoidal. These random excitations are not precisely known as a function of time, i.e. they are

not deterministic. They must therefore be described in terms of probability and statistics. An

example of a random vibration is given in Figure 4.

As can be clearly seen, a random signal has no obvious pattern so that it is not useful to focus on

the details of the signal. Therefore, one record or time history is not enough to describe random

vibrations; rather, a statistical description of all possible responses is required. In that case a

vibration response should not be thought of as a single signal, but as a collection of possible time
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histories resulting from the same conditions. A single element of such a collection is called a

sample response or sample function.

Figure 4: Representation of a random vibration in the time domain (a) and the frequency domain

Life cycle of a munition article

When addressing the lifetime of a material, a structural component, or in this case a munition

article, it is important to first identify a typical lifecycle history of the item at hand. For military

hardware, MIL-STD-810-F suggests a typical generalized lifecycle history. It is shown in figure

5. Roughly speaking, three different phases can be distinguished:

 shipping and transport;

 storage and supply, and

 mission and operational use.

The figure shows all possible phases and transportation modes that munition articles in general

might encounter during their lifetime. For a specific munition article however, it is unlikely that

all phases will be encountered or that all transportation modes apply. Therefore, in a life cycle

analysis of a specific munition article, it must first be established what loads or stresses are likely

to occur. After this, the most significant loads should be incorporated in a test program.

Life cycle damage accumulation

Generate a histogram of each applied force.

In this step, a force histogram of each transportation mode of all life phases is constructed. An

example is shown in figure 5.

(a) time domain

y

Time (s) Frequency (Hz)

G2/Hz

(b) frequency domain

Random vibration representation
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Figure 5: Histogram plot of the torpedo example from Jahnke .

Identify the most extreme condition that can occur at each force level.

The most extreme condition is called the extreme user.

Assemble a composite histogram of the extreme users for the lifetime of the product.

By combining all extreme conditions into one histogram, the “worst of the worst” is represented.

Fatigue in aerospace engineering is usually related to the fatigue properties of metals or

composite materials. Several standards for testing exist, one of them being the AECTP 400.

AECTP 400 Mechanical environment test

The AECTP gives some generic information regarding the vibration in different platforms.

Wheeled vehicle vibration is typically broadband random excitation with relatively high vibration

levels in relatively low frequency ranges due to the natural resonance of the vehicle suspension.

Tracked vehicle vibration is typically low level broadband random vibration with high level

narrowband random vibrations at the resonant frequencies of the tracks at various vehicle speed

increments. Most fixed wing aircraft vibration tends to exhibit similar broadband random

characteristics. Rotor wing vibration tends to have sinusoidal resonance associated with the

rotational speed and harmonics of the main rotor and tail rotor. Ship vibration consists of random

vibration coupled with a periodic component imposed by propeller shaft rotation and hull

resonance. Several types of vibration are described and four test procedures (swept frequency

sinusoidal vibration, fixed frequency sinusoidal vibration, random vibration or complex vibration,

and random vibration (stores)) are given.
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Wheeled vehicle vibration

Examples of wheeled vehicles in the Dutch MoD are given in figure 6. They range from light

weight weapon platforms and trucks, to medium and heavy weight weapon platforms. For the

purpose of vibration testing, the wheeled vehicles are subdivided in method 401 into ground

wheeled common carrier, tactical wheeled vehicle – all terrain, and two wheel trailers. The

vibration profiles are given by the manufacture for vertical, transverse and longitudinal vibration

at the position of the cargo bed. The vertical axis of the vibration test profiles is the amplitude of

the acceleration spectral density, and the horizontal axis the frequency.

The typical environment is transportation on highways with cargo secured to the flat bed,

respectively transportation on unimproved roads representative for military operations. Data are

based on single and multiple axle trucks and truck-trailer combinations, and the load capacity is

typically in the range of 1.5 to 12 tons. It is the question whether medium weight weapon

platforms like Bushmaster and Fennek are characterized by the generic vibration test profiles

representative for trucks and truck-trailer combinations. In a weapon platform often multiple

locations serve as “cargo bed”. The Land Rover Defender, LSV and MB carry munition articles,

but are typically light-weight weapon platforms. The Patria and the Boxer at the other hand are

heavy weight weapon platforms. It is therefore necessary for the weapon platforms to obtain the

real vibration spectra at the various locations of ammunition storage.

Figure 6: Bushmaster and Fennek (3rd row) and Patria and MB290GC (2nd row).
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Measurements in Uruzgan

Since about one year there are 40 sensors in use in Uruzgan on the vehicles and storage locations

of the Dutch Forces. They are placed on different types of vehicles, but in all cases as close as

possible to the location of the ammunition.

Figure 7:Sensor on the weapon on the Bushmaster, next to the ammunition box.
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Figure 8:Temperature measurements close to the ammunition box on Bushmaster.

Figure 9:Sensor on front of an MB, close to the smoke launchers.fc
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Below the registered temperature data from an MB;

Figure 10:Temperature measurements on front of an MB, close to the smoke launchers.

Conclusions

Munitions used during operation missions are stressed heavily by temperature, shock and

vibration. By developing models in combination with some assumptions it will be possible to

calculate the effect of these stresses on the munition. It has to be taken into account that as far the

study goes now, the major impact will be the temperature on the munition which is transported in

the vehicle during the mission, and for loose carried munition, vibration and shock has a large

impact (e.g. cracking of munition parts).
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Temperature of Benzotrifuroxan Detonation Products

A.Yu. Dolgoborodov, M.A. Brazhnikov, N.E. Safronov, K.A. Monogarov, V.G. Kirilenko

N. Semenov Institute of Chemical Physics RAS, Moscow, Russia

ABSTRACT

The detonation parameters of BTF (benzotrifuroxan) were obtained experimentally by means of optical
pyrometry technique. C-J pressure was found to be 33.8 ± 1.0 and 34.5±1.0 GPa, while the detonation
temperatures were measured as 3920±150 and 4100±150 K at charge density 1.82 and 1.84 g/cc
respectively. Experimentally determined temperature was found to be essentially below those previously
predicted by various numerical models.

Introduction

Benzotrifuroxan (BTF, C6N6O6) is a powerful hydrogen-free explosive with a density of 1.901,
high detonation velocity D and a small failure diameter dc [1]. Detonation parameters of BTF (see Table
1) determine the specific areas of its application as a component in formulations used in pyrotechnical
automatics devices of spacecrafts [2], and production of detonation diamonds [3 - 5].

Table 1. Detonation Parameters of BTF

, g/cc D, km/s p, GPa T, К dc, mm
1.859 [1] 8.49 [1] 36 [1] 3700-5000 [7] 0.5 – 1.0 [10]
1.85 [9] 8.49 [9] 34 [9] 4500 [5] 0.06a [2,10]

1.859 [6] 8.477 [6] 34 [6] 5700 [6] -
- - 33 [8] 5100 [8] -
- - - 5000 [4] -

Note
a According to A.A. Kotomin for high-dense charges manufactured from BTF powder with mean particle size 1 - 3 mcm.

One can see wide scatter of the data on temperature of detonation products (DPs). The
uncertainty in pressure and temperature of DPs leads to the fact that the points of state attributed to DPs
of BTF could lie in various areas of carbon phase diagram (liquid or diamond), see Fig. 1. So the lack of
the proved data on the BTF detonation parameters was one of the reasons to undertake the present work.

Experimental
Temperature and pressure of benzotrifuroxan DPs were obtained using so-called “window”

technique [13] and “indicator” one [14]. Both of the techniques are based on measuring of light intensity
by two-channel optical pyrometer at wavelengths 627 and 420 nm. Brightness temperature time-histories
were recorded using two windows (LiF and glycerol) placed on the butt-end of the charge, while pressure
profiles were obtained in indicators (bromoform or tetrachloromethane) poured into the cuvette on the
butt-end of the charge. Pressure values in the indicator can be recalculated to those in DPs.

The charges of 30 mm in diameter consisted of two pellets of 15 mm in height were
manufactured by cold pressing. Density of the charges was 1.82 g/cc or 1.84 g/cc due to addition a few
drops of acetone or not when pressed. Booster charge and plane-wave generator (40 mm in diameter)
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were made of RDX with wax, the experimental assembly is shown see Fig. 2. The error of temperature
measurement was ± 150 K and that of pressure ±1 GPa.

Fig. 1. Carbon phase diagram
Solid lines – phase lines; dash line - graphite melting line extension- [11].
1 – TNT-based mixtures with RDX or HMX, K. Tanaka data cited in [12];

2 – BTF, K. Tanaka, data cited in [12]; 3 – BTF [6]; 4 – BTF,
experimental data of present work.

Fig. 2. Experimental
assembly

Temperature (Тi) measured at the window-DP interface, when windows of different
compressibility utilized, made it possible to determine C-J temperature (TC-J) of DPs. Using Mi-Gruneisen
EOS and assuming Г/V = const, one can obtain the following expression:

Тi = TC-J exp {Г/V (VC-J - Vi)},
where Vi and VC-J are specific volumes corresponding to the states in the reflected wave and C-J plane
respectively. For calculation of TC-J value it is necessary to know pressure values at two different states p1
and p2, and polytropic exponent n, which were actually determined in the experiment.

Results and Discussion
Typical temperature time histories and pressure ones are shown in Fig. 3. Temperature histories

measured at LiF-BTF interface differed from those obtained for other types of HE (e.g., HMX and
BTNEN). For the BTF, there was recorded no radiation peak at the initial part of the temperature profile,
and the subsequent temperature decrease was much slower. Thus, for HMX and BTNEN, temperature
decrease within the first microsecond is about 500 K–600 K, and it is only 100 - 200 K for BTF. TNT was
the only explosive tested previously for which there was observed plateau-like temperature profile. This
raises the question of whether the peculiar character of the temperature profile is caused by formation of
nanodiamonds immediately behind the detonation front which are reported to be as much as 70 nm within
first 3-4 mcs [15]. The obtained pressure profiles recorded in the indicators (CHBr3 and CCl4) allowed us
to estimate the characteristic time of chemical reaction in BTF as 60-75 ns.

Basing on the results on pressure measurements in different indicators there were determined
isentropic states of DP showed the best correlation with polytropic curve with the exponent n= 2.8, see
Fig. 4.
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The values of the temperature and pressure at C-J point for two initial charge densities are given
in the Table 2. C-J pressures are consistent with those known from the literature, while the temperature is
much lower the values predicted by different models (by 500 - 1500 K).

Considering the carbon phase diagram (Fig.1), one can see that the present experimental data
strongly narrowed the area of possible existing of benzotrifuroxan DPs, and moreover one should speak
about solid carbon products.

а)

b)

Fig. 3. Typical experimental time-
histories for BTF 1.82 g/cc

(a) brightness temperature of detonation
products at explosive charge - window

interface
(b) pressure profiles in indicators.

Table 2. Pressures and temperatures of benzotrifuroxan DPs

0, g/cc Window pi, GPa Тi, К РC-J, GPa ТC-J, К

LiF 38.6 40601.82 Glycerol 25.2 3840 33.8 3920

LiF 39.2 4250
1.84 Glycerol 25.6 4000 34.5 4100
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Fig. 4. The Hugoniots of materials and experimental points on the isentrope of benzotrifuroxan DPs.

Summary and Conclusions
There are presented the experimental data on detonation temperatures and pressures measured for

high-dense BTF charges using optical pyrometry, in particular, there were obtained C-J parameters and
polytropic exponent. In the frame of the ZND model, there was estimated the characteristic reaction time
of benzotrifuroxan DPs as 60 - 75 ns. Considering the plateau-like temperature profile observed when LiF
window used, it was assumed whether this temperature history was caused by predicted formation of
nanodiamonds immediately behind the detonation front. Considering the results one can conclude that the
existing numerical models describing the behavior of benzotrifuroxan DPs require significant
adjustments.
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ABSTRACT

The development of pyrotechnic materials with tunable ignition and combustion characteristics that have
an environmentally friendly manufacturing process and environmentally acceptable reactants and
byproducts is highly desirable for Department of Defense (DoD) applications. Over the past two decades
the DoD and Department of Energy (DOE) have investigated the use of nanothermites (i.e. metastable
interstitial composites (MIC) also called superthermites) as an environmentally acceptable replacement
for currently used low energy ignition mixtures.  In the work we report the water-based method for the
formation of nanothermite composite materials with tunable combustion characteristics.  Ignition and
combustion characterization of the different compositions of nanothermite composite igniter materials are
presented.

Introduction

The use of nanoscale materials to alter the mechanical, structural and/or reactive properties of
composite materials has been greatly investigated over the past two decades.  Energetic thermite materials
have been used for various pyrotechnic applications for many years.   However, the replacement of
micron-scale reactants with nano-scale ones has shown a significant effect on the ignition and combustion
characteristics of the thermite materials and therefore has lead to new applications, which were not
possible before.  Traditional binary nanothermites have consisted of spherical nanoscale aluminum mixed
with submicron or nanoscale oxidizers such as Bi2O3, CuO, MoO3, WO3 or Fe2O3 [1-13]. The combustion
characteristics of these binary nanothermite materials have been well characterized and depend strongly
on both the type of the oxidizer and reactants' particle size.   The binary nanothermite, Al-Bi2O3, has
shown an unconfined combustion velocity in the range of 600-800 m/s with approximately 80% of the
reaction products vaporized at 1atm. In contrary, the system consisting of Al and Fe2O3 nano-reactants
generates an unconfined combustion velocity of 30-40 m/s without any vaporization of the reaction
products.

One possible area for the application of nanothermite-based materials is in low energy initiators
(LEI).  One traditional LEI system contains a train of ignition compounds consisting of black powder,
lead thiocyanate, potassium chlorate, and Benite leading to the ignition of various propellants.  Similar
ignition trains are widely used in other pyrotechnic applications, however; there are some consistency
problems with Benite [14] and these systems also contain compounds that are environmentally
undesirable.  The authors of this contribution have previous demonstrated that different nanothermite
materials can be used as a direct replacement for the materials used in each stage of this traditional igniter
system.

In this contribution, a new method for the formation of nanothermite-nitrocellulose composite
materials with tunable combustion characteristics (e.g. combustion and pressurization rate) is reported.
The energetic composite materials were fabricated using a water-based processing method previously
developed and reported by Innovative Materials and Processes, LLC (IMP) [4].  It was found that the
nanothermite-nitrocellulose composite material can be used as lead-free low energy initiating material.  In
this work the effects of nanothermite stoichiometry, nitrocellulose concentration and temperature on rate
of pressurization were investigated.  In addition, the data on ESD and friction sensitivities of the
composite materials were collected.
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Experimental

Materials
The following materials were used for the formation of the nanothermite-nitrocellulose composite

granules:
• 80 nm spherical aluminum (NovaCentrix).
• Nanoscale flake aluminum (16 & 24 m2/g) 84 and 76 % reactive aluminum, respectively (IMP).
• 20-60 nm Fe2O3 (Nanostructured and Amorphous Materials, Inc.).
• Submicron Bi2O3 (Clark).
• Water wet stabilized nitrocellulose (13.49%) (ATK).
• Arabic Gum (Acros).
• Ammonium dihydrogen phosphate (ADP) (Acros).
• Ethyl Centralite (Aldrich).
• Absolute ethanol.
• Cellulose acetate butyrate (CAB) (Eastman 381-20).
• Distilled H2O.

Stabilization of Nitrocellulose Fibers
Ethyl centralite as a nitrocellulose stabilizing agent was not used in the initial energetic composite

formulations. Later on, ethyl centralite was added at 1 wt% with respect to nitrocellulose as a stabilizer.
In most pyrotechnic applications nitrocellulose is used as a binder and is dissolved in a suitable solvent
and ethyl centralite is added to the nitrocellulose-solvent solution. In the investigated process of making
energetic granules, the nitrocellulose remains in a fiber form so the procedure for the addition of ethyl
centralite was modified. Water wet nitrocellulose fibers were dispersed in 200-proof ethanol-ethyl
centralite solution for 24 hours.  After soaking in the solution for 24 hours the ethanol was evaporated off
in a flowing ambient air for 4 hours followed by storage in a desiccator for a minimum of 12 hours before
use.

Mixing/Dispersion
To ensure consistent ignition and combustion characteristics of the nanothermite-nitrocellulose

composite materials the good dispersion of the reactants is essential.  In this work the reactants were
mixed together using a Resodyn LabRAM Acoustic Mixer in a two-step process.  The energetic
composite materials were formed by the dispersion of the nitrocellulose fibers in an Arabic gum and ADP
water-based solution for 5 minutes at 75% intensity. After dispersion of the nitrocellulose fibers the
contents of the mixing container was cooled down to the temperature between 1-5oC before the fuel and
oxidizer particles were added.  After the addition of the fuel and oxidizer particles to the container the
slurry was mixed for 5 minutes at 75% intensity followed by cooling for 10 minutes. The mixing and
cooling steps were repeated until a total mixing time a 20 minutes was achieved.

Formation of Nanothermite-Nitrocellulose Composite Granules
The nanothermite-nitrocellulose composite granules were formed by pipetting between 25-100

μL of the nanothermite-nitrocellulose composite slurry onto conductive Teflon sheet (0.01" thick
purchased from CSHyde) supported on ground metal trays.  The granules were then dried in flowing air
for 3 hours followed by a minimum of 12 hours in a desiccator before testing.  Over the course of this
research numerous nanothermite-nitrocellulose composite formulations were made and tested.  The
composition of these materials varied from traditional binary nanothermites to ternary nanothermites with
up to 25 wt% nitrocellulose addition.  Photographs of one selected nanothermite-nitrocellulose composite
material before and after drying are shown in Figure 1.  Visual comparison of the different nanothermite-
nitrocellulose composite formulations after drying provided the following conclusions: 1) the use of flake
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aluminum versus spherical aluminum reduced cracking of the energetic composite granules during the
drying process and 2) the higher nitrocellulose concentration resulted in better structural integrity of the
granules.

Figure 1: Photographs of a selected nanothermite-nitrocellulose composite material before (left) and
after (right) drying.

CAB Coating
Coating of the nanothermite-nitrocellulose composite granules with CAB was conducted after the

granules had dried in the desiccator to further increase the granule strength.  The granules were coated
with 50-75 uL of 4.25 wt% CAB solution in ethyl acetate depending on the granules size and batch.

Dynamic Combustion Pressure
The dynamic combustion pressure characterization was conducted in an 8.5 cc pressure bomb. A

schematic and photograph of the setup used are shown in Figure 2.  In this setup the nanothermite
composite material was ignited using a 32 gauge NiCr ignition wire.  Several of the nanothermite-
nitrocellulose composite are not very sensitive to hotwire ignition therefore a small amount of Al-Bi2O3
igniter was added on top of the ignition wire. Dynamic pressure responses generated by the nanothermite-
nitrocellulose composite material was measured using a piezoelectric pressure transducer (Model 617C
purchased from Kistler) having a pressure range of 0 to 75,000 psi in-line or perpendicular to the
combustion front.  The signal from the pressure transducer was amplified using a Model 5010B (Kistler)
amplifier and recorded using an oscilloscope (Model DPO 2014 purchased from Tektronics).

Figure 2: Schematic (left) and photograph (right) of the 8.5 cc closed bomb used for the measurement of
the dynamic combustion pressure of the nanothermite-nitrocellulose composite material and propellant
ignition experiments.

Electrostatic Discharge Characterization
ESD characterization of different nanothermite-nitrocellulose composite materials was conducted

during this work. The ESD sensitivity of the nanothermite-nitrocellulose composite granules was tested
in conjunction with South Dakota School of Mines and Technology.  ESD testing was based on MIL
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STD1751 – Method 1032 (ARDEC method) using tester from Electrotech Systems, Inc. (Model 930D-
FTS).  This setup has a capacitor range of 0.1 to 20 nF and a voltage range of 0 to 25 kV.  In all tests a 0
kΩ resistor was used.   The ignition energy was calculated using E=CV2/2 where E is the energy in
Joules, C is the capacitance in Farads and V is the voltage in volts.

Friction Sensitivity Characterization
Friction sensitivity characterization of the nanothermite-nitrocellulose composite materials was

determined according to Method 1024 of MIL-STD-1751A (BAM Friction Test).  Using this method the
friction sensitivity of the nanothermite-nitrocellulose composite materials was determined by breaking the
composite granules and sieving them through a 0.5 mm mesh screen.  Approximately 50 mg of the
energetic composite material is then placed under the ceramic pin of the BAM 1024 friction setup and the
roughened ceramic plate is moved below the pin.   The MIL-STD says that the sensitivity of the material
can be reported based on an initiation level of 50% or the threshold initiation level (TIL).   For this paper
the sensitivity of the nanothermite-nitrocellulose composite material will be reported using TIL.

Results and Discussion

Electrostatic Discharge Characterization
Traditional binary nanothermites (80 nm Al with nanoscale oxides) in a loose powder form have

ESD sensitivities in the range of 1-150 μJ [3]. The application of nanothermite-based materials in
pyrotechnics requires a reduced ESD sensitivity.  For this contribution the ESD sensitivity of the
nanothermite-nitrocellulose composite materials was determine with the materials in a granular form
only.  The ignition energy for each material was determined at the lowest energy level where there was
any sign of ignition from the granule.  Each granule was tested 20 times at each energy level.  The results
of the ESD sensitivity experiments for the different composition nanothermite-nitrocellulose composite
materials are shown in Table 1.  It has been previously reported that using nanoscale flake aluminum
instead of 80 nm aluminum slightly decreases the sensitivity of the nanothermite material.  For the higher
weight percent nitrocellulose energetic composite granules only partial ignition of the granules was
record.

Table 1: Summary of ESD sensitivities for different nanothermite-nitrocellulose composite
granules.

Composition ESD Sensitivity (mJ)

2Al-0.1Bi2O3-0.9Fe2O3 with 15 wt%
nitrocellulose and CAB coating 180

2Al-0.1Bi2O3-0.9Fe2O3 with 25 wt%
nitrocellulose 35.5

2Al-0.25Bi2O3-0.75Fe2O3 with 10 wt%
nitrocellulose 32.4

2Al-0.25Bi2O3-0.75Fe2O3 with 25 wt%
nitrocellulose 12

2Al-0.25Bi2O3-0.75Fe2O3 with 25 wt%
nitrocellulose and CAB coating >250
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Friction Sensitivity Characterization
The TIL friction sensitivities of investigated nanothermite-nitrocellulose composite materials are

shown in Table 2.  The CAB coating on the granules that is used to increase the structural integrity and
decrease the ESD sensitivity of the granules should not have a significant effect on the friction sensitivity
of the material as the granules must be ground using mortar and pestle and sieved before friction tests are
conducted.  The effect of the CAB coating on the friction sensitivity and structural and combustion
characteristics of the granules will be report in a future publication.

Table 2: Summary of TIL friction sensitivities of nanothermite-nitrocellulose composite granules in
loose powder form.

Composition TIL (N) (10/10 No-Fires)

2Al-0.1Bi2O3-0.9Fe2O3 with 25 wt%
nitrocellulose 140

2Al-0.25Bi2O3-0.75Fe2O3 with 10 wt%
nitrocellulose 140

2Al-0.25Bi2O3-0.75Fe2O3 with 25 wt%
nitrocellulose 140

Dynamic Combustion Characterization
The dynamic combustion characteristics of the nanothermite-nitrocellulose composite materials

were conducted using the setup shown in Figure 2. This setup allows for the combustion pressure to be
measured inline or perpendicular to the combustion front.  The measured dynamic combustion
characteristics are very different based on the transducer position as shown in Figure 3 for the 2Al-
0.25Bi2O3-0.75Fe2O3 nanothermite with 15 wt% nitrocellulose. This pressurization rate effect is not as
evident for the 2Al-0.1Bi2O3-0.9Fe2O3 with 15 wt% nitrocellulose as shown in Figure 4.

Figure 3: Dynamic combustion pressure profiles for the combustion of 300 mg of nanothermite-
nitrocellulose composite (2Al-0.25Bi2O3-0.75Fe2O3) with 15 wt% nitrocellulose in an 8.5 cc closed
bomb.
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Figure 4: Dynamic combustion pressure profiles for the combustion of 300 mg of nanothermite-
nitrocellulose composite (2Al-0.1Bi2O3-0.9Fe2O3) with 15 wt% nitrocellulose in an 8.5 cc closed
bomb.

The pressurization rate and maximum pressure of the nanothermite-nitrocellulose composite
materials can be further tuned by changing the nanothermite stoichiometry and nitrocellulose
concentration of the energetic composite granules as shown in Figure 5.

Figure 5: Dynamic combustion pressure profiles for the combustion of 300 mg of nanothermite-
nitrocellulose composite with various compositions in an 8.5 cc closed bomb.

Summary and Conclusions
This contribution presents a water-based method for the formation of environmentally acceptable

igniter materials for pyrotechnic applications with tunable combustion characteristics.  A wide range of
burn rates of nanothermite-nitrocellulose composite materials can be achieved based on nanothermite
stoichiometry and the nitrocellulose concentration.  Currently, large scale double-base propellant ignition
tests are being conducted by DoD personnel in a ballistic simulator. The material presented in this
contribution in not limited to pyrotechnic applications as an igniter and could have many other uses in the
pyrotechnic field due to its wide tunability range of combustion characteristics.
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Ordnance Assessment of the BBU-60/B Fuze Booster Using Heat Flow
Microcalorimetry (HFMC) to Asses the Current Condition and Predict the

Future Condition of the Stockpile

Harry A. Farmer
Joint Special Operations Response Department

Operations and Assessment Division
 Ordnance Range Branch

NSWC Crane, Crane, Indiana 47522-5001 USA

ABSTRACT

In FY 09 NSWC Crane was tasked to determine the current condition and to predict the serviceability of
the BBU-60/B Fuze Booster stockpile using Heat Flow Microcalorimetry (HFMC) along with chemical
analysis and performance tests in accordance with reference (1).  In the first phase two samples were
evaluated. One sample was subjected to HFMC tests which provided the data to obtain an accelerated
aging factor.  The second sample was disassembled and only the PBXN-7 explosive pellet was subjected to
HFCM to determine the heat flow from just the explosive pellet and not from the other parts of the Fuze
Booster. In the second phase, twelve samples were evaluated.  Of these, eight samples were artificially
aged, four at 10 years and four at 20 years using the aging profile from the first phase. Thermal and
chemical analysis were performed on four samples, two from both phase 1 and phase 2. Output function
tests were performed on eleven samples, one from phase 1 and ten from phase 2 and depth of dent
measurements were taken.  Two samples, one un-aged and one artificially aged to 20 years, were cut into 4
separate parts and Sensitivity, Density, and DSC tests were performed on the PBXN-7. This allowed the
comparison of the aged and un-aged samples to determine how artificially aging them for 20 years would
affect the PBXN-7. The thermal and chemical tests verified that the BBU-60/B Fuze Booster is currently
serviceable and should remain serviceable for over 20 years at normal storage temperature.

Introduction

The objective of HFMC analysis is to determine extremely slow aging degradation, shelf life and the long-term
stability and compatibility of explosives under various environmental stimuli.  HFMC analysis was used to
estimate the aging effect of temperature on the BBU-60/B Fuze Booster. Using the data from this analysis
aging effects due to temperature can be accelerated.  The analysis consisted of placing the BBU-60/B Fuze
Booster in a stainless steel sample holder and into a heat flow calorimeter.  Heat flow output was measured at
80ºC, 90ºC, and 95ºC using one BBU-60/B Fuze Booster in order to obtain measurable heat flow output.
Using the Arrhenius plots, the temperature effect on the rate of degradation as well as the accelerated aging
factor was tabulated. Thermal and chemical tests were also performed on some of the samples to determine the
compatibility of the explosive pellet, the plastic housing, the elastomer and the housing of the BBU-60/B Fuze
Booster.
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Item Description

The BBU-60/B Fuze Booster, Figure 1, is a secondary explosive that contains 202 grams of PBXN-7 explosive
in a pellet assembly that is installed in a plastic housing which is installed in a vented steel housing that is
sealed with an adhesive sealant.

Figure 1. BBU-60/B Fuze Booster

A total of 14 samples, taken from storage, were evaluated in two phases according to reference (2). All of
the Fuze Boosters used during this Ordnance Assessment (OA) were subject to both visual and
radiographic inspection.  All samples passed both tests. The BBU-60/B Fuze Booster test samples used
during this OA are shown in Table 1 and identify both the aged and un-aged samples.

Table 1.   BBU-60/B Sample Information

Phase Aging
Serial

Number Lot MFR
MFR
Year

Output
Function

Thermal /
Chemical
Analysis Notes

1 aged
>100 0745 RRS03J060-001 RRS 2003 x x HFC performed to determine aging profile to artificially age 10 & 20 years

samples in Phase 2

1 no
aging 0748 RRS03J060-001 RRS 2003 x booster separated for compatability tests - metal housing, plastic housing,

elastomer and PBXN-7 explosive pellet

2 0697 RRS03J060-001 RRS 2003 x

2 0700 RRS03J060-001 RRS 2003 x cut booster into 4 pieces; performed sensitivity, density, DSC on PBXN-7

2 0704 RRS03J060-001 RRS 2003 x

2 0531 RRS01B060-001 RRS 2001 x

2 0698 RRS03J060-001 RRS 2003 x

2 0701 RRS03J060-001 RRS 2003 x

2 0703 RRS03J060-001 RRS 2003 x

2 0707 RRS03J060-001 RRS 2003 x

2 0699 RRS03J060-001 RRS 2003 x

2 0702 RRS03J060-001 RRS 2003 x

2 0705 RRS03J060-001 RRS 2003 x

2 0706 RRS03J060-001 RRS 2003 x cut booster into 4 pieces; performed sensitivity, density, DSC on PBXN-7

aged
10 years

aged
20 years

no
aging

All 14 samples used in this OA were manufactured by Reynolds Rocket Systems (RRS) and from two lots.
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HFMC Data

In the first phase two samples were evaluated.   One un-aged Fuze Booster, S/N 0745, was subjected to HFMC
tests to obtain an accelerated aging factor. The heat flow was measured over a specified period of time or until
a reaction could be observed.   The heat flow was too low to be accurately measured at 60°, 65° and 70°C, so a
decision was made to increase the temperature to 80°, 90° and 95°C (176.0°, 194.0°and 203.0°F). The
resulting heat flow curves are shown in Figure 2.

Figure 2.  Heat Flow data for 80°C, 90°C, and 95°C used for kinetic analysis

An Arrhenius plot of the data over the test temperatures was constructed by calculating a best-fit regression
line as shown in Figure 3.

Figure 3.   Arrhenius Plot for Fuze Booster S/N 0745
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Table 2 includes the data used to create the Arrhenius plot.  The kinetic data in this table includes a range of
temperatures to simulate the desired accelerated aging period of 10 and 20 years.  The results of this analysis
determined that the samples that will be artificially aged in phase 2 needed to be heated to 167° F, (75°C) for
6.31 days to equal 10 years and 12.62 days to equal 20 years of aging. After the samples were artificially aged
they were output functioned to determine performance.

Table 2. Fuze Booster Assembly Kinetic Parameters and Resulting Accelerating
Factors for requested Temperature Ranges

10 years 20 years
(days) (days)

(figure 3.1) x-axis variable y-axis variable

77 25 0.0007 0.003354 -7.2783 1.0 3650.00 7300.00
86 30 0.0014 0.003299 -6.5478 2.1 1758.14 3516.27
104 40 0.0058 0.003193 -5.1569 8.3 437.48 874.97
140 60 0.0724 0.003002 -2.6254 104.9 34.80 69.60
149 65 0.1301 0.002957 -2.0394 188.5 19.37 38.73
158 70 0.2298 0.002914 -1.4704 332.9 10.96 21.93
167 75 0.3994 0.002872 -0.9177 578.6 6.31 12.62
176 80 0.69320 0.6834 0.002832 -0.3807 989.9 3.69 7.37
194 90 1.83100 1.9135 0.002754 0.6489 2771.7 1.32 2.63
203 95 3.23020 3.1354 0.002716 1.1428 4541.8 0.80 1.61

Accelerating
Factor

Temperature Heat Flow Data
(µW/g)

Arrhenius Plot Data
(figure 3.2)

°F °C Average Calculated 1/T°K LN(µW/g)
LN (h.f. calculated)

Kinetic HFMC Analysis of Disassembled Booster

The second sample, S/N 0748, was disassembled so that only the PBXN-7 explosive pellet was subjected to
HFCM to determine the heat flow from just the explosive pellet and not from the other parts of the Fuze
Booster. The PBXN-7 explosive pellet was separated from the plastic housing cup and its metal housing
closure that is lined with silicone.  The PBXN-7 pellet was subjected to kinetic HFMC analysis at 80°, 90°,
and 95°C, the same temperatures used to analyze the booster assembly. The plastic housing, elastomer, and
metal housing were also subjected to HFMC analysis at 80°, 90°, and 95°C.  A collection of pictures of the
separate parts of the Fuze Booster during and after the remote disassembly process are shown in Figure 4.
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Figure 4.   Breakdown pictures of a BBU-60/B Fuze Booster showing its outer metal housing,
interior plastic housing, elastomer, PBXN-7 explosive, and silicone inside the outer metal housing

A comparison between the measured heat flow of the booster assembly, S/N 0745, and the heat flow of only
the pellet from S/N 0748 are shown in Figure 5.  The heat flow was nearly the same for the PBXN-7 alone as it
was for the booster assembly.  This indicates that the booster components are deriving most of their heat flow
from the PBXN-7 pellet.  Based on these results, the accelerating factors in Table 2 could be used to artificially
age a complete Fuze Booster assembly.

Figure 5. Comparing Heat Flow of Booster Assembly S/N 0745 to only the PBXN-7
Pellet from S/N 0748 under the same Test Conditions
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An analysis of the data on both the un-aged and aged boosters showed little change in the booster material with
age

Thermal Analysis

Thermal analysis was conducted in two phases.  A Differential Scanning Calorimetry (DSC) compatibility test
was performed to determine the compatibility of the pellet, plastic housing and elastomer to each other. The
three DSC Compatibility graphs for S/N 0748 show the effect of the pellet, the effect of the plastic housing and
the effect of the elastomer when compared to each other.  The graphs shown in Figure 6, Figure 7, and
Figure 8 indicate that there is no shift in the heat flow and that the booster pellet is not significantly affected by
the other materials being present.
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Chemical Analysis

In addition, two of the 14 samples were subjected to Chemical Analysis. Both samples were cut into four
sections and Density, DSC and sensitivity (impact, friction, electrostatic) testing were performed on both
samples. One sample, S/N 0700, was not aged and the other sample, S/N 0706, was artificially aged to 20
years using the profile developed earlier in phase 1 testing.

Mercury Density Test

The Mercury Density test determines the bulk of apparent density (weight per unit of outside volume, which
may include voids) of the PBXN-7 pressed explosive pellet.  The density measured for the aged sample,
S/N 0706, was 1.789 grams/cc and for the un-aged sample, S/N 0700, was 1.791 grams/cc.  All data from the
density test was within specification limits and is used to support output performance and safety.

Differential Scanning Calorimetry (DSC)

The DSC test evaluates the behavior of materials when subjected to a temperature rise at a constant rate.  It
provides a quick look of the thermal characteristics of the explosive regarding ignition property and thermal
behavior.  The DSC measures the heat flow into and out of a sample while the temperature is increased (at a
constant rate) and then it displays the heat flow as a function of temperature on a thermogram. The resulting
thermo-profile (plot of heat flow versus temperature) consists of a series of endothermic and exothermic peaks
at specific temperatures. The DSC temperature range of interest was from 50°C to 425°C.  The scan rate used
was 10°C/min.  Both S/N 0700 (un-aged) and S/N 0706 (aged) were tested three times to produce three
thermograms each.  The DSC thermogram graphs for S/N 700 (unaged) are shown in Figures 9 through 11 and
for S/N 0706 (aged) in Figures 12 through 14.
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Figure 9. DSC Thermogram #1 for Sample S/N 0700

Figure 10. DSC Thermogram #2 for Sample S/N 0700
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Figure 11. DSC Thermogram #3 for Sample S/N 0700

Figure 12. DSC Thermogram #1 for Sample S/N 0706
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Figure 13. DSC Thermogram #2 for Sample S/N 0706

Figure 14. DSC Thermogram #3 for Sample S/N 0706

251



Every explosive composition has a unique thermoprofile that can be interpreted to provide an indication of its
thermal stability, variability, and whether the material has deteriorated.  Deterioration is associated to peak
temperature shift.  Analysis of the thermograms indicates that the explosive continues to remain stable even at
elevated temperatures.

Sensitivity

Three different sensitivity tests (impact, friction, and electrostatic) were performed on S/N 0700 (un-aged) and
S/N 0706 (aged). The impact sensitivity was low for both samples.  The friction sensitivity was low for both
samples. The electrostatic sensitivity was high for both samples. The high rating in electrostatic sensitivity for
the PBXN-7 in the BBU-60/B Fuze Booster is not a serious concern in safety.

The PBXN-7 explosive contains 35% of RDX and it is expected that the electrostatic sensitivity is close but
lower to that of RDX.  In general, explosive leads and boosters should have higher sensitivity to assure
initiation and in most cases RDX is used in these types of devices.

An analysis of all the density, DSC and sensitivity data from phase 2 concludes that both the un-aged and
accelerated aged booster samples showed little change in the booster material with age. The conclusions
reached for all the sensitivity tests indicated both the un-aged and aged samples produced results that were very
similar.  The data indicates that there is no serious safety concern with handling or transportation and that the
BBU-60/B Fuze Booster is satisfactory for in-service use.

Output Functioning, Detonation Velocity, and Depth of Dent Measurements

Ten samples from phase 2 were output functioned.  The detonation velocity of the Fuze Booster and its firing
train were monitored by fiber optics to verify performance. The velocity measurements verified that the Fuze
Booster and each part of the firing train, the RP-87 Explosive Bridge Wire EBW and the MK 9 Mod 0
Explosive lead, all operated successfully. If a failure had occurred this data would have been used to determine
what part in the firing train failed to operate. Detonation velocity is also related to density of the explosive
material.  This is the reason for collecting both density and detonation velocity so the data can be used for
comparison purposes. The detonation velocity measurements along with the depth of dent measurements allow
us to determine if the Fuze Booster is still able to meet its original design requirements. Previous detonation
velocity measurements for other Fuze Boosters are within the range between 6500m/s and 7600m/s.   A typical
detonation velocity graph showing the velocity of the RP87 EBW, MK 9-0 Explosive Lead, and the BBU-60/B
Fuze Booster is shown in Figure 15.
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Figure 15. Detonation Velocity Trace

All ten samples functioned and met the minimum depth of dent requirement of 0.172 inch as required in
reference (b). The detonation velocities measured between 6997 and 7500 m/s, and were all within the range
for all other types of Fuze Boosters. Depth of dent measurements taken did not show any significant difference
between un-aged and aged samples. The results of the output function tests are shown in Table 3.

Table 3. BBU-60/B - FY 09 Inventory Assessment Data for Output Function Test

Serial
Number Aged

BBU-60/B
Detonation

Velocity (m/s)
Rockwell
Hardness

Depth of
Dent (inch)

0531 none 7267 86.0 0.1735
0697 none 6997 84.0 0.1765
0704 none 7500 86.5 0.1725
0698 10 yrs 7033 84.5 0.1740
0701 10 yrs 7442 84.5 0.1730
0703 10 yrs 7346 83.0 0.1810
0707 10 yrs 7137 83.0 0.1720
0699 20 yrs 7099 85.0 0.1735
0702 20 yrs 7159 86.0 0.1730
0705 20 yrs 7338 86.5 0.1725
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The Fuze Booster, S/N 0745, which was subjected to HFMC testing during phase 1, was also output
functioned to determine if it would still initiate high order after experiencing extreme aging.  This sample
functioned successfully but was marginally out of specification with a depth of dent measurement of 0.1715
inch.  However, the detonation velocity measurement of 7402 m/s was within the range of all other boosters.  It
is estimated that this sample experienced greater than 100 years of artificial aging during the Kinetic HFMC
process. This indicates that the PBXN-7 explosive compound is very stable even at elevated temperatures over
an extended period of time.  This was the first OA performed and all but one sample was from the same lot.
Therefore, there was not enough data to perform comparisons among different groups (manufacturers,
contracts, lots, etc.) to determine a lack of homogeneity, therefore the stockpile is considered homogeneous.

Summary

The HFMC and Thermal test results indicate that the BBU-60/B Fuze Booster should remain safe to store,
handle, transport and use.  The stockpile, as represented by this sample, is of serviceable quality and is
satisfactory for in-service use.

An analysis of the data from both un-aged samples and accelerated aged samples that represented 10 and 20
years of age showed little change in the Fuze Booster material or output performance even at elevated
temperatures.

Based on the oldest naturally aged tested sample plus 7 years the Minimum Predicted Service Life of the
BBU-60/B Fuze Booster is 15 years.

No safety-related defects were encountered during the Fuze Booster tests and no performance failures were
encountered during testing.  Aging of the samples did not indicate any degradation in the PBXN-7 or depth of
dent due to age.

The service life for the BBU-60/B Fuze Booster should be retained in its current serviceable condition codes.

Based on chemical analysis data the PBXN-7 explosive has continued to remain stable for at least 20 years
even at elevated temperatures.

The next inventory assessment test of the BBU-60/B Fuze Booster should be performed in FY 2014 to assess
the safety and reliability characteristics of the Fuze Booster.
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Measuring Time Delay Burn Rates with an Infrared Camera
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ABSTRACT

Burn rates of pyrotechnic time delay compositions can be determined by burning the material in a glass
tube and recording the reaction with a high-speed camera. Another method is to place thermocouples
inside the reaction tube through slits in the wall to measure the time difference between maximum
temperature values. With the first method the burn rate can be measured but no information regarding
temperature profiles is obtained. The second method only provides time-temperature profiles at certain
points. With an infrared camera, it is possible to obtain an indication of the surface temperature profile
across the whole length of a metal tube. The IR technique is illustrated using data generated using typical
time delay compositions.

Introduction

Time delay mining detonators facilitate sequential ignition of charges for optimum effect in
blasting operations. The required time intervals can be accomplished using electronic detonators.
However chemical systems remain cost effective options.1 They comprise pyrotechnic mixtures of fuel
and oxidizers powders filled into tubes of varying length.

Various methods have been used to measure the burn rates in time delay elements.2-6 Al-Kazraji
& Reese4 electronically triggered a recording device when the time delay was ignited. They used a photo
electric cell at the end of the tube to send a stop signal when the reaction has progressed through the tube.
Ricco5 used two thermocouples to measure the burn rate while Kalombo6 used a sound box to trigger and
a thermocouple to stop the data acquisition. The use of thermocouples requires the drilling of small holes
into the time delay elements. This may affect the burn behavior of the time delay element. Furthermore,
the information about the burning is only obtained at the start and end of the process. This study used
thermal imaging in a first attempt to obtain real time information on the burning pattern in simulated time
delay elements.

Experimental

A Dias Pyroview 380 L IR-camera with a frame capture rate of 50 Hz and resolution of 384 x 288
was set up at a distance of 250 mm from the sample. At this distance each pixel covered a 0.35 mm
horizontal range at the target surface.

Two proprietary compositions were tested. They included a fast formulation based on silicon-red
lead (Pb3O4) and medium-slow preparation. The fine pyrotechnic powders were thoroughly mixed by
brushing them five times through a 75 m sieve. The mixtures were filled into lead tubes and compacted
using a proprietary rolling technique described by Ricco5. After the consolidation of the powders, the
tubes were cut into 112 mm lengths. An aluminum sleeve was crimped onto one end of the lead tube and
assembled as shown in Figure 1.

The outside surfaces of all the tubes were painted black using a heat resistant coating. The
purpose was to attain an emissivity approaching unity so that realistic surface temperatures would be
recorded by the IR camera. The shock tubes were ignited with an electronic spark. The time-position-

255



temperature data, recorded with the IR camera, were exported to a computer. The progress of the
combustion wave was tracked by following the time evolution of the surface temperature along the length
of the tube. Burn rates were estimated and compared to conventional burn rate measurements performed
by AEL Mining Services.

Figure 1: Lead drawn tube assembly.

Results and Discussion

Figure 2 shows an extract of the temperature profile obtained while burning a drawn lead element
filled with the fast-burning mixture. The temperature profile along the dotted line is shown in Figure 3 as
a function of time. It is clear that the surface temperature profile was still developing at the time when the
actual burn was over. Strictly speaking the true burn rate can therefore not be extracted from these curves.
Figure 4 shows instantaneous burn rates estimated from the times recorded to reach specified trigger
temperatures. The considerable scatter in the data is attributed to the irregular nature of the burning front
as well as noise picked up by the camera. Interestingly, there is very little difference in the rates estimated
for the three trigger temperatures considered namely 50°C, 80°C and 100°C. The corresponding burn
rates were calculated as 1677 mm/s, 1639 mm/s and 16215 mm/s respectively. The overall average
found for all measurements done with the camera was 16412 mm/s. More accurate burn rate estimates
will require finite element modeling of the temperature profiles and this is presently in progress. In
commercial application this composition is pressed into short aluminum tubes and the burn rate was
found to be 151 2 mm/s. This slightly, lower burn rate value, can be attributed to differences in the
nature of the tube wall constructions, cf. straight lead tube and aluminum-cladded lead tube.

Figure 5 shows temperature profiles obtained with the medium-slow composition. In this case the
temperature profiles obtained at different times appear very similar. It should therefore be possible to
obtain accurate burn rates for this composition. The measured value was 6.2  1.2 mm/s. Note that the
temperature saturates just above 300°C and that this is caused by the melting of the lead tube wall.

Figure 2: Screen print of the temperature profile obtained with the infrared camera at a particular
moment in time. The different colors correspond to different temperatures. The red cross indicates

the highest surface temperature in the frame.
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Figure 3: Surface temperature profile of the fast-burning composition filled in a lead tube.

Figure 4: Fast composition burn rate data from seven different samples tracked at three different
trigger temperatures. The different colors correspond to different measurement runs. The broken
lines indicate one standard deviation above and below the average burn rate (solid horizontal line).
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Figure 5: Surface temperature profile of a medium-slow burning composition filled in a lead tube.

Summary and Conclusions

Infrared cameras can reveal the evolution of the surface temperature on long tubes filled with a
burning pyrotechnic composition. Burn rates can be estimated with confidence from such data when the
temperature profile reaches a steady-state shape. Unfortunately this does not happen for fast burning
compositions. It is recommended that in such cases the dynamic heat conduction process be modeled
using finite element analysis. From a practical perspective, the IR camera can still be used to determine
the time interval required to burn though a short tube (or for a fast-burning compositions) if it is possible
to record the ignition and burn-through events without interference from covering metal sleeves.
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Analysis of Cylinder Test Data using Mathcad™ - Part 1

T T Griffiths

QinetiQ, Fort Halstead, Sevenoaks, UK

ABSTRACT

The Cylinder Test allows the metal pushing ability of an explosive to be evaluated; it was first proposed
over 70 years ago but it was not until 1999 that the equipment and test procedure were completely
specified. Analysis of the data was originally aimed at establishing the Jones-Wilkins-Lee (JWL)
equations of state but several methods were developed to allow the cylinder wall velocity and hence the
Gurney Energy to be calculated from the expansion data.

This paper describes how the Los Alamos National Laboratory (LANL) model described by Hill was
derived and presents cylinder fitting data for PBX9501 and Comp B calculated using Mathcad™. The
coefficients determined from the expansion data allowed velocity-expansion and Gurney Energy-
expansion curves to be produced.

Introduction

The Cylinder Test allows the Gurney Energy and hence the metal pushing ability of an explosive to be
evaluated, it can also assist in establishing the explosive products equation-of-state for the Jones-Wilkins-
Lee (JWL) equation.

A review of its history [1] shows that the Cylinder Test was first proposed in 1941 [2] but it largely went
unnoticed until 1963 when a collection of works by Taylor was published. Los Alamos National
Laboratory (LANL) started cylinder testing around 1956 and the standard test used today was developed
by the Lawrence Radiation Laboratory [3], [4], a predecessor of the Lawrence Livermore National
Laboratory (LLNL).

Analysis of the data was originally aimed at establishing the equations of state [5] but in 1986 a method
of fitting the expansion data was developed that allowed the cylinder wall velocity and hence the Gurney
Energy to be calculated [6], [7]. In 1994, an alternative scheme of fitting the expansion data was proposed
[8] and by 1997 LANL had proposed a third way of fitting the data [1]. Two years later, LANL produced
a Cylinder Test specification [9] which details the equipment and test procedure. Two further techniques
and a very different way of fitting the test data were subsequently reported [10], [11]. This paper
discusses the fitting techniques used by LANL which were first described by Hill 1 and presents wall
velocity-expansion curves for the explosives PBX 9501 1 and Comp B 4, 6.

The Gurney Energy can be calculated from the cylinder wall velocity using
2
1

2
1

2










c
m

E
v

where v is the cylinder wall velocity, m is the mass of the cylinder, c is the mass of the explosive filling
and E is the Gurney Energy. The term √2E is generally known as the Gurney Constant or Gurney
Velocity which is specific to a particular explosive [12].
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The Cylinder Test

The test is conducted using a copper cylinder around 30 cm long with an internal diameter of 25.4 mm
(1”) and a wall thickness of 2.54 mm (0.1”). It is filled with the explosive under test and a streak record of
the cylinder expansion is obtained at a position around 20 cm from the end of the tube where the
detonation commences. The analysis of the streak record allows the rate of change in the outer radius to
be measured but it is the rate of change in the inner radius which is important from a theoretical point of
view.

The expansion of the outer wall occurs slightly later than that of the inner wall as the initial shock wave
has to pass through the cylinder wall. Additionally, because of the thinning of the cylinder wall during
expansion, the cylinder surfaces have slightly different radial velocities and the difference between these
radial velocities varies with the degree of expansion.

The effect of the explosive on the copper cylinder is very complex since the detonation wave is curved
and has a finite-width reaction zone. The detonation wave drives a shock in the metal which reflects
through the tube wall as an alternating series of compression and expansion waves. The expansion waves
are transmitted to the interior of the tube and into the surrounding air. The tube has a finite strength and
there is a boundary layer near the wall that accommodates the relative motion between it and the flow. The
early time motion of the cylinder wall is therefore considerably more complex than a linear expansion.

At higher expansions, the cylinder starts to break up and the point at which this occurs is generally taken
as the point when the volume of the expanding gases has reached seven times the original value; for a
2.54 mm diameter cylinder this corresponds to an expansion of 19 mm.

Curve fitting

The LANL fitting method was originally used in the late 1990s to analyse expansion data from the
Cylinder Test [1], [9], [13] but has also been used in recent work [14] that compared recent tests on aged
material with the original performance data. For this fit, the change in the external radius is measured
directly from the expansion data.

A number of assumptions are made to allow an analytic treatment of the data, these are:

 the tube wall is assumed to be incompressible;
 the wall trajectory is assumed to be controlled solely by its inertia;
 the explosive products are assumed to be in viscid and fully reacted in a zone which is thin

compared to the dimensions of the test;
The analysis is based on an equation with the form:
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Where rt is the cylinder radius at time t, r0 is the initial tube radius, v∞ is the asymptotic radial velocity, a0
is the initial acceleration and f(t) is a function for which limt→o f(t)=α t, α > 0.

Although f(t)=t can be used, the generalisation f(t)=(1+t)w-1 is the function used in the literature. The fit
also allows t0 to be introduced as a virtual origin in the calculations.

Thus the expansion data are fitted to the expression:
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The computer programme used by LANL fitted the data in two passes [13]. In the first pass, w was set to
1 and t0 was set at zero, the values calculated for PBX 9501 for v∞ and a0 were 1.84753 and 1.8925
respectively. These values (rounded to two decimal places) were used as the initial estimates for the
second fit; the final coefficients derived were v∞=2.169, a0=2.115, w=0.485 and t0=-0.230.

Since all of the available literature that use this fit contains graphical data rather than tabulated results, the
fitting coefficients were used to calculate a set of numerical data out to an expansion of 32 mm and these
are given in Table 1.

Experimental

The Mathcad™ routine Genfit allows a non-linear equation to be solved; it requires the differentials of the
fitting function to be determined and an initial estimate for the coefficients to be made. The equations
used to solve the LANL fit are given in Figure 1. Two matrices, t for the time data and y for the expansion
data also need to be added.

The data calculated for PBX 9501 were used to confirm that the differential equations developed for
Mathcad™ were correct. Sensitivity analysis showed that provided reasonable values were selected for
the initial estimates, particularly that w<2 and t0<1, the data were found to converge. The velocity-
expansion curve derived from the results is shown in Figure 2 and closely matches that given in the
original work [13]. For this fit because of the correction applied to the time (t0), the velocity data are
generally plotted as a function of the expansion data rather than time.

The Mathcad™ fitting equation was then applied to the data for Comp B (Table 2) which was originally
given in [3] and reproduced elsewhere [6]. The inner and outer cylinder radii for the experiments on
Comp B were 12.7 mm and 15.306 mm respectively; the copper and explosive densities were 8.93 g cm-3

and 1.717 g cm-3 respectively.

Results and Discussion

The data for Comp B were fitted using initial values of v∞= a0=w=1 or 2 and t0= 0. In both cases, the
coefficients were calculated to be v∞=1.952, a0=1.528; w=0.520 and t0=-0.330 and the residual sum of the
squares was 0.013. A plot showing the original expansion data and the fitting curve is shown in figure 3.

The velocity-expansion and Gurney Energy-expansion curves derived from the fitting coefficients are
shown in Figures 4 and 5 respectively. The Gurney Velocity at 19 mm expansion is 2.75 mm μs-1 which
agrees well with the literature values that range from 2.68 mm μs-1 to 2.77 mm μs-1 7, 12.

Conclusions

Mathcad™ has been successfully used to fit the cylinder expansion data for PBX 9501 and Comp B. For
PBX 9501 the original fitting coefficients were calculated sucessfully and a velocity-expansion data
curve, which closely matched the literature curve, was obtained.

The Gurney Constant calculated for Comp B at 19 mm expansion using the Mathcad™ fit was 2.75 mm
μs-1 which agrees well with the literature values reported.

The velocity-expansion data show that Comp B has a lower performance in terms of its metal pushing
ability than PBX 9501.

Analysis of the expansion data for other explosives can be readily undertaken now that the Mathcad™
equations have been developed.
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Future studies

Work has commenced on the development of Mathcad™ fitting modules for each of the other cylinder
fitting equations that have been proposed. This will allow differences in their ability to fit the expansion
data and predict the velocity-time curves to be established.

The data analysis for the LANL model has been limited to PBX 9501 and Comp B, so additional data sets
for other explosives should be examined to identify if there are any limitations not observed during this
study.
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Tables

Table 1: calculated Expansion Data for PBX 9501
rt-r0

(mm)
t

(μs)
rt-r0

(mm)
t

(μs)
0.048023 0 15.34933 10
0.863157 1 17.15457 11
2.104562 2 18.97604 12
3.534828 3 20.81173 13
5.074831 4 22.66002 14
6.687896 5 24.51957 15
8.353779 6 26.38927 16
10.06001 7 28.26816 17
11.79830 8 30.15544 18
13.56283 9 32.05041 19

Table 2: Expansion Data for Comp B 4, [6].

rt-r0
(mm)

t
(μs)

rt-r0
(mm)

t
(μs)

0.0 0.0 14.0 10.50
0.5 0.70 15.0 11.13
1.0 1.27 16.0 11.75
1.5 1.71 17.0 12.37
2.0 2.11 18.0 13.00
2.5 2.59 19.0 13.60
3.0 2.99 20.0 14.22
4.0 3.78 21.0 14.83
5.0 4.52 22.0 15.43
6.0 5.22 23.0 16.04
7.0 5.91 24.0 16.64
8.0 6.59 25.0 17.24
9.0 7.26 26.0 17.84

10.0 7.92 28.0 19.04
11.0 8.57 30.0 20.23
12.0 9.22 32.0 21.42
13.0 9.86 34.0 22.60
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where vi, ai, wi and τi are the initial numerical values selected for the coefficients v, a, w and τ.
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Figure 1; Mathcad™ Fitting Equations
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Figure 3; Cylinder Test Data for Comp B and fitting curve derived using Mathcad™.
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ABSTRACT

Pyrotechnic compositions containing potassium perchlorate are used in incendiary ammunition
to mark an impact point or to act as ignition sources. Perchlorates inhibit iodide uptake by the thyroid
gland and their level in drinking water is controlled. Research has been undertaken for the Strategic
Environmental Research and Development Program (SERDP) to reduce future perchlorate use in
incendiary compositions. This paper reports the burning rate and thermal properties of selected
formulations based on magnesium and examines the incendiary effect on gun firing in 0.5” calibre
ammunition. During the gunfiring trials, only the performance of the magnesium-sodium nitrate
compositions was found to be similar to that of the control compositions.

Introduction

Potassium perchlorate is a high energy oxidizer that is used in incendiary ammunition to
produce an incandescent flash and smoke to mark an impact point, or act as ignition sources for
flammable liquids. It can be released into the environment through spillages during composition
manufacture or filling, demilitarization, or when ammunition fails to function correctly. Its high
solubility in water results in a very low retardation in aquifers; as a result, any groundwater plumes can
be extensive and pose severe remediation problems.

The presence of potassium perchlorate in drinking water is a cause for concern, as all
perchlorates are recognized as a potential hazard to human health. In particular, their ingestion is known
to inhibit iodide uptake by the thyroid gland.

In January 2009 the US Environmental Protection Agency published an interim drinking water
health advisory level of 15 µg dm-3 for perchlorate [1] but since October 2007 California has had a
maximum contaminant level (MCL) of 6 µg dm-3 [2] and in Massachusetts the MCL for perchlorate is
2 µg dm-3 [3].

To reduce future perchlorate use, research into new incendiary pyrotechnics has been
undertaken for the Strategic Environmental Research and Development Program (SERDP) [4]. Burning
rate and thermal analysis studies have been reported previously for formulations containing
magnesium-aluminium alloy and barium nitrate with either potassium perchlorate [5], a second nitrate
[6] or a sulphate [7]. Limited studies on aluminium-based formulations including gun firing trials have
also been reported [8]. This paper compares the burning rates and the thermal properties of
compositions containing magnesium as the fuel and reports the results of gun firing trials on a limited
number of magnesium based formulations.
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Experimental

Compositions

Table 1 details a range of compositions based on binary and ternary mixtures of 50%
magnesium (grade 4 cut), barium nitrate and potassium perchlorate that are similar to the control
compositions based on magnesium-aluminium alloy that are used in incendiary ammunition [5].

Grade 4, cut magnesium is similar to that of Type 1 to MIL-DTl-382 granulation number 6.
Grade 4 is specified to have nil retained on a 212 µm sieve which is the same as magnesium to
granulation number 6 and 85% retained on a 63 µm sieve rather than 90% retained on 125 µm sieve
(magnesium to granulation number 6).

The formulation details for the experimental compositions for the burning rate and thermal
studies are given in Tables 2 and 3. Binary compositions based on magnesium and barium nitrate were
prepared along with ternary ones where potassium perchlorate had been replaced by a nitrate of
potassium, sodium or strontium. A number of other formulations containing a sulphate were prepared
for the gunfiring trials. All of the mixes were prepared by blending the ingredients together in a Turbula
mixer; the oxidants were dried at 80 °C and passed through a 125 µm sieve before use.

Burning rate studies

Flares were prepared by pressing four 3 g increments of each composition into 12 mm diameter
paper tubes at 6.7 kN. A small amount of a priming composition was added prior to pressing the final
increment of composition.

The column length of the pressed composition was measured. The flares were ignited using a
fuzehead and the burning time of each was measured using a stop watch.

Gun firing trials

The compositions were filled into 0.5” calibre ammunition. Approximately 0.7 g of loose
composition was filled into a cavity located in the front of the projectile and retained using a self
adhesive disc of aluminium foil. The propellant charge was adjusted to ensure the velocity of the
ammunition at the short range of the trial was matched to that normally obtained at full range.

An aluminium alloy target was positioned 6 m from the muzzle of the gun. A Phantom high
speed video camera was used to record the impact of the projectile at the aluminium alloy target. The
framing rate was set to 3800 frames s-1 with a 10 µm exposure time.

Results and discussion

Magnesium-barium nitrate-potassium perchlorate system

The compositions containing magnesium-barium nitrate-potassium perchlorate showed a
reduction in burning rate as the perchlorate content increased Figure 1. The compositions had higher
burning rates than the equivalent compositions containing magnesium-aluminum alloy as the fuel
(Figure 2) [5].

Magnesium-barium nitrate

Over the range 30% to 70% nitrate, the burning rate of binary magnesium-barium nitrate
compositions showed an almost linear decrease from 15 mm s-1 to 4 mm s-1 (Figure 3).

Magnesium-barium nitrate-nitrates systems

The burning rate curves for the magnesium-barium nitrate-nitrate compositions are shown in
Figure 4. The composition containing strontium nitrate showed an almost linear decrease with
increasing strontium nitrate content. The ternary compositions containing potassium and sodium nitrate
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gave a complex burning rate curve which initially showed a decrease and then an increase in burning
rate. All of the compositions had burning rates above those of the 50% magnesium-aluminum alloy-
40% barium nitrate-10% potassium perchlorate composition used in incendiary ammunition.

Exothermicity measurements

Magnesium-barium nitrate-potassium perchlorate

As the potassium perchlorate content was increased from 0% to 50%, the exothermicity of
magnesium-potassium perchlorate-barium nitrate compositions (Figure 5) showed a linear increase
from 6 kJ g-1 to around 9 kJ g-1.

Magnesium-barium nitrate-nitrate

The exothermicity curves for ternary compositions containing magnesium, barium nitrate and
either potassium, sodium or strontium nitrate are shown in Figure 6. For all three systems, increasing
the amount of second nitrate present resulted in an increase in the exothermicity and in all cases
replacing all of the barium nitrate with the second nitrate gave the formulation with the highest
exothermicity. The largest increase in exothermicity was observed for sodium nitrate. The maximum
energy available from all of the formulations was considerably greater than that of the 50% magnesium-
aluminum alloy-40% barium nitrate-10% potassium perchlorate mix but below that for 49%
magnesium-aluminum alloy-49% potassium perchlorate-2 % calcium resinate which is a second
incendiary formulation of interest [5].

Gunfiring trials

Photographs taken from the Phantom high speed videos for the control composition and selected
binary compositions containing aluminium are shown in Figure 7. In each case, the frame selected was
the one with highest light output. The two different control compositions containing potassium
perchlorate gave similar sized balls with durations of 11.7 and 13.7 ms. The binary compositions
containing sodium and strontium nitrate gave a light output approaching that of the control
composition. The duration with sodium nitrate was significantly greater at around 15 ms but with
strontium nitrate a considerably reduced duration of less than 10 ms was observed. The light levels
given by the compositions containing the sulphates were all very low and of a shorter duration.

Conclusions

As the barium nitrate in the magnesium based formulations was replaced by potassium
perchlorate the burning rate reduced; a similar result was also observed for compositions containing
magnesium-aluminium alloy as the fuel. The formulations based on magnesium burned faster than
those which contained the alloy.

The burning rate of the binary magnesium-barium nitrate compositions was found to reduce as
the barium nitrate content increased.

The burning rates of the magnesium mixed nitrate formulations were significantly greater than
the both control composition containing magnesium-aluminium alloy and potassium perchlorate.

The maximum exothermicity of the magnesium-mixed nitrate formulations was observed for the
mix where all of the barium nitrate had been replaced by the other nitrate.

The magnesium-sodium nitrate formulations gave a comparable performance as the control
formulations based on magnesium-aluminium alloy. With strontium nitrate although a similar sized
fireball was produced, its duration was significantly lower. The performance of compositions
containing the sulphates was inferior in terms of both the fireball size and duration.
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Tables
Table 1

Formulation details for magnesium, barium nitrate and potassium perchlorate compositions.

Magnesium
(%)

Barium Nitrate
(%)

Potassium Perchlorate
(%)

50 50 -
50 45 5
50 40 10
50 35 15
50 30 20
50 25 25
50 20 30
50 15 35
50 10 40
50 5 45
50 0 50

Table 2
Formulation details for the magnesium, barium nitrate compositions.

Magnesium
(%)

Barium Nitrate
(%)

30 70
40 60
45 55
55 54
60 40
70 30

Table 3
Formulation details for the magnesium, barium nitrate and nitrate compositions.

Magnesium
(%)

Barium Nitrate
(%)

Nitrate
(%)

50 50 0
50 45 5
50 40 10
50 35 15
50 30 20
50 20 30
50 10 40
50 0 50
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Figure 1; Burning rate curve for magnesium-barium nitrate-potassium perchlorate.
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Figure 1
Figure 2; Burning rate curve for magnesium/aluminium alloy-barium nitrate-potassium
perchlorate compositions.
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Figure 3; Burning rate curve for magnesium/barium nitrate compositions.
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Figure 5; Exothermicity curve for magnesium/barium nitrate/potassium perchlorate
compositions.
(Sample mass, 100 mg; 1 atmosphere, argon).
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Figure 7; Photographs showing the impact of the filled incendiary projectiles on an
aluminium alloy target.
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ABSTRACT

In this work, the combustion characteristics of the exothermic systems Ti/C, Ni/Al, 3Ni/Al and
combinations thereof, are examined in small diameter aluminum tubes (3–6 mm ID). Tailoring the overall
exothermicity of the reactant system is accomplished by varying the reaction combination, stoichiometry,
and the addition of alumina as a diluent.  For the combined reactive system, Ti/C-3Ni/Al, it is shown that
at 40 wt.% Ti/C content, the failure diameter lies between 3 and 4 mm. While at a Ti/C content of 30
wt.%, complete combustion front propagation is only observed for tube diameters of 6 mm.  For the more
exothermic system, Ti/C-Ni/Al, studied at a diameter of 4.8 mm, the addition of low levels of alumina as
a diluent is shown to drastically alter the combustion front velocity, resulting in extinction with an
increase from 2 to 2.5 wt.% addition. The addition of a thermal barrier (GrafoilTM) for Ti/C-Ni/Al (15/85
wt.%) diluted with 2 wt.% Al2O3, results in an increase in propagation rate and the range of packing
densities that complete propagation is observed; the effects of GrafoilTM on the reactive composition
Ti/C-3Ni/Al (35/65 wt.%) are not as pronounced.

Introduction

While the combustion characteristics of various condensed phase reactions have been widely
investigated for the large scale production of a number of ceramic and intermetallic materials, they have
not typically been studied in small diameter channels (e.g. less than 6 mm).  At these sizes, high heat
losses can dominate (particularly for metal channels) leading to combustion front instabilities
(oscillations, pulsating, etc.) or extinction. Reactive systems that are characterized as having high
activation energies and which are strongly exothermic, such as Ti/C (ΔHf = -3080 J/g [1]), Ti/B4C (ΔHf =
-3610 J/g [2]), and Ti/2B (ΔHf = -5520 J/g [1]), may be ideal for overcoming the high heat losses present
in such sub-cm metal channels (e.g. delay elements, igniters, etc.).  In these cases, the combustion process
may be completed due to a relatively low ratio of heat loss to heat generation in the combustion zone. For
example, Pacheco et al. [3] studied Ti/2B and Ti/C with Cu and Al diluents and showed no diameter
effect on reaction rate until extinction at diameters as small as 6.48 mm. In a pellet configuration, Roy
and Biswas [4] studied Ti/2B and Ti/B and showed that diameters below 6 mm would quench.

At the very small scale (sub-mm), Tappan et al. [2] conducted experiments of the Ti/B4C system
with diluent/binder (Ni/Al) in borosilicate glass capillaries ranging from ~0.4 to 1.0 mm internal diameter
showing that a steady reaction can propagate even at diameters as small as 0.4 mm. Their work also
showed that there was no significant decrease in combustion front velocity with decreasing capillary size.

In the case where Ti/C is combined with diluents, such as Ni or Al, or the combination of Ni/Al,
the reaction is known to proceed by first forming a melt zone comprised of Ti and Ni or Al.  The
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remaining metal reactants then diffuse into the melt layer and exothermically react to form the next melt
layer by which the reaction proceeds [5].  However, if the heat losses (increasing with decreasing
diameter) in the reaction zone are too high relative to the heat generated, the next reaction layer may
experience instabilities or extinction. In order to utilize these types of reactions in sub-cm geometries it is
critical to understand the relationship between heat generation and system heat losses if combustion
instability and extinction are to be avoided.

In this work, combinations of the well known systems Ti/C, Ni/Al and 3Ni/Al are studied in 3 to
6 mm diameter aluminum tubes.  By combining the highly exothermic Ti/C reaction with the less
exothermic reactions of Ni/Al or 3Ni/Al, the effect of overall mixture exothermicity on combustion front
propagation is observed.  Further, the role of packing density, mixture stoichiometry, reaction
combinations, thermal barriers (radial) and inert dilution on the combustion characteristics are presented.

Experimental

Thermochemical Calculations

The HSC7.0 Chemistry program was used to predict the adiabatic temperatures for the condensed
phase reactions Ti/C, Ni/Al, and 3Ni/Al.  Several other thermochemical codes (Cheetah v6.0 [6], NASA
CEA [7] and “thermo program” [8]) were considered but ultimately not used due to insufficient
thermochemical and product libraries for such reactions. Adiabatic temperatures were predicted
assuming no intermediate phases and no phase changes due to the available product libraries within
HSC7.0. Therefore, a relative comparison between systems can be made but the predicted values should
not be viewed as the expected experimental combustion temperatures.

Compositions

Nominal sizing and vendor information for the powders used in these experiments are
summarized in Table 1.  The mixtures for the reactive composition Ti/C-3Ni/Al (Novamet Ni) were dry
mixed using a Resodyn LabRAM acoustic mixer at 80% intensity in two minute intervals for a total of 6
minutes.  The mixtures for the reactive composition Ti/C-Ni/Al-Al2O3 (Alfa Aesar Ni) were prepared via
mortar and pestle simply for screening purposes.

Table 1. Powder information

Powder Vendor Nominal Size

Al
AAE 1-5 μm

C (Lamp Black) Spectrum Chemical sub-μm

Ni Alfa Aesar 1-5 μm

Ni Novamet 3-11 μm

Ti Alfa Aesar -325 mesh

Al2O3 Novacentrix 40 nm
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Combustion Experiments

The experimental tubes used were made from 2024 grade T3 Aluminum, with inner (outer)
diameters of  3 mm (8.54 mm), 4 mm (8.94 mm), 4.8 mm (9.32 mm) and 6 mm (10.00 mm). These
dimensions were selected to keep the thermal mass of the aluminum tube the same for all of the different
diameters.  The average mass of the tubes (regardless of diameter) was 2.126 grams with a standard
deviation of 0.005 grams.  In some cases, a 0.254 mm graphite foil (GrafoilTM) liner was inserted into the
tube.  GrafoilTM was supplied by Mineral Seal Corporation. Reactive compositions were pressed to a stop
into the aluminum tubes using a Carver 12 ton press so that select packing densities could be achieved.
Approximately 1 mm of A1A was pressed on either end of the aluminum tube at a packing density of 3.0
g/cm3.  The experimental configuration is shown in Fig. 1. The experiments were recorded using a digital
video camera at 30 fps. The A1A was ignited with 30 gauge NiChrome wire and the reported system
propagation rate was determined by the length of the tube divided by the time between first light (A1A
ignition) on either side of the aluminum tube.

Figure 1. Experimental configuration for packed combustion experiments.

Results and Discussion

Thermo-chemical Considerations

The strongly exothermic reaction of Ti/C combined with the less exothermic reactions of Ni/Al or
3Ni/Al, creates a system with tailored exothermicity based on the relative ratios of each reactive system.
A summary of the adiabatic reaction temperatures and heats of formation for these individual reactions
are presented in Table 2.  By tailoring the exothermicity of the composition, we can manipulate the ratio
of heat loss to heat generation to avoid reaction extinction.

Table 2. Adiabatic reaction temperatures and predicted heats of formation

Reaction Adiabatic Reaction
Temperature (K)

Heat of Formation

(J/g)

Ti/C 3210 [9] -3080

Ni/Al 1910[9] -1560*

3Ni/Al 1524[1] -750

*Note that the value calculated from HSC7.0 for Ni/Al differs from that reported in the literature (-1380 J/g) [1]. All calculations
reported for ΔHf are from HSC7.0 for the sake of consistency.

278



Two methods of modifying the combustion temperature were considered in this work: i) altering
the stoichiometry from Ni/Al to the less exothermic/lower combustion temperature reaction of 3Ni/Al and
ii) adding diluent with an inert (Al2O3).  The calculated adiabatic combustion temperatures for the
combined reactive compositions Ti/C-Ni/Al and Ti/C-3Ni/Al are presented in Fig. 2. There is a
significant drop in predicted adiabatic combustion temperature between 30 wt.% < Ti/C < 40 wt.%  for
the Ti/C-3Ni/Al composition.  This is the region that was targeted as we expect the slowest reaction
propagation, which would allow us to assess the failure diameters more readily. For the system based on
the more exothermic reaction Ni/Al, Ti/C(15 wt.%)-Ni/Al(85 wt.%) was selected due to a moderate
predicted adiabatic combustion temperature (1965 K) and heat of formation (ΔHf = -1790 J/g).  This
reactive composition, hereafter referred to as Ti/C-Ni/Al(15/85), was then diluted with low levels of
alumina (Table 3) to slow the combustion propagation rate.  Preliminary combustion experiments in 4.8
mm diameter tubes showed that increasing the diluent level from 2 to 2.5 wt.% alumina resulted in
reaction extinction. Therefore, for the sake of this study Ti/C-Ni/Al(15/85) diluted with 2 wt.% alumina
was the composition used.

Figure 2. Predicted adiabatic reaction temperature vs. Ti/C content.

Table 3. Predicted adiabatic reaction temperatures and heats of formation for Ti/C-Ni/Al(15/85
wt.%) with Al2O3 dilution

Reactive Composition Predicted Adiabatic
Reaction Temperature (K)

Predicted Heat of
Formation (J/g)

Ti/C-Ni/Al(15/85) 1965 -1790

Ti/C-Ni/Al(15/85) -Al2O3(1 wt.%) 1942 -1770

Ti/C-Ni/Al(15/85) -Al2O3(2 wt.%) 1918 -1750

Ti/C-Ni/Al(15/85) -Al2O3(2.5 wt.%) 1912 -1740
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Combustion Results

It is well known for condensed phase reactions that packing density strongly influences the
combustion front velocity [9].  There is a lower packing density at which the reactant compact is highly
porous and thermal energy generated from the reaction is not able to be transferred to the next layer,
resulting in combustion extinction.  In contrast, at higher densities the thermal conductivity of the
compact can cause sufficient heat to be conducted away from the reaction zone resulting in quenching.

The effect of packing density, in terms of percent theoretical maximum density (TMD), on the
combustion front propagation for the Ti/C-Ni/Al(15/85) diluted with 2 wt.% Al2O3 (-1750 J/g) is
presented in Fig. 3. As previously discussed, dilution of this system with 2 wt.%  alumina lowers the
predicted combustion temperature to 1918 K; this is approaching the recommended cutoff temperature
(1800 K) for self propagating reactions [10]. Therefore, we expect this reactive composition to have a
very slowly propagating combustion front or to simply self extinguish. For this study, the 4.8 mm ID
aluminum tube was selected as the baseline. We observe a range of packing densities (47 to 54% TMD)
where the reaction fully propagates the length of the tube. Notably, there were two experiments
conducted in this range where extinction was observed. For this particular system, the heat losses are
large enough relative to the heat generated that extinction is not surprising, particularly since the predicted
adiabatic combustion temperature is so low. To reduce the heat losses, a GrafoilTM thermal barrier was
implemented.  This reduction in heat losses has several beneficial effects on the overall stability and
reaction rate.  First, the overall propagation rate increases along with the range of packing densities we
observe full propagation (47 to 62% TMD) and no partial propagations were observed. This is in spite of
a reduction in effective diameter and hence less reactive composition, resulting in ~206 J less of potential
chemical energy when compared to the baseline diameter at 50% TMD.

                       (a)          (b)

Figure 3. Propagated distance (a) and propagation rate (b) for Ti/C-Ni/Al(15/85 wt.%) diluted
with 2 wt.% Al2O3.  Note that for propagated distance only partial propagations are plotted for
clarity. Full propagation distance is 13.29 mm.

For these experiments, Ni/Al was replaced with the less exothermic reaction 3Ni/Al. A reactive
composition of Ti/C(35 wt.%)-3Ni/Al(65 wt.%) (-1570 J/g), hereafter denoted as Ti/C-3Ni/Al(35/65),
was chosen as the baseline composition.  This was based on a favorable exothermicity and a predicted
adiabatic combustion temperature of 2428 K (well above 1800 K). It is noted that the slowest of each of
these reactive compositions that do not quench in the 4.8 mm diameter aluminum tube have very different
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predicted heats of formation and adiabatic temperatures (-1570 J/g and 2428 K vs. -1750 J/g and 1918 K).
This demonstrates the importance of selecting a reactive system where the overall heat generation of the
reaction can overcome the system heat losses. Figure 4 shows the effect of diameter and packing density
on the combustion of this reactive mixture. At a diameter of 3 mm, the reaction propagated 2 to 4 mm,
while at a diameter of 4 mm, 50% TMD, the sample propagated 3.9 mm before extinction. Therefore, the
failure diameter is between 4 and 4.8 mm.  Lastly, when increasing the initial diameter of the sample from
4.8 to 6 mm, there was an overall increase in reaction rate and range of packing densities where full
propagation resulted (Fig. 4b).

(a) (b)

Figure 4. Propagated distance (a) and propagation rate (b) for Ti/C-3Ni/Al(35/65wt.%). Note
that for propagated distance only partial propagations are plotted for clarity. Full propagation

distance is 13.29 mm.

In this reactive composition, the effect of GrafoilTM lining is illustrated in Fig. 5.  In contrast to
the reactive composition Ti/C-Ni/Al(15/85) diluted with 2 wt.% Al2O3, less of a dramatic effect was
observed.  This is likely due to a higher predicted adiabatic combustion temperature of 2428 K (well
above 1800 K).  When comparing the 6 mm case with and without GrafoilTM, little difference was
observed in both the propagation rate and overall range of packing densities that full propagation
occurred. At 4.8 mm, the GrafoilTM lined cases had a noticeably smaller range of packing densities at
which the reaction fully propagated (45 to 50% TMD).  Two of three experiments conducted at 55%
TMD did not fully propagate, which indicates that the failure diameter is being approached. For this
system, the added benefits of reducing the radial heat loss to the tube via GrafoilTM are effectively
canceled out by the small (0.46 mm) decrease in tube diameter (less reactive composition).  For example,
at 50% TMD, the addition of the thermal barrier effectively reduces the potential chemical energy of the
system by ~184 J and ~230 J at 4.8 and 6 mm respectively.
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(a)  (b)

Figure 5.  Propagated distance (a) and propagation rate (b) for Ti/C-3Ni/Al(35/65 wt.%) with
and without GrafoilTM. Note that for propagated distance only partial propagations are plotted

for clarity. Full propagation distance is 13.29 mm.

Lastly, the effect of modifying the reaction exothermicity with Ti/C content was examined for
varying tube diameter. Figure 6 shows a series of Ti/C-3Ni/Al experiments all at 50% +/-1% TMD
presented as a function of inverse tube diameter.  As previously discussed, the system Ti/C-3Ni/Al(35/65)
(-1570 J/g) ceased to fully propagate between 4 and 4.8 mm.  By increasing the Ti/C content by 5 wt.% (-
1680 J/g), the reaction is now exothermic enough to fully propagate at a diameter of 4 mm whereas the
baseline composition was not.  Furthermore, decreasing the Ti/C content by 5 wt.% reduces the
exothermicity (-1450 J/g) so that the reactive composition does not fully propagate at 4.8 mm whereas the
baseline did. The GrafoilTM lined case, at 35/65, has a failure diameter between 3.6 and 4.4 mm in
comparison to the baseline failure diameter between 4 and 4.8 mm. This illustrates that these reactive
systems can be tailored to propagate at various diameters, and at selected velocities, for a given
application (igniters, delay fuses, etc.).  More data is required to draw further conclusions about the effect
of thermal barriers on failure diameter.
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(a)  (b)

Figure 6. Propagated distance (a) and propagation rate (b) as a function of Ti/C-3Ni/Al composition
ratio.

Summary and Conclusions

In this work the combustion characteristics of the exothermic systems Ti/C, Ni/Al, 3Ni/Al and
combinations thereof, were examined in small diameter aluminum tubes (3–6 mm ID). We have
demonstrated the ability to alter the overall exothermicity of the reactant system by varying the reaction
combination and stoichiometry resulting in a range of propagation times. By varying packing density, the
addition of inert diluents or by the use of a thermal barrier (GrafoilTM), further tailoring for a specific
application is possible.  For example, for Ti/C-3Ni/Al, it was shown that by varying the Ti/C content, the
system can be tailored to propagate at various diameters and at selected velocities.  For the more
exothermic system Ti/C-Ni/Al(15/85), the addition of alumina as a diluent was shown to result in failure
when alumina is increased from 2 to 2.5 wt.% addition. For the reactive composition Ti/C-Ni/Al(15/85)
diluted with 2 wt.% Al2O3, GrafoilTM increases the propagation rate and the range of packing densities we
observe complete propagation; the effects of GrafoilTM on the reactive composition Ti/C-3Ni/Al(35/65)
were not as pronounced.  Further work remains to quantify the experimental heat losses to the aluminum
tube and how those losses induce pulsations, oscillations or are responsible for reaction extinction.
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Pyrotechnic delays have long been employed in various military and civilian applications. In addition to
grenade and warhead delays,   Nammo Talley Mesa has successfully produced thousands of tungsten
based 15-second delay units for the U.S. Army’s M927 extended range projectiles. The delay units have
proven to be robust, reliable, and stable. Tungsten based delays are well characterized and can be easily
formulated to burn at various times from 5 to 50 seconds per inch. However, tungsten delays typically
contain barium chromate which is both a health and environmental hazard.  New OSHA standards
regulate hexavalent chromium compounds to a permissible exposure level to less than 5 micrograms per
cubic meter, which makes manufacturing, handling, and disposal of delays containing barium chromate
very difficult and costly.

Nammo Talley is currently evaluating new pyrotechnic delay formulations that use less hazardous, more
environmentally friendly ingredients to serve as a drop in replacement for current barium chromate based
formulations. A historical background and introduction of delays will be presented, followed by an
overview of the development process, including methods of ingredient and formulation selection.
Characterization data such as theoretical thermochemical data, burning behavior, thermal aging, and
hazards sensitivity for selected delay formulations will be discussed.

1.0 Introduction
Pyrotechnic delays have long been used in a wide variety of military and commercial devices

such as the Army’s M927 extended range projectiles, grenade fuses, fuzing sequencing systems, safe
separation timers for ordinance demolition, and safety timers for oil well perforating guns. Pyrotechnic
delays provide a low cost, low maintenance, and robust timing systems without the need for complex
electronics or batteries found in electronic delay devices.

Pyrotechnic delays devices prior to World War II were composed primarily of black powder and
were often used as timing fuses in mining operations. However, early designs proved to be problematic
and dangerous as black power could be easily ignited if exposed to unplanned stimuli, which resulted in
countless accidents and loss of life.  In response, William Bickford developed the safety fuse in 1831
which consisted of black powder loaded into water resistant rope. This design minimized the exposure of
free powder and properly vented the product gases thus significantly reducing the hazards associated with
black powder. Bickford’s design produced a relatively safe and reliable fusing device with a burning time
of approximately 30 seconds per foot and was widely adopted by the mining industry. However, the
characteristics of black powder limited its use in more sophisticated timing systems. Black powder
charges were moisture sensitive and produced 50% gas by weight which required complex venting
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systems to prevent runaway reactions.  Black powder timing devices were limited in versatility and by the
end of the World War II they could no longer meet the needs of new munitions systems.

Gasless delay compositions were developed shortly after WWII to meet the needs of increasing
complex munitions systems.  These compositions were stable, sealable, and more compact, which
increased shelf life, simplicity, and versatility. Gasless delay compositions were developed by combining
metal powders with oxidizers such as lead chromate, calcium chromate or barium chromate, plus an
ignition aid such as potassium perchlorate. These mixtures produced high heat and minimal gas which
allowed the materials to be consolidated into columns and rely on conductive heat transfer for
propagation. This produced repeatable burn times with minimal risk of reaction runaway. The burning
times were easily changed by varying the reactants, reactant ratios, or the material morphologies. Since
the delays have been very reliable and versatile, they have been used in many applications such as
grenade fuse timers, extended range projectiles, ejection event sequencing timers, and in oil well
perforation devices.

 The current gasless pyrotechnic delay compositions have proven to be robust, reliable, and are
still in great demand. However, most of these delay compositions use hazardous ingredients such as
barium chromate, calcium chromate and lead chromate. New OSHA standards regulate the permissible
exposure limit of hexavalent chromium compounds to less than 0.5 micrograms per cubic meter, which
puts the handling and manufacturing of the current delay compositions to considerable risk and high cost.
Risks include personnel exposure, hazardous spillage, and environmental contamination. In addition,
many of these delays use perchlorates, which are strictly regulated in California and Massachusetts, with
waste water limits of 6 ppb and 1 ppb, respectively. It is expected in that regulations on perchlorate
contamination will spread nationwide in the near future. Pyrotechnic companies currently face a great
challenge of meeting the demand for pyrotechnic delays and handling highly hazardous materials.

Nammo Talley initiated a study for the development of environmentally friendly delay
compositions (i.e. “green delays”) in the fall of 2011 due to the increased demand for pyrotechnic delays
and the increasing risks associated with using hexavalent chromium ingredients. The scope of the current
study is proof of principle, which will be followed on by a future study that will focus on composition
optimization and green delay applications. The scope of the current study includes, a comprehensive
literature search, theoretical thermochemical calculations, a formulation screening study, lab scale batch
characterization, and recommendations for future study.

2.0 Experimental
2.1 Material Preparation

Delay compositions for the screening study were prepared by hand mixing small quantities (10
grams or less) behind a blast shield. The compositions were then consolidated into small strands (0.2 to
0.3 inches diameter x 2-3 inches long) for burn testing.

Delay compositions for the lab scale batch characterization (100-200 grams) were mixed
remotely using a paint shaker. The strands were then consolidated into open-ended columns
approximately 0.30 inches in diameter and ranging from 6-12 inches long using a proprietary
consolidation process. X-rays were taken on the finished strands to observe fill quality.

2.2 Delay Testing

Hazards testing were performed on delay formulations prior to lab scale processing. Hazards
testing included BAM friction, electrostatic discharge, and impact (using a 2kg drop weight). Materials
that exhibited significant sensitivity were eliminated from further consideration.
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The performance of candidate delay formulations is characterized by recording  the burning time
(seconds/inch) for various delay formulations. Burning time was selected over the more common
propellant data item burning rate (in/sec), because duration of energy transfer is more relavent to these
designs. Burning time was recorded for samples of  pre-measured  length, measured to the nearest 0.01
inch. Burning was initiated using a variable voltage  transformer to heat  a 22 gauge nichrome hot wire
imbedded in the material. Elapsed time was recorded manually by stopwatch. Typical useful delay
compositions burned relatively slow, 10 to 50 sec/in, so manual timing produced acceptable data for this
screening study. Delays that burned faster than 1 sec/in were not measured accurately, simply reported as
“burn time <1 sec/in”. Testing was performed indoors under a hood with an ambient temperature ranging
from 70 to 76⁰F.

2.3 Conditioning

Delay candidates were tested in three configurations: ambient/unaged, cold-conditioned/unaged,
and ambient/thermally aged.  Delay columns that were cold-conditioned aim to determine if slow burning
delays would snuff out under worst case scenarios. Cold conditioning was for a minimum of 2 hours at -
65°F and  ignited within 2 minutes of removal from the conditioning chamber. Delay columns that were
thermally aged at high temperatures aim to determine effects of exposure to high temperature on ambient

performance. Thermal aging conditions were  >400⁰F for a minimum of 100 hours. These temperature

and time requirements are customer specified.

3.0 Results and Discussion
3.1 Theory

Delay compositions primarily work by conductive solid state heat transfer through a given
column of pyrotechnic material.  Preferred delays function well with relatively high L/D ratio coupled
with a relatively thin reaction zone (flame front).  Preferred composition factors include high thermal
conductivity (high metal content), minimal gas, and slag formation. High consolidation force yields high
density, which favors reliable and reproducible time delays. High thermal conductivity materials promote
reliable transfer of reaction heat ahead of the flame front which preheats adjacent un-reacted material.
High consolidation force ensures intimate contact between solid phase reactants, which improves thermal
conduction within the column. Excess gas formation in a sealed system may disturb reaction zone
structure with heat loss to the gas phase or accelerate  reaction by convective heat flow. Slag forms at the
combustion temperature and is beneficial as it reduces heat losses in the zone behind the reaction zone.
An ideal delay composition  incorporates a properly consolidated  high heat output, highly conductive,
minimal gas producing material to achieve a stable balance of heat flow affording stable propagation of
the flame front at all working temperatures.

Pyrotechnic delays are typically thermite or thermate mixtures that are formulated to burn at a
desired rate depending on the application.  Thermites are metal/metal oxide mixtures that produce
exothermic redox reactions when ignited. The free metal in the reactant is a higher activity than the metal
present in the oxide reactant; therefore, an exothermic reaction is favored. For example a common
thermite is
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2 Al + Fe2O3⟶Al2O3 + 2 Fe + heat (945 cal/g)

Aluminum has a higher activity than iron thus the formation of aluminum oxide is
thermodynamically favored over iron oxide.  This reaction yields condensed iron which makes it ideal for
thermite welding of steel. However, it is not practical for delay applications due to ignition difficulty. The
zirconium/iron oxide mixture, however, does make a good fast delay (burning time <1 sec/in) due to zero
gas output and ease of ignition.  This mixture is used in some of the faster grenade delay fuses.

Thermate mixtures are thermites mixtures with an oxidizer salt or sulfur added to enhance
ignitability or output. A good example is adding potassium perchlorate to the previous thermite which is

 10 Al + Fe2O3 + KClO4⟶ 5Al2O3 + 2 Fe + 2KCl + heat (2137 cal/g)

The addition of potassium perchlorate increases the output significantly; however, due to the high
temperature this particular formulation produces too much gas for a practical delay device. Thermite and
thermate mixtures provide a good starting point for formulating delays, because they typically offer
desirable properties such as good heat transfer, high thermal conductivity, high stability, and minimal gas
output.

A common pyrotechnic delay in industry is the tungsten/barium chromate/potassium perchlorate
delay (Reference MIL-T-23132A) which can easily be formulated to burn at various rates. The
stoichiometric equation for tungsten delays is as follows

3W + 2BaCrO4 + KClO4 ⟶   WO3 + 2WO2 + 2BaO + Cr2O3 + KCl

As written, the above equation translates into 46 wt% tungsten, 42 wt% barium chromate, and 12
wt% potassium perchlorate. The tungsten delay can be formulated to achieve  various burning times
between 5-50 sec/in by

 Adjusting the ingredient ratios

o Stoichiometric ratios produce the maximum heat output, which  favors fastest
reaction. However, fuel-rich formulations typically have superior thermal
conductivity and burn faster than stoichiometric ratios in real world applications
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 Varying the tungsten (or other metal) particle size

o Finer for faster burning

o Coarser for slower burning

 Adding inhibitors such as boron oxide or silica to increase burning time

o Provides a flux for heat flow in the flame front.

 Replacing some or all the tungsten with a higher energy fuel such as boron or molybdenum
increases the reaction rate (decreases burning time) and increases energy output

The heat output (~300 cal/gram) for tungsten delays is generally relatively low for pyrotechnic
compositions. However, tungsten delays usually provide sufficient heat to ignite an adjacent material in
most pyrotechnic ignition trains as long as it is in intimate contact with the next material.

The approach for developing time delays starts with the desired burning characteristics.
Guidelines for formulating pyrotechnic delays are given in Table 1 on the following page.

Table 1: Pyrotechnic Delay Formulation Design Guidelines
Desired Parameter Approach

Minimal gas output Thermite mixtures

Thermate mixtures with minimal oxidizer salt for
reliable ignition (often produce gas)

Minimal binder (gas producer)

Conductive Heat Transfer Metal fuels

Good ingredient consolidation

Slag formation Reaction products in liquid state

Minimal toxicity Eliminate heavy metals and hexavalent chromium
compounds. Minimize perchlorates if possible.

Self-propagating Use a small amount of perchlorate, nitrate,
iodate or periodate to enhance ignition

Ignitable Baseline Tungsten Delay ignites at 480 ⁰C

Environmental Requirements Use binders and materials that can endure
temperatures from -65 ⁰F to 500 ⁰F depending on

application

3.2 Literature Search

A detailed study was performed at Nammo Talley from 2009 to 2011 to develop delays for a
wide range of applications using a proprietary process. The study resulted in a thorough characterization
of the tungsten/barium chromate/potassium perchlorate based delay widely used in industry (Reference
MIL-T-23132A). It was found that delays to can easily formulate to meet various burning time
requirements. Table 2 below shows various applications and burning times.

Table 2: Pyrotechnic Delay Applications
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Application
Typical Delay Burning Time

(sec/in)

Penetrating Warhead Detonation Delays 0.1

Ejection Event Sequencing 1-3

Parachute Reefing Line Cutters 2-4

Grenade Fuses 3

Extended Range Projectiles 7

Oil Well Completion 40-50

Safe Separation Timers for Demolition
Ordnance

Various Times

3.3 Effects of Constituent Characteristics on Burn Time

Since it is well known that thermal conductivity, particle size and particle morphology are major
factors affecting burning time, a study was performed to determine the effects tungsten content and
particle characteristics. A series of tungsten delays hand mixes were prepared using three different types
of tungsten powders:

 Coarse (15-20 micron)

 Medium (8-10 micron)

 Fine (5 micron)

To better characterize the tungsten, surface area was measured and recorded for each tungsten
powder lot using the Micrometerics Gemini V surface area analyzer. The analyzer measures surface area
using the Brunauer, Emmett, and Teller (BET) methodology. All surface area results are reported as BET
m2/g. Table 3 below shows performance data for selected Tungsten/Barium Chromate/Potassium
Perchlorate formulations.

Table 3: Performance Data for Selected Tungsten/Barium Chromate/Potassium Perchlorate Delays

% Tungsten

Tungsten Particle
Size
(um)

Tungsten BET
(m2/g) %BaCrO4/KClO4

Burn time
(sec/in)

54.25 5 0.0989 31.25/14.50 7

45.00 5 0.0989 40.50/14.50 10-13

45.00 8 - 10 0.0554 40.50/14.50 13

45.00 15 - 20 0.0191 40.50/14.50 34-39

38.00 5 0.0989 50.00/12.00 17

38.00 8 - 10 0.0554 50.00/12.00 23

38.00 15 - 20 0.0191 50.00/12.00 51-54
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The results from Table 3 indicate increasing the tungsten content from 38.00 to 54.25 wt% for the
5 micron tungsten decreased the burning time from 17 sec/in to 7 sec/in. The same trend was observed for
both the 8-10 micron and the 15-20 micron tungsten particle sizes when the tungsten content was
increased from 38 to 45 wt%.  For any given tungsten level the burning time increased at the tungsten
particle size increased as expected. Figures 1 and 2 illustrate the relationship between burning time and
tungsten content and tungsten surface area using data from Table 4.

Figure 1: Burning Time Versus Tungsten Content for the Fine (5 micron) Tungsten

Figure 1 illustrates as the tungsten content increased the reaction rate increased, which resulted in
decreased burning times. It is thought that increasing the tungsten content over the range of 38-54 wt%
increases the thermal conductivity which increases the reaction rate.
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Figure 2: Burning Time Versus Tungsten Surface Area for 2 Tungsten Levels

Figure 2 illustrates increased burning times as tungsten particle size increased for each delay
composition. This was expected since the larger tungsten powders have lower surface areas which would
decrease the reaction rates. In addition, the burning times for the 38 wt% tungsten formulations were
higher than the burning times for the 45% wt% tungsten formulations for each tungsten particle size.  This
also supports the effect of thermal conductivity on reaction rate. Higher tungsten content over a given
range of 38-45 wt% increased thermal conductivity which increased the reaction rate (decreased burning
time).

In summary, varying the tungsten content and/or the particle size has a significant effect on
burning behavior. Increasing the tungsten particle size or decreasing the tungsten content produces slower
burning compositions. Decreasing the particle size or increasing the tungsten content produces faster
burning compositions.

3.4 Thermite/Thermate Screening Study

A series of thermites and thermates were evaluated using readily available materials and a
proprietary binder. Fuels selected for this study included aluminum, boron, molybdenum, titanium and
tungsten powders. All metals (except the tungsten) were -325 mesh powders. Tungsten formulations
included both fine, 5 micron, and coarse, 15-20 micron, powders. A series of oxidizers were evaluated for
melting point, decomposition temperature, gaseous products, and heat of formation. A list of oxidizers
and properties are given in Table 4.

Table 4: Oxidizer Properties

Oxidizer Grade

Molecular
Weight

(g)
Melting point

(⁰C)

Heat of
Formation
(KJ/mol) Comments

BaCrO4 MIL-B-550A 253.32 210 (slow dec) -1465 Baseline

BaSO4
Tech: -200

mesh 233.43 1345 -1473 May form SO2
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PbCrO4 JAN-L-488 323.20 844 (dec) -931

Used in some
delays but very

toxic
Data used for
comparison

Bi2O3
ACS: -200

mesh 465.96 817 -573

Fe2O3 MIL-I-706 159.69 1345 -826

CuO 42 micron 79.55 1326 -157

Forms gassy
products with high

energy metals
(Al/Mg)

Ba(NO3)2
ACS: -200

mesh 261.37 592 (dec) -988 Used in some
delays

Table 4 indicates barium sulfate has similar properties to barium chromate (MW, heat of
formation); however, it is much less hazardous. In addition, it was expected that barium sulfate would
endure thermal aging better than barium chromate at temperatures above 400⁰F (204⁰C), since barium
chromate begins to slowly decompose at 210⁰C and barium sulfate does not exhibit property changes
below its melting point of 1345⁰C. Iron oxide is readily available, non-toxic, and has a heat of formation
similar to lead chromate. Bismuth oxide has similar properties to lead chromate and thus was selected as
well. Using highly endothermic oxidizer heats of formation would likely produce slower and less
energetic delays and using less endothermic oxidizer heats of formation would likely produce faster and
more energetic delay compositions. The choice of oxidizer would depend on the desired characteristics
for the pyrotechnic delay.

NewPEP thermochemical calculations were performed on selected metal/oxidizer formulations
providing  chamber flame temperature (⁰K), gas production (moles/100 grams), and heat of reactions
were determined for each composition. Hand mixes (~ 10 grams) were prepared, consolidated and then
characterized for burning behavior. The results of the delay screening study are given below in Table 5.

Table 5: Pyrotechnic Delay Screening Study Results

Ingredients

Theoretical
chamber

flame
temperature

(⁰K)

Theoretical
Gas

production
(mol/100 g)

Theoretical
Heat of

Reaction
(cal/g)

Burning
time/Behavior

Si+ Cu + Ba(NO3)2+binder 2083 0.766 979 Inconsistent burn
Mo+BaSO4:+KIO4 1315 0.063 411 Snuffed

Al+Mg+Ba(NO3)2+binder 2369 1.545 1432 Gassy <1 sec/in
Ti+Mo+Fe2O3+KNO3+

binder
2019 0.1814 510 Gassy <1 sec/in

Ti+ Fe2O3+binder 2483 0.103 635 Burned ~ 1 sec/in
Ti+B+Fe2O3+binder 2173 0.223 675 Burned ~1 sec/in
Mo+BaSO4:+KClO4 1324 0.119 163 1-2 sec/in

*Wc:44,CuO:46, KClO4:10 1957 0.113 325 Somewhat gassy
Burn: 3 sec/in
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Mo+Bi2O3+KNO3+

binder

1710 0.1410 196 4 sec/in needs better
mixing

Mo+Bi2O3+KNO3+

binder

1710 0.1410 196 4 sec/in needs better
mixing

Ti+Mo+Fe2O3+binder 1808 0.051 334 5 sec/inch minimal
gas. Good burn

*Wf+BaSO4:+ KClO4 1305 0.142 120 12 sec/in
Mo+Fe2O3+ KClO4 1455 0.062 235 15 sec/in

*Wc+BaCrO4+KClO4
(baseline delay)

1822 0.1010 264 40-45 sec/inch

*Wc+BaSO4:+ KClO4 1305 0.142 120 50 sec/in

Formulations tested above were categorized by burning times from fastest to slowest.
Thermite/thermate formulations containing higher energy fuels such as titanium and boron generally
burned faster than formulations containing lower energy fuels such as molybdenum and tungsten. As
expected, formulations prepared with coarse tungsten burned slower than the same formulations prepared
with fine tungsten. The bismuth oxide formulations burned inconsistently, but it was thought that this was
due to hand mixing of the ingredients. It was thought that mixing optimization would produce bismuth
oxide delays with desirable burning properties.

Formulations that produced significant gas or burned faster than 1 sec/in were eliminated from
further consideration. Mixtures containing oxidizers such as iron oxide, barium sulfate, and bismuth
trioxide were down-selected for further study, since these formulations produced desirable burning times
with minimal gas output observed. These formulations are highlighted in Table 5 on the previous page.

3.5 Lab scale characterization study

Due to time constraints, the lab scale characterization study focused on slower burning delays. It
was thought that slower delays provide worst case scenarios for ignition, snuffing, and environmental
effects. Two formulations were selected for the slower burning delay characterization:

 Tungsten metal + iron oxide + potassium perchlorate + proprietary binder/inhibitor

 Tungsten metal + barium sulfate + potassium perchlorate+  proprietary binder/inhibitor

Table 6 below shows the Ignition Hazards Testing Results.

Table 6: Pyrotechnic Delay Hazards Testing Results

Formulation

BAM
Friction

(N)

Electrostatic
Discharge

(J)
Impact
(kg-cm)

Oven
Compatibility
75 ⁰C for 48

hours

W +Fe2O3+KClO4+
Proprietary

binder/inhibitor
360 6.25 >50 Pass

W +BaSO4+KClO4+ 360 6.25 >50 Pass
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Proprietary binder/
inhibitor

W +BaCrO4+KClO4+
VAAR binder 360 0.500 >200 Pass

Table 6 indicates the above formulations are relatively insensitive to stimulus and should be safe
to handle using best practices for handling pyrotechnic materials.

A series of delays were prepared and compared to the 45-50 sec/in baseline tungsten/barium
chromate/potassium perchlorate composition. The batches were prepared with a small amount (< 5%) of
proprietary binder/inhibitor. Since the supply of the original lots of tungsten powders was limited, two
baseline delay batches were prepared to determine performance variation using different lots of tungsten
powders. The baseline formulations were prepared using material fractions to provide a reliable delay
with a burning time of 45-50 sec/inch. Iron oxide (MIL-I-706) and barium chromate (technical grade)
analogs of the baseline formulation were prepared using the same weight ratio of materials. These
compositions used only the new tungsten lots due to limited supply of the old tungsten lots. Batch
information and testing results are given in Tables 7 and 8 on the following pages.
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Table 7: Slow Burning Delay Batch Details

Batch

Reactive

Ingredients Tungsten Powder Details Comments

7569

37.5 wt% Tungsten
powder

12.0 wt% Potassium
perchlorate

50.5% barium
chromate

(78:22 wt% mixture of coarse:medium)

Coarse (15-20 micron): BET 0.0284 m2/g

Medium (8-10 micron): BET 0.0554 m2/g

Average BET for mixture: 0.0343 m2/g

Old tungsten
lots

7576

37.5 wt% Tungsten
powder

12.0 wt% Potassium
perchlorate

50.5% barium
chromate

(78:22 wt% mixture of coarse:medium)

Coarse (15-20 micron): BET 0.0252 m2/g

Medium (8-10 micron): BET 0.0426 m2/g

Average BET for mixture: 0.0290m2/g

New tungsten
lots

7571

37.5 wt% Tungsten
powder

12.0 wt% Potassium
perchlorate

50.5% iron oxide

(78:22 wt% mixture of coarse:medium)

Coarse (15-20 micron): BET 0.0252 m2/g

Medium (8-10 micron): BET 0.0426 m2/g

Average BET for mixture: 0.0290m2/g

New tungsten
lots

7272

37.5 wt% Tungsten
powder

12.0 wt% Potassium
perchlorate

50.5% barium
sulfate

(78:22 wt% mixture of coarse:medium)

Coarse (15-20 micron): BET 0.0252 m2/g

Medium (8-10 micron): BET 0.0426 m2/g

Average BET for mixture: 0.0290m2/g

New tungsten
lots
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Table 8: Slow Burning Delay Test Results

Formulation
(Batch)

NewPEP
Heat of

Reaction
(cal/g)

Ambient
Burning

Time
(sec/in)

Cold
Burning

Time
(sec/in)

Ambient
Burning

Time After
Thermal

Aging
(sec/in) Comments

W+BaCrO4+KClO4

(7569)
264 47 48 50-53 Old W Lots

Good consolidation

W+BaCrO4+KClO4

(7576)
264 52 Not tested

No Data,
thermal

aging not
completed

New W
Lots

Good consolidation

W+Fe2O3+KClO4

(7571)
259 38-41 36 39

New W
Lots
Poor

consolidation
W+BaSO4+KClO4

(7572)
120 46-47 45-47 47-48

New W
Lots

Good consolidation

The baseline burning time increased 10% when new lots of tungsten powders replaced the
previous lots. This was expected since the average BET surface area for the new tungsten powder mix
was 15% lower.

The iron oxide and the barium chromate analogs (batches 7571 and 7572) burning times were
24% and 9% shorter, respectively, than the baseline barium chromate mix (batch 7576) prepared with the
same lots of tungsten powder. It is thought that the barium sulfate analog can be easily adjusted to burn at
the same time as the baseline by simply adjusting the tungsten powder blend ratio to a lower BET surface
area, since tungsten surface area has a significant effect on burning time. It should be noted that the iron
oxide analog had poor consolidation of ingredients (voids), which could be a significant factor for the
faster burning behavior. Therefore, it is difficult to compare the burning times of the iron oxide analog
versus the baseline mix. It is unknown at this point why the iron oxide batch consolidated poorly.
Additional studies will be performed to optimize mix consolidation.

Each formulation showed no significant burning time change when tested at cold or ambient. It is
also important to note that despite the low energy output of the barium chromate analog, the composition
still successfully propagated at -65 ⁰F.

The thermal aging study produced interesting results. The baseline formulation slowed by 10%,
but the iron oxide and barium chromate analogs showed no significant burning time change. This is not

surprising since barium chromate begins to slowly decompose at 410 °F (210 °C).  The iron oxide and
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barium sulfate oxidizers do not exhibit property changes until much higher temperatures (1345 °C, 1566

°C melting points, respectively).  The green delays endure high temperature thermal aging better than the

baseline barium chromate delay.

Another observation was that the barium chromate analogs had the best consolidation while the
iron oxide analogs had the poorest consolidation in X-rays taken of delay columns.  X-rays for each
formulation type are given in Figures 3 through 5 on the following page.

Figure 3: Baseline Barium Chromate Delay

Figure 4: Iron Oxide Delay Analog

Figure 5: Barium Sulfate Delay Analog
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Figure 3 show some voids in the bottom 2 strands. The proprietary consolidation process has been
improved since this effort and it is thought that consolidation will no longer be an issue with the baseline
formulation. Figure 4 shows significant voids and cracks with the iron oxide delay analog. However, it is
thought that certain grades of iron oxide may consolidate better. This along with the improved process
may potentially yield acceptable delay columns. Figure 5 shows that the barium sulfate delay analog
consolidated the best of the three formulations. This increases the value of using barium sulfate over the
other oxidizers for delay compositions.

Each oxidizer had its strengths and weaknesses. Iron oxide produced energy output close to the
baseline formulation but was difficult to consolidate. Barium sulfate produces low energy while providing
the most consistent delay columns. It is thought that the addition of a small amount of boron powder to
the barium sulfate delays could increase the heat output if required.

Summary and Conclusions
The standard tungsten/barium chromate/potassium perchlorate delays have proven to be reliable

and robust. It is easy to formulate these delays to burn at desired burning times. In addition, the burning
time is unaffected by temperatures ranging from -65 ⁰F to 212 ⁰F.  However, burning time does decrease
by 10% after thermal aging at temperatures greater than 400 °F. The downside to these delays are the
environmental and health hazards associated with barium chromate.  The current OSHA standard for
barium chromate is 0.5 micrograms per cubic meter, which makes manufacturing costly and risky.
Therefore, there was a demand to investigate “greener” materials for pyrotechnic delays.

Substituting iron oxide and barium sulfate for barium chromate produced encouraging results.
The iron oxide delays burn 24% faster than the baseline chromate delay; however, consolidation was
poor. Improved consolidation methods may yield more desirable results. The barium chromate analog
burned 9% faster, but it is thought the target burning time can be met by adjusting the tungsten content,
particle size and morphology.  The barium chromate delay does yield significantly less energy than the
baseline delay (120 cal/g versus 264 cal/g); however, the delay still successfully propagated at -65 ⁰F with
minimal change in burning time. Test results show that the new delays exhibit superior thermal aging
properties (>400 ⁰F for 100 hours) versus the baseline barium chromate delay. The baseline delay burned
10% slower after conditioning where the new formulations showed no significant change in burning
behavior. This likely due to the barium chromate slowly decomposing at temperatures greater than 210
⁰C. Resources for this investigation were limited, therefore only the iron oxide and barium chromate
formulations were studied in detail.

Near-term studies will include optimization of both the iron oxide and barium sulfate delay
analogs. This includes the addition of small amount of high energy fuels (e.g. boron) to increase the heat
output and improved column consolidation methods. The oxidizers will be fully a characterized as well
including particle size, surface area, availability, and lot-to-lot variation. Future studies will investigate
the use of bismuth oxide, molybdates and tungstates in place of the barium chromate. In addition,
perchlorate substitutes will be studied as well including nitrates, iodates, and periodates.
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ABSTRACT 

 
 The stability test procedure according to NATO-AOP 48 Ed. 2 commonly applied for the 

explosives and nitrocellulose-based propellants is based on the assumption that the kinetic description of 

the process of stabilizer depletion can be done by applying the reaction-order (RO) model for the fitting 

experimental data. In the present paper another procedure is proposed by application more general Prout-

Tompkins (PT) model based on the autocatalytic character of the reaction. Presented computer 

simulations indicate that PT model allows much better fit of the processes which kinetics is not fully 

determined. Application of proposed model significantly decreases the number of experimental points 

required for the prediction of the propellant properties at 25°C or after 10 years of storage (t25- and T10-

values, respectively). The results of elaboration of experimental data of single- and double- based 

propellants calculated with RO and PT models are presented. 

 

 

1. INTRODUCTION 

 
A lot of materials, especially high energetic chemicals change their properties even at ambient 

temperatures. Experimental observation of these processes is difficult due to their very low rate at room 

temperature resulting in so small physicochemical changes that are, generally, immeasurable even by the 

sensitive analytical techniques. In such situation the common method of the investigation of the aging 

processes is based on the experiments carried out at higher temperatures when the reaction rates are 

significantly higher. By choosing optimal temperature range of the experimental procedure one can 

monitor the course of the reaction by: 

(i) in-situ collected data by e.g. Thermogravimetry (TG) or Differential Scanning Calorimetry 

(DSC). Duration of such experiments, giving almost unlimited amount of points, can be adjusted 

to the laboratory working time and is, generally, in the range of 1-12 hrs. 

(ii) ex-situ, in lower temperatures, when only few points for each temperature is collected due to the 

duration of experiments which is in the range of weeks or even months.  The samples may be 

analyzed by e.g. High Performance Liquid Chromatography (HPLC) or Fourier Transform 

Infrared Spectroscopy (FTIR). 

Independent of the applied experimental procedure (i) or (ii) the experimental data are further used in 

kinetic analysis which allows the determination of the kinetic parameters of the process investigated what, 

in turn, gives the possibility of the prediction of the course of the processes at any temperature range in 

which the direct experimental observations are impossible. 
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Nitrocellulose-based propellants may decompose slowly which can lead to the decreasing of their 

chemical stability. To prevent this undesired process the components reacting with the degradation 

products (stabilizers) are introduced to the propellants. The monitoring of the stabilizer depletion by 

HPLC offers therefore an efficient tool for monitoring propellant aging process. 

The commonly applied stability test procedure is described in a NATO Allied Ordnance Publication 

AOP-48 Ed.2 [1]. The evaluation procedure of the stabilizer depletion requires the set of aging 

experiments performed at least at three different temperatures, generally 60, 70 and 80°C. This artificial 

aging of the propellant is assumed to correspond to 10 years of aging at ambient storage conditions. The 

aging periods shall be selected such that the range of 10 till 90% stabilizer depletion should be 

investigated. For more than three different temperatures the smaller range (10-50%) may be investigated 

for the lowest temperature e.g. 50°C. The reaction of the stabilizer depletion is assumed to be described 

by the reaction-order type kinetic equation and the reaction order n is assumed to possess the values 

between -1 and 2. In certain cases even the negative value of -1 can be reached during the optimization 

procedure but such values are rather questionable (see point 7.2.5 in NATO-AOP Ed.2). 

 

It seems to be obvious that the real mechanism of the reaction of the stabilizer depletion is not totally 

known for the user and, what is more important, that the restricted application of the one kinetic model 

only may introduce the significant errors in the prediction of the propellant stability, especially if the real 

mechanism is different than those being assumed. In the literature one can find the trials of the 

improvement of the kinetic description of the process stabilizer depletion used further for the fitting 

experimental data, see e.g. the work of Bohn [2]. 

 

The aim of present paper is to propose another model being more universal than originally proposed one. 

Proposed by us modification may significantly shorten the duration of the experimental procedure and 

increase the accuracy of the aging predictions. 

 

 

2. KINETIC ANALYSIS OF SIMULATED DATA USING DIFFERENT REACTION MODELS 

 

 The rate of the reactions occurring in a solid state is commonly expressed by the equation  

 

dα/dt = k(T) f(α) (1) 

  

where α, t, T mean reaction extent, time and temperature, respectively, k(T) is an Arrhenius rate constant   

 

k= A exp (-E/RT) (2) 

 

with E- activation energy, R- gas constant and A- frequency (or pre-exponential) factor and f(α) 

expresses the function dependent on the phenomenological reaction model. For the reaction-order (RO) 

type of equations (used in homogeneous kinetic) the f(α) function becomes (1- α)
n
 where the exponent n 

is called as a reaction order. In the RO-type reactions, characterized in the isothermal conditions by 

decelerating α – t dependence, the maximal reaction rate occurs at the beginning of the reaction.  

 

Such a reaction course is not rare, however very often one may observe the induction period at the 

beginning of the reaction manifested in sigmoidal shape of the α – t dependence. Such a scenario is 

characteristic for the reactions when the formation of nuclei is a rate limiting stage as e.g. in Avrami-

Erofeev (AE) reaction model or during autocatalytic-type reactions observed during decomposition of 

some high-energetic materials when the significant deviation from RO model is observed. The 

autocatalytic reactions are described by the formula 
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dα/dt = k (1- α)
n 
α

m
 (3) 

 

known as a modified Prout-Tompkins (PT) equation [3] discussed in details by Brown [4]. The exponents 

n and m in PT equation determine the contribution of decay and acceleratory regions. The increase of the 

m:n ratio results in the shift of the maximal rate of the reaction  into the higher α and t values. As pointed 

by Ng [5] the values of αm at which the maximal rate of the reaction are observed are expressed by the 

dependence αm = m /(m+n). 

 

Figure 1 depicts the relationship between the α-t dependences at isothermal conditions for RO and PT-

types of the reaction models. The curves were calculated by AKTS-Thermokinetics Software [6] for the 

following kinetic parameters A=5E10 sec
-1

, E=110 kJ/mol, T=70°C, n=1 and m=0 (RO model), 0.25; 0.5; 

0.75 and 1. The maximal rate of the reaction shifts up to higher time values and occurs at α amounting to 

0; 0.2; 0.33; 0.428 and 0.5 for m values of 0; 0.25; 0.5; 0.75 and 1, respectively. 

 

Presented curves indicate that the application of the PT model is much more universal for describing 

course of the reaction. It can fit both, RO model reactions (for m=0) and highly autocatalytic reactions 

with m=0.75 or 1. This remark is explained in details below by presenting results of fitting the α-t points 

generated for arbitrarily chosen kinetic parameters: A=5E10 sec
-1

, E=110 kJ/mol, autocatalytic PT model 

with n=1 and m=0.5 (bold curve in Fig.1) being an intermediate stage between real n-th order (if m=0) 

and strongly autocatalytic reactions (m=1). In order to mimic the NATO AOP-48 Ed. 2 test procedure the 

amount of the points taken into fitting procedure was restricted to 9 (for α in the range 0.1-0.9 in 0.1 

intervals) at three temperatures of 60, 70 and 80°C. The calculated points, which can be treated as “ideal” 

experimental data were consequently fitted by RO and PT kinetic equations to check how the deviation of 

the reaction course from the RO model assumed in NATO-AOP 48 Ed. 2 influences the results of further 

predictions of the stabilizer depletion at 25°C.  
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Figure 1: Simulation of αααα-t dependences at 70°C for the following kinetic parameters; A=1E10 sec

-1
, 

E=110 kJ/mol, f(αααα)=(1- αααα)
n 

αααα
m

 (PT model) with constant n=1 and m=0; 0.25; 0.5; 0.75 and 1, 

respectively. Values of m are marked on the curves. 
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Figure 2: A) Fit of the points generated at 60, 70 and 80°C (marked on curves) by RO (bold) and 

PT-models.  

B) Prediction of the reaction course at 25°C applying RO (bold) and PT kinetic models for: 

(1) 27 points calculated for 60, 70 and 80°C in the range of αααα between 10 and 90%, 

(2) 27 points calculated for 60, 70 and 80°C and 5 points at 50°C in the range of αααα between 10 and 50%, 

(3) 27 points calculated for 60, 70 and 80°C and 3 points at 50°C in the range of αααα between 10 and 30%. 
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Results presented in Fig.2 indicate that RO model does not fit well the “experimental” points, however, 

the prediction of the reaction course at 25°C if 9 points are fitted at each temperature (Fig. 2B, marked as 

'1') is relatively good: note the small difference of the times required to reach the reaction extents 

specified in NATO-AOP 48 Ed. 2 procedure. For PT and RO models the specified conversions are 

reached after 20.9 and 21.7 years (50%) and 34.3 and 35.9 years (80%), respectively. Concluding, we can 

claim that during elaboration of the set of 27 points collected at three temperatures for the reaction having 

only slight contribution of the autocatalytic process (m=0.5, compare the Fig.1) the deviation from the n-

th order reaction mechanism does not significantly influence the procedure of the prediction.  

 

However, the results depicted in Fig.2A showing relatively bad fit of the data by RO model, indicate that 

application in kinetic analysis of the experimental points collected in narrow range of the α values may 

lead to worsening of the predictions. Following the NATO-AOP48 Ed.2 recommendations we arbitrarily 

added to the calculations the set of 5 points calculated for the temperature of 50°C in the range of α 

between 10 and 50%. The result of the prediction at 25°C using such a set of 32 points generated for four 

temperatures is presented in Fig 2B (marked as '2'). 

 

Results of the prediction submitted in Fig. 2B '2' show that use in simulation of data which do not cover 

the full range of the reaction extent leads to decreasing accuracy of the prediction despite the fact that 

such procedure is allowed by NATO-AOP 48 Ed. 2. To check how further diminishing the number of the 

points will influence the results of kinetic analysis we decreased to three the number of points at the 

lowest temperature of 50°C. Such an action mimics the common experimental procedure in which at low 

temperatures only few points are collected due to the time reasons - the point representing the 50% 

conversion at 50°C would be experimentally reached after ca. 8 months. Taking as before to the 

simulation 27 points calculated for 60, 70 and 80°C (nine points at each temperature) we added to the 

fitting procedure three points at 50°C calculated for the α values of 10, 20 and 30%. The results of the 

prediction using such a set of 30 points depicted in Fig. 2B '3' indicate that such procedure, commonly 

applied in the practice when only part of the reaction extent is covered by the experimental data, 

significantly lowers the accuracy of the prediction when assuming the RO type mechanism of the 

stabilizer depletion.  

 

All above presented data clearly indicate that for the accurate kinetic analysis of the process which 

mechanism is unknown - and this is a common situation in solid state chemistry - it is much better to 

apply the PT model instead of often recommended RO-based assumption. When applying RO model to 

the data of the process having slight contribution of autocatalytic reaction one can receive relatively good 

prediction of the reaction course only when the elaborated data cover the full range of the conversion (see 

Fig. 2B '1'). The elaboration of the data which cover only the part of the reaction extent range (Fig. 2B '2-

3') results in significant worsening of the predictions. On the other hand, the application of PT model in 

kinetic analysis helps in avoiding such situation because this model is more general. It describes well 

both, RO type kinetics (if m=0) and autocatalytic reaction (if m>0). Moreover, the application of the 

correct reaction model, resulting in good fit of the experimental data, can significantly decrease the 

number of the points required in kinetic analysis what, in turn, significantly shortens the time required for  

the experimental collection of the data.  

 

As shown in Fig. 2B '1' the acceptable prediction when applying RO model can be obtained using the set 

of 27 points, which, in presented example, requires at least 150 days (last point for α=90% at lowest 

temperature of 60°C). The use of the more universal PT model will result in insignificant decrease of the 

number of required points.  
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Figure 3: A) Fit of the points generated for the time shorter than 30 days by RO (bold) and PT 

models; B) Prediction of the stabilizer depletion at 25°C based on the kinetic parameters obtained 

by fitting displayed in A). The theoretical dependence overlaps the curve based on PT model. 
 

Let us consider the scenario when the collection of the data occurs in e.g. 30 days only but the PT model 

is applied in kinetic analysis. When the duration of the experimental work is limited to 30 days only for 

the reaction model described by the kinetic parameters identical with those considered in Fig. 2A, one can 

collect 1, 6 and 9 points at 60, 70 and 80°C, respectively. The fit of these points by RO and PT models is 
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depicted in Fig. 3A, respectively. The results presented in Fig.3 show that if the correct reaction model is 

applied the number of the points required for the accurate kinetic analysis may be significantly limited. 

Note, that the generated data based on PT model are perfectly overlapped by the theoretical curve despite 

the fact that in presented in Fig. 3A analysis of only one point at 60°C was used in fitting procedure. The 

results presented previously (Fig. 2) and Fig. 3 very clearly show that the procedure of decreasing amount 

of points in kinetic analysis can be successful only if the applied kinetic equation fits well elaborated data. 

This is the case if PT model is applied, for RO model the use of one point only at 60°C results in 

unrealistic time of the prediction at 25°C (80.9 instead of correct 20.9 years for 50% conversion). The 

conclusion indicating that the correct kinetic analysis may be carried out even if the number of 

experimental data is significantly smaller than those required by NATO-AOP 48 Ed. 2 test procedure 

allowed us to make prediction of the stabilizer depletion time based on the experimental data collected in 

the limited range of the reaction extent. 

 

 

3. KINETIC ANALYSIS OF EXPERIMENTAL DATA 

 

Single- and double-based propellants were aged in temperatures ranging from 40 till 80°C. 

Generally not more than 3-4 points characterizing their stabilizer depletion were collected at each 

temperature. Moreover, also single points from the lowest temperature of 40°C were used for 

determination of the kinetic parameters followed by the prediction of the stabilizer depletion at 25°C. The 

results of the predictions for two propellants SB-1 and SB-2 are shown in Figs. 4 and 5, respectively. 

 

The mechanism of the propellants aging was unknown, therefore, as described in details in the previous 

chapter, the PT model, as more universal was applied in the fitting procedure together with the commonly 

accepted RO model. If the reaction can be really described by the n-th order kinetic equation then despite 

the different models used in kinetic analysis the prediction results should be identical. As larger the 

deviation of the mechanism of the depletion process from assumed n-th order model (i.e. as more the 

autocatalytic process governs the reaction course) as greater is the difference of the predicted time of 50% 

stabilizer depletion at 25°C calculated for both models. It is necessary to underline that application of the 

RO models results generally in overestimating propellant stability if the reaction has some autocatalytic 

character (see results presented in Figs. 2-3).  

 

The summary of the kinetic analysis of all propellants is presented in Table 1 containing the kinetic 

parameters derived during fitting experimental data by RO and PT models, t25- i.e. the storage time at 

25°C after which a stabilizer depletion of 50 and 80% is reached and the T10- i.e. temperatures for a 10 

years storage after which a critical stabilizer depletion (50 or 80 %) is reached. 

 

As it arises from the data submitted in Tab.1 the processes of the stabilizer depletion can be described in 

major cases by the n-th order kinetic equations, note generally very small m values and negligible 

difference between RO and PT derived parameters. However, in certain cases the reactions have slightly 

autocatalytic character (e.g. samples SB-1 or SB-3) what leads to the decreasing of the t25- and T10- 

values. Not knowing the mechanism of the propellants aging it seems to be rational to apply in the fitting 

procedure the PT model which in no one case leads to the overestimation of the propellant stability as it 

can happen when RO model is applied. 
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Figure 4: A) Fit of the experimental points of the stabilizer depletion in SB-1 collected at 40, 50, 60, 

70 and 80°C (temperatures are marked on curves) by RO (bold) and PT-models. B) Prediction of 

the stabilizer depletion in SB-1 at 25
o
C based on the kinetic parameters obtained by fitting 

experimental data by RO (bold) and PT reaction models. 
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Figure 5: A) Fit of the experimental points of the stabilizer depletion in SB-2 collected at 40, 50, 60, 

70 and 80°C (marked on curves) by RO (bold) and PT-models. B) Prediction of the stabilizer 

depletion in SB-2 at 25°C based on the kinetic parameters obtained by fitting experimental data by 

RO (bold) and PT reaction models. 
 

 

 

309



 

 

Table 1: Kinetic parameters derived from RO and PT models and t25- and T10- values for all 

investigated propellants 

sample 
Mo-

del 
α0 

A 

sec
-1

 

E 

kJ/mol 
n m 

t25-

50% 

t25-

80% 

T10-

50% 

T10-

80% 

RO 0 1,7E+11 117,1 0,43 0 35,1 64,7 33,2 37,3 
SB-1 

PT 2,5E-11 7,7E+10 111,2 1,64 0,43 22,9 52,7 30,6 36,3 

RO 0 8,2E+11 122,8 1,71 0 113,1 375 40,4 48,5 
SB-2 

PT 2,3E-09 8,2E+11 122,8 1,71 7,1E-06 113,1 375 40,4 48,5 

RO 0 7,6E+15 147,7 1,45 0 262 761 42,5 48,5 
SB-3 

PT 6,3E-11 7,4E+11 118,8 1,97 0.45 58,9 156 36,5 43 

RO 0 2,4E+09 109,7 0,40 0 127,05 232 43,2 47,8 
SB -4 

PT 3,6E-11 2,4E+09 109,7 0,40 1,1E-11 127,05 232 43,2 47,8 

RO 0 6,0E+09 110,7 0,57 0 78,5 152 39,4 44,4 
SB-5 

PT 2,3E-10 4,3E+09 109,7 0,56 3,8E-07 76 146 39,1 44,1 

RO 0 7,9E+11 120,1 0,66 0 27,87 56,4 31,5 36 
DB-1 

PT 1,0E-10 1,2E+12 120,6 0,78 0,14 28,42 56,1 31,7 36,1 

RO 0 1,6E+10 105,8 0,92 0 4,85 10,6 19,8 25,5 
DB-2 

PT 7,2E-11 1,6E+10 105,9 0,92 1,0E-4 4,84 10,6 19,8 25,5 

RO 0 8,6E+10 112,5 0,78 0 12,35 26,1 26,4 31,4 
DB-3 

PT 1,1E-10 2,2E+11 113,9 0,96 0,25 12,8 26,7 27,2 31,6 

RO 0 2,2E+10 114,9 0,40 0 114,5 209 41,6 45,9 
DB-4 

PT 4,4E-09 2,2E+10 114,9 0,41 1,8E-05 114,5 209 41,5 45,9 

RO 0 4,0E+13 130,1 0,57 0 30,2 58,7 31,5 35,4 
DB-5 

PT 2,8E-10 4,0E+13 130,1 0,57 1.7E-03 30,4 59,0 31,4 35,4 

RO 0 6,7E+10 118,5 0,35 0 156,8 281 43,2 47,4 
DB-6 

PT 1,5E-08 6,7E+10 118,5 0,35 6,7E-06 156,9 281 43,2 47,4 

RO 0 3,1E+14 132,7 0,91 0 12,5 27,9 26,3 30,9 
DB-7 

PT 2,6E-09 3,1E+14 132,7 0,91 1,8E-03 12,4 27,7 26,3 30,9 

 

 

4. CONCLUSION 

 
 In NATO-AOP-48 Ed. 2 test procedure, commonly applied for testing stability of explosives and 

nitrocellulose-based propellants, the n-th order (RO) kinetic model is applied in kinetic analysis of the 

experimental data. The application of more general PT model, describing well both, n-th order and 

autocatalytic characters of the reaction, results in much better fit of experimental data. This, in turn, 

allows significant decrease of the number of the points required for the exact kinetic analysis. The 

computer simulations showed that application of PT model in investigations of the reactions proceeding 

with not fully determined mechanism can result in significant reduction of time (e.g. up to 80%) required 

for the collection of such a number of experimental data which are necessary for the accurate kinetic 

analysis. The theoretical considerations were confirmed by the evaluation of the stability of single- and 

double based propellants. For some samples the application of RO and PT models resulted in 

determination of the same kinetic parameters and t25- and T10- values. However, in some cases, when 

stabilizer depletion could not be correctly described by n-th order-based kinetics and has some 

autocatalytic character, the application of RO model resulted in an overestimation of the propellant 

stability. 
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ABSTRACT 

 

During simulation of the reaction extent α  of decomposition reactions not only the values of the 

components of kinetic triplet A, E and f(α) but also the α0  - the actual decomposition progress  of the 

sample at the beginning of the experiment has to be taken into consideration. The importance of the 

correct choice of α0 value depends significantly on the reaction model, i.e. whether the reaction is of 

accelerating, sigmoidal or decelerating type. For decelerating type reactions the influence of α0 on the 

predictions is negligible, for accelerating and some sigmoidal types it has minor impact, but for the 

autocatalytic type reactions (sigmoidal) the use of correct α0 is of great importance. In this case the 

prerequisite of the correct simulation of the reaction course is the application of “kinetic quartet” in which 

the α0 value is additionally inserted beside the commonly applied kinetic triplet. The numerical 

optimization of the kinetic quartet to obtain the best fit of the experimental results must be performed 

starting from the beginning of the experiment, not from the point at which the first visible reaction 

progress is detected by the thermoanalytical signals. In autocatalytic reactions only applying the correct 

α0 values it is possible to predict correctly such important key parameters as the Time to Maximum Rate 

under adiabatic conditions (TMRad) or the Self Accelerating Decomposition Temperature (SADT).  

 

 

1. INTRODUCTION 

 
The practical application of the kinetic evaluation of the thermally induced decomposition 

reactions requires two main stages: 

- (i)  determination of the kinetic parameters of the investigated process, namely the values of the 

activation energy  E, the preexponential factor A and the form of the f(α) function depending on the 

reaction model 

- (ii) application of obtained kinetic triplet (A, E and f(α)) for the prediction of the reaction course under 

arbitrarily chosen temperature profiles. This issue is of great importance in investigating of materials 

aging i.e. the time and temperature dependent decay of material properties occurring often even at 

ambient temperatures. 

Commonly applied kinetics evaluation methods such as ASTM E1641-07 [1], ASTM  E698-05 [2] or 

NATO stability test procedure [3] are all based on the first order kinetic model therefore the peculiarities 

of other models expressed by the forms of the f(α) function  are not taken into considerations. The models 

of the thermal decomposition reactions can be divided into three main types (see e.g. [4]) depending on 

the shape of the α-time dependence in isothermal conditions: 

-decelerating, when the maximal reaction rate is observed at the reaction beginning of the reaction 

- accelerating, when the reaction rate increases during reaction course, and 

- sigmoidal, characterized by the long induction period ; the maximal reaction rate occurs somewhere 

between the beginning and the end of the decomposition. 

The set of the main kinetic models used in decomposition kinetics is presented e.g. in the ICTAC Kinetics 

Committee recommendations for performing kinetic computations on thermal analysis data [4]. The 

characteristic reaction profiles for decelerating, accelerating and sigmoidal models are depicted in Fig.1. 
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The dependences α-time were calculated for the temperature 100°C using kinetic parameters A= 6E8 s
-1

,   

E = 85 kJ·mol
-1

, for the following models: decelerating- contracting sphere (code R3) and first order (F1); 

accelerating – power law (P4) and sigmoidal – Avrami-Erofeev (A4). Additionally, also the Prout-

Tompkins (PT) [5] model describing the course of the autocatalytic reaction is submitted in Fig.1. 

 

In the present manuscript we will illustrate how the type of the reaction model can influence the correct 

prediction of the reaction course (stage (ii) of kinetic elaboration of thermal analysis data). This prediction 

can be influenced in different degree by the value of the αo (i.e. the reaction extent of the investigated 

material at the beginning of the experiment) used in the simulations. It will be shown that this issue is of 

great importance especially for the autocatalytic type reactions. 
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Figure 1:  Kinetic curves simulated at 100
o
C for the decelerating (R3, F1); accelerating (P4), 

sigmoidal-type (A4, PT) and autocatalytic (PT) reaction models. The meaning of the models 

abbreviation is given in the text, the simulation parameters are following:  

A= 6E8 s
-1

, E= 85 kJ·mol
-1

. 

 

 

2. PREDICTION OF THE REACTION COURSE OF AUTOCATALYTIC-TYPE REACTIONS 

 
Let us consider the scenario of the elaboration of the non-isothermal data of autocatalytic reaction 

and simulation of the reaction progress using commonly applied assumptions concerning the input of the 

α0 value into the simulation procedure. For the autocatalytic reaction, belonging to the sigmoidal model, 

described by the equation 
mnf ααα )1()( −=  (1) 

 

an analytical formula for g(α) is restricted to situation where n and/or m exponents are integers (as 1 , 2 or 

3). If they contain the fractional part after decimal separator (e.g. 1.23) the integration can be done 

numerically: 
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In both cases the restriction that α0>0 has to be fulfilled and the relationship of the reaction progress α vs 

time for any temperature profile can be calculated by applying the typical expression: 
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After collection of few thermoanalytical signals at few heating rates followed by baseline construction, 

required for the determination of the α-T dependence, one can calculate the values of the kinetic 

parameters used later for the prediction of the reaction course at any temperature profile. The 

determination of the α-T relationship commonly starts at the temperature T0' when the reaction beginning 

is assumed, i.e. at the lowest temperature when the recorded signal starts to deviate from the baseline. Of 

course the choice of such point significantly depends on the sensitivity and kind of the measured signal. It 

is obvious that the use of e.g. very sensitive mass spectrometric signals will allow detecting the reaction 

beginning earlier, at lower temperatures compared to the TG or DSC curves. The temperature T0', chosen 

as the temperature of the reaction beginning, increases when the heating rate increases. However, in any 

case the reaction is assumed to start from some α0' value being equal, according to the common opinion, 

to α0 characterizing the sample at the beginning of the experiment i.e. at the ambient temperature. In 

addition, it is assumed that α0' is very small amounting e.g. to α0'=1E-5. This assumption seems to be 

rational because one can hardly find the analytical methods which could confirm the reaction extent in the 

range below of 0.001%.  

Let us consider the reaction course simulated for the non-isothermal conditions (β=1K·min
-1

) using the 

following input parameters f(α)=(1- α)
n
α

 m
 with n and m=1, A=1E10 s

-1
, E=100 kJ·mol

-1
. The simulated 

α-T dependence is shown in Fig.2. When treating presented simulation as an experimental result, the user 

not knowing the input parameters has to choose the temperature of the beginning of the reaction T0'. It is 

rational to assume that the chosen value will be between 167 and 171°C where the signal starts to deviate 

from the baseline. A procedure of choosing T0’ value has to be repeated for all signals collected at 

different heating rates. There are two options of optimization of the kinetic triplets in order to get the 

kinetic parameters of the investigated process: 

(a) with constant α0' value taken e.g. as 1E-5 at all T0',j for all heating rates j,  i.e. for presented above case 

for 1K·min
-1

 somewhere between 167 and  171
o
C .  

(b) without keeping α0' value constant but including it as an additional optimization parameter together 

with the calculation of the best kinetic triplets. 
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Figure 2:  dαααα/dt (top) and αααα-T dependences (middle: linear, bottom: logarithmic scale) for the 

autocatalytic reaction with f(αααα)=(1- α α α α)
n

αααα
 m

, with n and m=1, A=1E10 s
-1

, E=100 kJ·mol
-1

, αααα0= 1E-10 

at room temperature (RT, 25
o
C), heating rate 1 K·min

-1
. These curves mimic the experimental 

results obtained at 1 K·min
-1

. 

 

From the statistical point of view the difference between the kinetic parameters obtained using both 

procedures (a) or (b) will be negligible and both sets of kinetic parameters will describe well the 

experimental results obtained at different heating rates. However, the problem arises if the kinetic 

parameters will be used for the prediction of the reaction progress for other temperatures profiles. The 

origin of the problems lies in the assumptions that in both cases (a) and (b) the α0' values are the same at 

all experimentally found T0',j and, additionally, the same as the reaction extent α0 at RT 25°C, i.e. at the 

real beginning of the thermoanalytical signals in the presented example. The simulation presented in 

Fig.2 indicates that this is not true because small reaction extent in the range of 1E-5 significant for the 

prediction occurs much below experimentally detectable beginning of the reaction laying in the range 

167-171°C. As previously mentioned, these apparently negligible differences between assumed or 

optimized α0' and correct α0 values have significant influence on the results of the calculations of the 

reaction course when calculated from time t0=0 second. Even applying the absolutely correct kinetic 

triplet i.e. taking its values identical with those used for our simulations then if α0' ≠ α0  it is impossible 

to predict correctly both:  

- the experimental course of the reaction starting from the room temperature T0, i.e. when the reaction 

extent amounts really to α0.  

- the reaction course for any new temperature profile. 

In both cases the calculations are incorrect due to the wrong assumption that the period of time passing 

from α0 to α 0' amounts to 0 second. Assuming α0 =1E-10, the error in time diminution amounts to  
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(4) 

The correct prediction can be achieved only after common optimization of both α0 and the kinetic triplet 

starting from the time of the real beginning of the experiment which is at room temperature in our 

example.   

The influence of the α0 value on the prediction of the reaction progress is shown in Fig.3 depicting the 

simulated α-T dependence from 25°C for different α0 values at time t0=0 under non-isothermal (1 K·min
-

1
) and α-t under isothermal conditions (25°C) respectively. For both temperature programs it can be 

observed that the prediction of the reaction progress strongly depends on the introduced α0 value. 
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Figure 3:  Autocatalytic reaction f(αααα)=(1- α α α α)
n

αααα
 m

 with n and m=1, A=1E10 s
-1

, E=100 kJ.mol
-1

: (A) αααα-

T dependence in non-isothermal conditions (ββββ=1K·min
-1

) as a function of the αααα0 value at room 

temperature (marked on curves). (B) Isothermal αααα-t dependence on the αααα0 value at 25
o
C. 

 

It is commonly assumed that at the time t0=0 of the experimentally found beginning of the reaction 

(somewhere in the range 167-171
o
C in the case presented in Fig.2) the reaction extent α0' is negligible, 

amounting to very small, arbitrarily chosen values such as 1E-5, 1E-10 or 1E-15. In the case of kinetic 

elaboration of the experimental data being identical with those obtained during our simulation, only the 

application of both  

(i) the identical, or statistically equivalent kinetic triplet i.e. f(α)=(1-α)
n
α

m
  with n and m=1, A=1e10 s

-1
, 

E=100 kJ·mol
-1  

 

(ii) and the assumed value of α0=1E-10 

results in the accurate prediction of the reaction course.  The other cases where α0' ≠ α0 i.e. for (i) α0'=1E-

5 and (ii) α0'=1E-15 will lead to wrong predictions.  
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If assumed α0' value is larger than the correct one i.e. when α0<α0', e.g. α0'=1E-5 then we have: 
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In this case the time passing from α0=1E-10 (when t=t0=0 second) to α0'=1E-5 (when t=t0
'
>0 second) is 

not taken into consideration. The missing time amounts to the first term in above equation. Such case 

illustrates the situation already presented in Fig.2 when at the temperature of 167°C “experimentally” 

chosen as the beginning of the reaction the reaction extent α0' amounts to 1E-5.  

 

If assumed α0 value is smaller than the correct one i.e.  α0'<α0, e.g. α0'=1E-15 then we have: 
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In this case some additional time passing from α0'=1E-15 to α0=1E-10 (when t=t0=0 second) is introduced 

into simulations.  

 

These apparently negligible differences between assumed α0' and correct α0 values have significant 

influence on the results of the simulation of the reaction course. The simulations shown in Fig.3B indicate 

that the time required for reaching 50% conversion at 25
°
C decreases from 24.2 years if the correct 

α0'=α0 value (1E-10) is applied in simulations to 12.1 years if α0' value is taken too large (1E-5) or 

increases to 36.3 years if α0' value is taken too small (1E-15).  

 

 

3. PREDICTION OF THE REACTION COURSE OF NON-AUTOCATALYTIC REACTIONS 

 

The influence of the α0 value on the correct prediction of the α-time or α-temperature dependence 

is not an intrinsic property of the autocatalytic reactions only. For all reaction models characterized by the 

presence of the acceleratory period the choice of α0 value will result in certain shift of the reaction range 

along the time or temperature axis. This shift is the highest for the sigmoidal reaction profiles 

characteristic for autocatalytic models of Prout–Tompkins (PT) or nucleation controlled as Avrami-

Erofeev (A), see Fig.1. The influence of α0 value is smaller, but still observable in the acceleratory type 

reactions (P). Note, that not only the kind of reaction model but also the value of the exponents in the 

specific f(α) functions will also play a role: increasing n values in (P) and (A) models which corresponds 

to increasing m value in (PT) model by increasing autocatalytic character of the reactions underlines the 

importance of the introduction of the correct α0 value into calculations. In the case of decelerator type 

reactions (n-th order reactions, curves R3 and F1 in Fig.1) the choice of α0 value has no observable 

influence on the results of simulations. 

The illustration of above remarks is presented in Fig.4 depicting influence of the change of the α0 values 

on the course of the power-law (P4) and Avrami-Erofeev (A4) reactions, respectively. The simulation 

parameters are identical as those applied in simulation of the autocatalytic Prout-Tompkins (PT) type 

reaction shown in Fig.2. 
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Figure 4: Influence of the αααα0 value used for the αααα-time prediction on the reaction extent at 25°C for: 

A) power-law (P4) and B) Avrami-Erofeev (A4) type reactions. The values of αααα0 are marked on the 

curves. 

 

 

4. INFLUENCE OF THE SAMPLE AGING ON ITS THERMAL BEHAVIOR 

 

The results of simulation of the influence of the α0 value on the predicted course of the 

autocatalytic-type reactions shown in Fig.3 indicate that even small changes of the reaction extent may 

significantly influence the thermal behavior of the materials. On the second hand, this relationship is 

much less important for other reaction models or, in the case of n-th order models as often used first-order 

kinetics, even negligible. In order to illustrate more exactly this conclusion we present the simulated data 

showing how the sample aging under real climate conditions can influence the important, from practical 

point of view, properties of the materials not only in mg scale, as presented above, but also in kg and ton 

scales. For the simulation the meteorological temperature profile of Riyadh, Saudi Arabia was applied. 

The simulation of the reaction progress of the material decomposing according to PT model with the 

following simulation parameters E=100 kJ·mol
-1

, A=3E10 sec
-1

, f(α)=(1-α)
n
α

m
 with n and m=1, α0 =1E-

10, ∆Hr=-500 J·g
-1

, Cp= 1.8 J·(g·K)
-1

, λ=0.3 W·(m·K)
-1

 and h=5 W·(m
2
·K)

-1
 stored 4 years in Saudi 

Arabia is presented in Fig.5. 

 

During storage the material is aged, note the increasing of the reaction extent in time, after ca. 2.3 years 

the reaction extent α amounts to ca. 1E-4 (decomposition degree of 0.01%). This continuous change of 

the reaction progress α influences the material properties which we show in Fig. 5C by presenting the 

results of the simulation of: 

(i) the temperature of the peak maximum of the DSC signal (TDSCmax) under non-isothermal conditions 

(from 25°C and 1 K·min
-1

) (mg-scale), 
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(ii) the Self Accelerating Decomposition Temperature (SADT) applied during the transport or storage of 

dangerous chemicals (kg-scale) [6], 

(iii) the initial temperature resulting in a Time to Maximum Rate under adiabatic conditions of 24h 

(Tinit,TMRad24) (ton-scale). 

The detailed description of the method of determination of TMRad and SADT on the basis of kinetic 

parameters and proper heat balance is described in [7] and [8], respectively.  

The results of simulation of the same dependences as presented in Fig.5 for autocatalytic reaction model 

but this time for  the material decomposing according to the first-order model with the following 

simulation parameters E=100 kJ·mol
-1

, A=2E8 sec
-1

, f(α)=(1-α)
n 

 with n =1, α0 =1E-10, ∆Hr=-500 J·g
-1

, 

Cp= 1.8 J·(g·K)
-1

, λ=0.3 W·(m·K)
-1

 and h=5 W·(m
2
·K)

-1 
are depicted in Fig. 6.  
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Figure 5: Simulation of the thermal behavior of the material decomposing according to 

autocatalytic  kinetic model during storage in Saudi Arabia: A) Daily temperature fluctuation in 

Riyadh, Saudi Arabia, B) Simulated reaction extent (input parameters see text); and C) TDSCmax , 

SADT and TinitTMRad24. 
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Figure 6: Simulation of the reaction extent αααα (input parameters see text), TDSCmax , SADT and 

Tinit,TMRad24 for the material decomposing according to the first-order kinetic model during storage 

in Saudi Arabia. 

 

The additional information i.e. the dependence of α value on the storage time is submitted in the Table 1 

for both models i.e. PT and F1. 

 

Table 1: 

 Simulated change of the reaction progress αααα, , , , TDSCmax, SADT and Tinit,TMRad24 for the samples 

decomposed according to PT (autocatalytic) and F1 (first-order) models during storage in Saudi 

Arabia. 

 PT F1 

α 
time 

(years) 

TDSCmax 

(°C) 

SADT 

(°C) 

Tinit,TMRad24 

(°C) 

time 

(years) 

TDSCmax 

(°C) 

SADT 

(°C) 

Tinit,TMRad24 

(°C) 

1E-10 0 160.2 75 96.61 0 188 75 84.49 

1E-09 0.52 158.6 74 95.17 3E-7 188 75 84.49 

1E-08 0.67 156.95 72 93.53 4E-6 188 75 84.49 

1E-07 1.18 155.1 70 91.63 4E-5 188 75 84.49 

1E-06 1.53 152.9 69 89.36 3.5E-4 188 75 84.49 

1E-05 1.68 150.4 66 86.53 1.5E-3 188 75 84.49 

1E-04 2.29 147.4 63 82.76 1.5E-2 188 75 84.49 

1E-03 2.54 143.7 59 77.27 1.6E-1 188 75 84.5 

1E-02 2.69 138.8 53 68.4 4.6E-1 188 75 84.61 

1E-01 3.36 131.65 45 54.77 2.52 188 76 85.76 
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5. CONCLUSION 
 

For different kinetic models describing the decomposition reaction the problem of the proper 

choice of α0 value during simulation of the thermal behavior has different importance. For some as n-th 

order it does not influence the predictions, for some, as Avrami-Erofeev type, has very small impact, 

however for the autocatalytic type reactions the use of correct α0 is of great importance. During prediction 

of the reaction course at any temperature profile one has to use the kinetic quartet in which the α0 value is 

additionally inserted beside the commonly applied kinetic triplet A, E and f(α). The numerical 

optimization of the kinetic quartet to obtain the best fit of the experimental results has to be performed 

starting from the beginning of the experiment at ambient temperature not from the point of experimentally 

detected reaction beginning. The introduction of the correct α0 value into simulations allows predicting 

severe changes of the thermal properties of the autocatalytically decomposed materials such as 

temperature of the DSC peak maximum, SADT or the initial temperature resulting in a Time to Maximum 

Rate under adiabatic conditions of 24h.  
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A Screening Method to Evaluate the Performance of Decoy Flares

M. Hihkiö, Defence Forces Technical Research Centre (PVTT), Ylöjärvi, Finland

ABSTRACT

The MTV-flares are produced for use in aircraft countermeasures system to combat heat seeking missiles.
The aim of this work was to develop a testing system that could be used to evaluate the performance of
various flares. Therefore such testing methods were selected which will give information on both the
functioning and the IR-response of flares. The study was carried out at Defence Forces Technical
Research Centre (PVTT) with different MTV flares. The measurements which were used to evaluate the
functioning were the burning time, the ejection speed and the burning temperature. The measurements
were done with a thermal camera and video recording. Radiometric measurements were conducted on
MTV flares to determine the IR-response of flares. All measurements were done as static and dynamic
testing. In the static testing the flares were burned on a specially built steel holder 1.7 meter above the
ground. In the static testing the flares were ignited by electric igniters. In the dynamic testing the flares
are loaded in a magazine and installed into a dispenser mounted on a specially built support. The flares
were fired from the dispenser by ignition the impulse cartridge.

1 INTRODUCTION

Countermeasure flares (most commonly MTV Magnesium-Teflon-Viton) are produced for use in
aircraft countermeasure dispensers to combat heat seeking missiles. The aim of this work was to develop
a screening method that could be used to evaluate the performance of various MTV-flares. Therefore such
testing methods were selected which will give information on both the functioning and the IR-response of
flares. The study was carried out at Defence Forces Technical Research Centre (PVTT) with various
MTV flares.

2 EXPERIMENTAL

The measurements that were used to evaluate the functioning were the burning time, the ejection
speed and the burning temperature. The measurements were done with Thermal camera FLIR SC 7600 M
MWIR (SW 3.6 - 5.1 µm, calibrated 1500 - 3000 °C) and high-speed video Olympus I-Speed 3
equipment (maximum 150 000 frames/s). Radiometric measurements with SR5000-spectroradiometer
with a frequency of 30 Hz were conducted on MTV flares to determine the IR-response of flares. The
used field of views (FOV) of spectroradiometer was 6 mrad. The radius of FOV at the target range was
about 1 m. Distance between the camera and flare was 170 m.

All measurements were done as static and dynamic testing. In the static testing the flares were
burned on a specially built steel holder 1.7 meter above the ground. In the static testing the flares were
ignited by electric igniters. In the dynamic testing (Fig.1) the flares are loaded in a magazine and installed
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into a dispenser mounted on a specially built support. The flares were fired from the dispenser by ignition
the impulse cartridge. The flares were launched in same angle than there were launched from the
dispenser of helicopter. In the fig. 2 there is a picture of MTV-flare launched from a dispenser in the
dynamic testing.

Fig 1. Dynamic testing.

3 RESULTS

A lot of factors affect on radiometric results i.e. burning area, distance, calibration, atmospheric
transmission, background radiation etc under field conditions. Therefore the measurements are all done in
similar weather conditions as much as possible. Every time we have also used a reference flare (one flare
from the same lot). Analysis has also been done on the same way for the purpose of comparison between
different flares.

The ratio between the radiance (versus time) in two main IR transmission windows of the
atmosphere (3 - 5 µm and 8 - 11 µm) has been used to evaluate the IR response of the decoy flares.
Burning temperature of a flare was analysed from thermal camera measurements. High speed camera has
been used to measure the operation time and also the ejection speed from the dispenser.
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Fig 2. MTV-flare launched from a dispenser

4. CONCLUSIONS

Functioning and IR-response of flares were measured under field conditions. This screening
method is a very good and resources saving way to evaluate and compare the performance of decoy
flares.  The next step is to dispense flares from a bypassing helicopter/aircraft and measure IR-response in
real conditions. The results can also be used when studying the ageing of flares especially for the lifetime
prediction of ammunition
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Abstract

Pyrotechnic manufacture has often been dubbed a “black art” by those from outside the industry. The
issues lie not only with the plethora of formulations required to achieve the various pyrotechnic
effects but also in the preparation of the mixes and the installation of the materials into stores and
devices of various types. Consideration must be given to the chemistry in the mixture, the morphology
of the powders involved in the formulation and the engineering required both to install the device and
to protect it from environmental effects. Therefore the training and development of early career staff
in the science of pyrotechnics presents a significant challenge as there is both explicit and tacit
knowledge to impart to the would be student. This paper discusses some of the principles, tools and
techniques that can be used to facilitate this process.

++++++++++++
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Introduction

I began my pyrotechnic training back in 1979 at the now defunct Royal Ordance factory at Chorley
north of England. I was told I was going to join the Pyrotechnics group and act as the liaison between
the research facility at R.A.R.D.E in Kent and R.O.F. Chorley. I had a degree in chemistry and an
inherent curiosity for how one could set fire to things but that was about it. I knew nothing of the
world I now work in. How, then, did I progress from knowing nothing to knowing something?
Moreover as I progressed how could I make sure my thoughts were noted down so that others could
learn from my experiences?

Learning is more than sitting down and assembling the facts from a book. Different individuals and
groups react differently to different methods of teaching Other people I worked with, and even
competed with would be willing to pass on the benefits of their experience to me and I began to learn
from discussion with my colleagues, I had begun to develop a network of trusted contacts, a network
that passed on its knowledge in many different ways, written reports and papers being one medium.
Some gave lectures, some gave practical demonstrations in the laboratory and some just chatted but
all passed on the benefits of their knowledge.

The formulation or recipe, the bit of the world I considered the key to the issue when I first started out
was only part of the problem of achieving the required performance. How you made the composition,
what you made it from, what machinery you used and how you installed your composition into the
device you were making were equally important. You had a system where one change “knocks on” to
others. Things were indeed getting complicated and passing this knowledge was not going to be an
easy task.

Knowledge Management

Hence we come onto the subject of knowledge management. They didn’t call it that when I was a
student. They called it training and some training was good and some training was bad. However
there is a difference between training and knowledge management. There is a recognition that a
percentage of the knowledge one acquires over the years is not written down. This is described by
Knowledge Management professionals as tacit knowledge.

The difference between tacit and explicit knowledge is as defined below.1

 Explicit knowledge can be recorded digitally in documents, records, patents and other

intellectual property artefacts. Explicit knowledge is representational and can live and be

manipulated within the digital domain. Converting data-to-information, and information-to-

knowledge describes a value continuum of explicit knowledge. The tools and business

processes of KM are intended to enhance this continuum of value.

 Tacit knowledge is made up of best practices, experience, wisdom and unrecordable

intellectual property that live within individuals and teams. Since tacit knowledge exists

within minds, it cannot be reduced to the digital domain as a material asset, or be manipulated

directly. However, it expresses in the social realm as the response ability of individuals

(productivity, innovation and initiative), and teamwork (communication, coordination and

collaboration).
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Defining Knowledge Management.

There are several different, and sometimes quite confusing statements that claim to be a definition of
Knowledge Management (KM) and there are different perspectives on what Knowledge Management
is. For example:

▪ KM is about systems and technologies  
▪ KM is about people and learning organisations  
▪ KM is about processes, methods and techniques  
▪ KM is about managing knowledge assets  
▪ KM is a holistic initiative across the entire organisation  
▪ KM is not a discipline, as such, and should be an integral part of every knowledge workers 
daily responsibilities

Most of the energetic materials community at large do not profess to be KM professionals. Moreover
they are precisely what KM professionals are keen on targeting. Vastly experienced individuals with
much of their experience carried in their heads. The important factor here is to recognise that this is
the case and is an issue. It then becomes incumbent on the governance regime to arrange the design
and development processes in the organisation so they are well equipped to extract this knowledge
and record it for those who will need it later on.

This is often set against a background of projects which are not conducive to good KM practice or a
least described as such by those who work within them. Projects where there are significant gaps
between production runs, failed bids and emergency solutions which are hurriedly implemented all
require careful application of KM techniques but rarely get the attention they deserve. The job is
completed and life moves on to the next urgent issue in the pipeline. The net result being that projects
are “put away” poorly and important data is lost.

From personal experience is most important is for you to have your own definition of Knowledge
Management; what KM is to you and your organisation. What is even more important is that you and
your colleagues have a 'common shared understanding' of what KM means for your organisation.

I have included immediately below a few definitions of what KM means to some organisations
worldwide. I suggest you consider them, together with any other definitions you may have, and see if
there are any words or phrases that particularly 'resonate' with what you are trying to do in your own
organisations. This will help you formulate your own definition of knowledge management.

Some KM Observations 2

 "If only HP knew what it knows it would make three times more profit tomorrow"

Lew Platt, ex CEO Hewlett Packard

 "Knowledge Management is the discipline of enabling individuals, teams and entire
organisations to collectively and systematically create, share and apply knowledge, to
better achieve their objectives"

Ron Young, CEO/CKO Knowledge Associates International
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 "Most activities or tasks are not one-time events. Whether its drilling a well or
conducting a transaction at a service station, we do the same things repeatedly. Our
philosophy is fairly simple: every time we do something again, we should do it better
than the last time".

Sir John Steely Browne, BP, Harvard Business Review, 1997.

 "The capabilities by which communities within an organisation capture the
knowledge that is critical to them, constantly improve it and make it available in the
most effective manner to those who need it, so that they can exploit it creatively to
add value as a normal part of their work"

GlaxoSmithKline

 "Knowledge management will deliver outstanding collaboration and partnership
working. It will ensure the region maximizes the value of its information and
knowledge assets and it will help its citizens to use their creativity and skills better,
leading to improved effectiveness and greater innovation".

West Midlands Regional Observatory, UK

From a personal perspective the key element in KM is culture. This in turn involves that most difficult
asset in any business, the people. Development of the knowledge sharing culture is perhaps the
biggest key to success any business or science can have. Some will say “We have that already” some
will look a little forlorn at the prospect. What I’d like to do in this paper is to share some of the tools
and techniques that are helping BAE SYSTEMS and GCSM in particular to an improved knowledge
sharing culture.

Systems Engineering.

Systems Engineering is an often overused term but in the context of this paper the tools and
techniques used within the discipline are extremely useful for organising the collective knowledge of
the design team. A structured approach to a design problem whether moving forward from a set of
requirements, to a concept and then to the product or backwards from a given design, exploring the
functionality of features within a legacy item.3 This latter operation brings out tacit knowledge and
helps to educate the design team who may not have seen the item before. The framework within the
toolkit produces a series of diagrams or spread sheet elements which may then be linked to the
appropriate project documentation but maintaining the all-important structure.

The process used at GCSM extends to the consideration of the manufacturing process. This is an area
where a great deal of tacit information is unearthed. Just how we make what we make is critical to the
manufacture of a safe product via a safe process. Extraction of what is actually known about a
production process is a safety critical operation.
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Fig.1. The Systems Engineering Design Process

Functionality is a useful means of developing a concept and exploring a design. The diagrams below
develop a functional description of a tracer capsule. The first step in the discussion of the design is to
determine what components are assembled and identify from there what the key features are. Note the
key features may not be an actual component or object. The void under the tracer closure disc is
identified as this has a key function to perform in the system in question.

Fig.2. Identification of Components and Features.

The second step assigns a function to each of the features. Depending on the complexity of the design
the debate around the functionality should help describe the functions. The features that provide the
functionality will be “old hat” to some of the design team but new ground to others. A learning
opportunity is presented.
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The figure 3 below shows the tracer cup with the assigned functionality.

Fig.3. Identification of Component Functionality.

Assigning functionality to existing components helps to describe the designs functional requirements.
For a new design the functional requirements are extracted and analysed from first principles.
Whether looking backwards or forwards in our design process the Function Means Analysis allows
the design team to discuss and brainstorm out the means of achieving the design and process
functionalities. The key element here is the capture of the design rationale. Just why did we do it that
way? Is a new method of manufacture now available to us? What are the alternatives? Have they been
considered before?

Fig.4. Function Means Table

Function
Generate Coloured Light LED Light Bulb Mg: Sr Mg: Ba Al: Sr Al: Ba B: Sr B: Ba

Protect Against Set-Back Remove Set Back

Soft Launch

Matched press

load Use Liner Lacquer Liner cardboard Liner bitumen Binder in GEL

Maintain Cigarette Burn features on pre-

pellets

Matched press

load Use Liner Lacquer Liner cardboard Liner bitumen None

Control Pre-pellet

size

Control Tracer Lighting Pressure
Fancy Propellant Washer Turn over

Change

Compression of

tracer

Control Moisture Ingress Binder in GEL Binder in Lighting Varnish Mechanical Seal O Seal Dry Propellant Use Intermediary Dry Solvents

Seal Disk and Lip Turn Over Varnish Mechanical Seal O Seal

Transfer Ignition
Dedicated

Composition None Transfer Mix

Burn Rate

Matching

Conduction

Additives

Control Pressure on Face of Tracer Washer Disk Rupture None Robust Lighting Feature on Face

Increases Tracer Surface Area Big Tracer Feature on Face

Bigger Tracer

Grains

Protect From Barrel Pressure Use BaO2 Use Bitumen

Lower Barrel

Pressure

Light Coloured Light Generator Remote Laser Beam up Match

Electrical

matching Round BaO2

Bitumen

Composition Si Composition

Provide Space for Disk Colapse
Smaller

collapsing Disk Combustible Disk Matched Void Timed Shutter

Transport Tracer Guided Round DEW Round

Impart Spin
Smooth Bore -

Don't Rifling Spin Launcher Fins

Slipping Driving

Band

Generate Thrust Propellant Compressed Air Rocket EMG

Low Vulnerability

Propellant

Means
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We’ve now considered the functionality of the design, the thing we are making, but how do we make
it? Again the operations in the process may be considered as functions. For example Mix, press, load,
consolidate and close are functions that can be considered as critical steps in the process that will need
to be controlled and those controls also then relate to the performance and safety of the design itself.

Plotting the functions against the features that provide them helps to extract and illustrate knowledge
and convert it from tacit to explicit. The features are plotted in a matrix format as illustrated below.
Where we have a one to one relationship of feature to function we obtain a leading diagonal
relationship that is intuitive and easy to manage. However some functions are more important than
others and there are invariably interdependencies in the subsystem. The process uses Quality Function
Deployment (QFD) techniques which help to drive out key functions, highlight the features
responsible for delivering more than one functions and also highlight the functions dependent upon a
combination of design features.

Figure 5 Simplified QFD2 Matrix.

The identification of these interdependencies is crucial to understanding the true mode of operation of
any design. Many times an adjustment has been made to one component to augment one particular
function without realising there may be a detrimental effect elsewhere in the system. This is termed
undesirable emergent behaviour by Systems Engineers. For example barium peroxide is the oxidant of
choice in many tracer ignition compounds. It not only reacts with magnesium to provide the heat
required to ignite the main tracer composition but also compresses to a very low percentage of voids
giving a surface finish that will protect the face of the tracer on the journey up the barrel. Adjustments
to any formulation should consider both functions or else some dramatic failures will be observed.

Our design and process must also be robust against the noises that impinge upon it from the outside
world. We will need to explore the sensitivity of our process to natural variations. On the process side
of life this is the area where the experienced operators may have introduced “work rounds”. The
operators will modify the process to help eradicate natural variances in the process. It important that
these are captured and introduced in a controlled way to the process or perhaps even discouraged and
replaced with a better option should they have presented a safety hazard.
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Simple examples are allowing the hydraulic oil to warm up in a press before setting the required load,
softening of “kit” or luting prior to its use to pick and place detonators in a fuze systems and the early
delivery of composition tracer pellets to the shop so that they can condition to the correct temperature
before being installed into tracer. At GCSM we have started using a parameter diagram to capture
these noises and controls during our manufacturing reviews and during knowledge capture sessions
with our experienced staff. The parameter diagram captures the noises and controls and presents them
as illustrated in figure 6. The noises are considered in three different families:-

 Unit to unit, the natural statistical variation in an ingredient or component.
 Deterioration effects through the life of the design or process.
 External effects such as human factors, temperature and humidity.

Fig. 6 Parameter diagram

Signal Factors

P-Diagram

Author:
Date:
Issue:

System:

Noise Factors Environmental Noise Factor Deterioration

System

Noise Factors Unit to Unit

Control Factors

Output

The degree to which each control or noise affects the process may be assessed by use of the “what
why” table. The influence of each noise is assessed and plotted against each control. A control with
many hits from various different noises is not a good control and a noise that impinges on many
controls must be dealt with. What has this got to do with tacit knowledge? By discussing the controls
and noises as a design team the ad hoc processes and “cheats” adopted by the experienced staff are
revealed and brought under formal control. In our examples a set warm up time was added to the press
cycle at the beginning of each shift so that the applied load was as measured throughout the day and
variation due to warmer less viscous oil was removed, specially designed tweezers with shaped ends
replaced the kit stick so the detonators weren’t dropped and a conditioning time was defined for the
pyrotechnic composition and formally brought under process control to eliminate problems caused by
condensation. More importantly, the reasons why the changes were made were explained and
recorded.
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Fig 7 What Why? Table.

What Why Table

Scope Creep.

A knowledge acquisition project or programme can be a difficult thing to focus or more particularly to
keep focussed during its lifetime. The critical aspect will be the identification of knowledge gaps and
an assessment of the criticality of the gaps to the any particular programme. The systems engineering
techniques described above help provide this focus by identifying the critical functions in the process
or design and also matching them against a means of achieving the defined function. There are
instances where the knowledge. is softer in context or the perhaps more generic in nature. The
prevention of scope creep in these instances is more difficult but a structured approach can be taken
by once again using a divergent followed by a convergent thinking process.

Start by mapping the issue. Consider what you need to know to have a grasp of the subject in question
and draw a representation of it in a mind map or spray diagram. This is the divergent thinking part of
the operation. For pyrotechnics in particular the links may spread out into a multitude areas from the
chemistry at its core. The knowledge associated with the installation of devices into various stores, the
manufacturing processes, safety characteristics and their assessment and the performance trials and
testing will all be present on the knowledge map. Each of these areas will have their own subsections
and the family tree can go down to increased levels of detail below the secondary titles. We have
scope creep.

We need to pull back the scope of our original question and be able to target areas where we feel there
is a knowledge gap. One way of achieving a prioritisation is to ask four questions of each identified
area and allocate a score against each.

1. How critical is this knowledge for my project?
 Score high for high criticality

2. How frequently will it be used in the project?
 Score high for high frequency

3. How long does it take to acquire this knowledge?
 Score high for lengthy learning curves.

4. How many people in the team have this knowledge?
 Score high for small populations.

Taking a summation of the scores will assist in the prioritisation and control the creep. The answers
supplied to the four questions may also help the project focus on how it is going to overcome the Any
apparent gaps in knowledge. The knowledge management tools detailed in the following sections may
be useful in further identifying and closing the gaps.
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Formal Training Courses.

Handling explosives safely and understanding the legal requirements for their manufacture storage
and transport is a fundamental requirement in GCSM. The central Safety, Health and Environment
function delivers this training via our Explosives Safety Management Couse. The course includes an
introduction to the various explosive types and their characterisation. The understanding of the use of
energetics in ammunition the design and testing of functioning stores needed to be developed further
so GCSM embarked on the creation of the Ammunition Design Course and the Trails Training
Course.

Exploring the design and manufacture of ammunition cannot be done without the basic understanding
of the system design requirements. GCSM has developed suite of training courses to provide an
education in what is a very exacting line. Each course has been designed and developed by specialists
from within the Company and this has provided another means of generating knowledge assets by
virtue of the rich presentation material created. The course has experienced changes in personnel
presenting which has also widened the corporate knowledge as presenter and student alike widens
their experience. The Ammunition Design Course takes both direct and indirect fire ammunition and
explains via simplified design case studies the design criteria for each ammunition type.

The Trials Training Course, again presented by the Company’s specialists explains the procedures,
methods and equipment available for use in ammunition trials. It is another networking opportunity
afforded to the trials and test community not only to inform the student on the correct operating
procedures but also to advertise the capability of the trials and trials support teams. The ‘Design for
Manufacture’ Workshops are the formal vehicle for teaching the use of the Systems Engineering
toolkit referred to at the beginning of this paper. The courses are heavily dependent upon our internal
expertise and are presented as formal chalk and talk sessions plus group exercises that explore the use
of the toolkit in context. They are all held away from the day to day operation of the factory to allow
the student to concentrate and also to promote networking between the students and lecturers alike.

The training courses above provide stimulation for the grey cells but unfortunately no “hands on”
experience. There is no lab work. In this respect CGSM are exploring taking a leap into the use of
gaming technology to teach the correct operating procedure and to pass on some of the more practical
skills associated with explosives manufacture. Like many, I have learned via a series of mistakes,
some spectacular, some costly and some a mixture of both. In present times there is reluctance, an
aversion to allow this direct learning. Businesses are more time and cost conscious and safety is
considered, quite rightly, above everything. The hurt that follows an incident, both physical and
mental is very unpleasant to say the least. So how could I allow the freedom to learn from mistakes to
occur without harming property or person?

The answer came after a visit to a Knowledge and Innovation Network. Could I use virtual reality
technology and develop a learning game? Gaming technology is already being used to train police
officers, firemen and paramedics in several scenarios. It has several advantages in this respect. You
don’t have to wreck vehicles, you don’t have to deal with the oil spills and the airbags aren’t
dangerous. Games have other influences. I’ve also noticed in my sports coaching that kids using the
x-box are more tactically aware and also have developed better techniques in the real game.

The sports games depend on a series of fault trees applying “If, And and Nor” logic. We are
attempting to create a similar game to develop explosive handling skills. The students will be set a
challenge to manufacture a composition for a specific task. They will have to select the correct
composition, identify the safety hazards and take appropriate action to mitigate against them. They
will then have the opportunity to choose their working environment and equipment from a candidate
list and move through the game until the required quantity of composition has been manufactured and
packed.
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Access to expert tuition is available by the “Ask the Expert” route so beloved of adventure gamers
and also via printed media held in the virtual office. In this way we are not only creating a game
where knowledge is transmitted to an individual but we also collect tacit and explicit knowledge on
our pyrotechnic processes so that we have a fair and realistic environment for the student to train in.

Knowledge Management Tools

Our association with the Knowledge Innovation Network has provided us with insight of the benefit
of other companies experience with various Knowledge Management tools. We are developing
technical communities of practice firstly by nominating technical specialists in key knowledge
domains within the company and then by extending this community to the scientific and engineering
community at large. Before engaging in the development of such communities it is well worth reading
about and obtaining views on other companies’ experiences. There are many preconceived ideas
about what communities of practice actually do and don’t do.4

From my perspective the key elements are to get management “buy in” for the community from the
onset. Funding will be required to bring the community together and arrange meetings, functions and
networking sessions whether this is done virtually or face to face. The community needs to state its
purpose clearly and also advertise the benefit of the community both to the business and to the
members. It is also important that the communities are not “over managed” There has to be a degree
of freedom in the operations and development of the community at large. If it is pressurised it will not
flourish.

Knowledge markets5 can be a useful method of sorting required knowledge and identifying knowledge
gaps in a structured fashion. The method is simple is as much that knowledge “wants” concerning a
particular issue are expressed and matched with knowledge “offers”. The method is best carried out in
a workshop or meeting forum where circulation and networking is encouraged. The wants and offers
have to be well expressed and understood. That is written in the appropriate language to allow the
audience to understand them fully.

The wants and offers may then be joined and matched. A series of offers surrounding a want and there
would appear to be many solutions to that particular issue. The problem needs to be analysed to reveal
the front runners. A series of wants surrounding an offer and we have discovered a key piece of
knowledge. We therefore may have need for a master class in a particular subject. An isolated want is
a problem to be solved, a knowledge gap. Isolated offers are solutions awaiting a problem, knowledge
that is not a critical issue at this particular time. By analysis of the groupings, priorities for knowledge
acquisition, training or communication can be established.

The opinion and experiences of one’s peers is valuable at any time when facing a problem. Peer
Assists provide a structured rout for obtaining this advice. The problem holder presents the issue and
there follows a brief question and answer session. The problem holder then leaves the meeting and the
peers debate the best solution to the issue. Some of the other techniques may be applicable in
formalising this discussion. Once the conclusion has been reached the problem holder returns and the
outcome of the meeting is presented.6

Wikipedia has been a revelation in knowledge circles. It is a collection of knowledge built by
contributions from the public at large. Why then can we not have a “pyro wiki” for practitioners
inside the company? The advantages being that the record is permanent rather than transient, as in an
‘e’ mail. BAE Systems provide a Wiki via Confluence software. Pages have been created on various,
and not always technical, topics. The technical content is growing as various specialists within the
company deposit assets and discussion pages. However, the discussion seems a difficult thing to
generate. This seems to happen naturally over the ‘e’ mail system but people seem reluctant to have
these debates in public. Other companies have reported similar issues when setting up a Wiki facility.
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The medium takes time to grow as trust in the user community grows. This is not an instantaneous
process.

The Wiki does bring the discussion round full circle. Business, resource and cost pressures mean that
the days of the formal course may be numbered. Gathering twenty plus bodies together for a formal
course at an offsite venue is becoming more and more difficult to justify. The wiki will provide the
repository and the gateway to the materials collated and presented on the ammunition, trials and
design for manufacture courses. This is becoming more important as the sheer volume of material
being generated exceeds the space to deliver it on a course.

After action reviews or lessons learned reviews provide an immediate feedback on an event or
programme. The participants in a programme or event are asked to describe what went well and what
went not so well and the comments are recorded. The participants are then asked to score the event
out of ten and suggest an improvement that would give the event full marks. Actions are then taken to
ensure this learning is embedded in future events. After action reviews are completed after each
training course and the courses mentioned above have benefited from this feedback.

Summary and Conclusions

Knowledge capture and exchange in the explosives industry is critical to the continued safe operation
of our research, development and manufacturing facilities. The systems engineering approach
proposed in this paper and the tools and techniques associated with it have provided a means of
capturing tacit knowledge and communicating it across the multi-disciplined teams within the
business.

Having a structure to this knowledge, a framework that develops from an initial requirement, to a
function and on to a conceptual design and process, has assisted enormously in cross discipline
understanding. The variety of tools and approaches have benefitted the community as the gathering of
knowledge from within the community is not a “one size fits all” process, Different circumstances
have called for different tools and techniques to be used.

My list of recommendations for successful knowledge capture would be as follows:-

1) Take a structured approach

2) Have a reliable data repository and retrieval system.

3) Promote discussion and debate via a series of tools which keep things fresh

4) Promote networking

5) Do your after action reviews and act on them.

6) Develop an expectation of appropriately archiving and referencing knowledge assets at
the end of a project or phase. Put it away properly and you can pick it up later.

7) Use the systems toolkit before starting actual work, particularly referencing knowledge
assets gathered from similar projects.
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ABSTRACT

Safety is of paramount importance in the handling, processing and storage of explosives. Low speed
impact has been identified as a credible ignition source that can occur during accident scenarios. To
provide experimental evidence for the assessment of the threat created by such impacts, work has been
ongoing at AWE and LLNL to measure the response of explosives to low speed spigot impact over a
range of scales. In this paper the experimental results from impacts on three different HMX based Plastic
Bonded Explosives, are presented. The explosives ranged from 90% to 95% by weight HMX content and
had three different binders (HTPB Polyurethane, Viton A and a blend of NC and K10 liquid plasticizer).
The experiments represent a basic spigot impact into bare unconfined explosives. Initial modelling results
using the High Explosive Violent Reaction Model HERMES, as implemented in the LSTC finite element
code LS-DYNA, are presented. The modelling results are compared qualitatively with the experimental
data. In particular, the locations of predicted high values of the HERMES ignition parameter are
compared with the available evidence of ignition location. Plots of the growth of the reaction with time
are also presented.

Introduction

Low speed impact has been identified as a credible ignition source that can occur during accident
scenarios. To provide evidence based assessment of the threat posed by such impacts, work has been
ongoing at AWE and LLNL to measure the response of explosives to low speed spigot impact over a
range of scales. Work has been reported previously on the impact response of explosive in the LLNL
Steven Test [1], the AWE Steven test vehicle [2] and in a controlled Spigot Intrusion Vehicle [3], the
results from these experiments give an indication of the threshold velocity for reaction under different
confinement. These experiments afford heavy confinement which not only masks the response of the
explosive but in many cases is not representative of a real accident scenario. In this series of experiments
the aim is to impact the explosives in a transparent vehicle that allows the visualisation of the material
motion and the monitoring of the onset and growth of reaction. High speed video footage along with blast
overpressure measurements can then be used as metrics of the violence of the explosion.

Development of a predictive model for ignition in projectile impact scenarios has been ongoing at
AWE for a number of years. The current model in use at AWE to assess explosive reaction is the code
HERMES as implemented by Jack Reaugh of LLNL in the LSTC finite element code LS-DYNA.
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Experimental

Material

Three different plastic bonded explosives were used in this series of experiments, ranging from 90% to
95% HMX content by weight. PBX1 has 91% HMX explosive content and a mixed binder of 1%
Nitrocellulose and 8% K10 Liquid plasticiser (K10 is a mix of Trinitroethybenzene and
Dinitroethylbenzene) PBX1 was isostatically pressed to 1.84gcm-3 and machined to size. PBX2 has 95%
HMX explosive and 5% HTPB Polyurethane binder and was isostatically pressed to 1.78gcm-3 and
machined to size. PBX3 has 90% HMX explosive content and 10 % Viton A binder; this sample was die-
pressed to 1.83gcm-3.

TABLE 1 – Material compositions

HE Density
gcm-3

Composition % by weight

PBX1 1.84 HMX Type B
Nitrocellulose
K10

91
1
8

PBX2 1.78 HMX type B
HTPB Polyurethane

95
5

PBX3 1.83 HMX type B
Viton A

90
10

All samples tested used Bridgewater HMX Type B powder, which has a bimodal particle size
distribution with the predominant particle size of less than 45um.

Test Design

The test vehicle was designed to represent a thin spigot impacting a bare HE charge with a semi rigid
back surface. The cylindrical target vehicle has a 10mm thick steel base with a highly polished Perspex
confining ring of height 25.4 mm around the explosive sample of height 25.4 mm and radius 12.7 mm.
The steel base plate has a 5mm diameter recess cut in the centre of the rear face. This feature is designed
to produce a steel flyer when a reaction occurs in the sample. Photon Doppler Velocimetry is used to
record the velocity of the flyer. The mild steel projectile with a 28 mm long hardened steel spigot of
radius 3.175 mm axially mounted at the end was fired from a 50mm smooth bore single stage gas gun.
This spigot length allows it to penetrate the full depth of the explosive charge. The polished Perspex
confining ring provides minimal mechanical confinement to the charge whilst allowing the explosive
material response to be observed normal to the impact axis.
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FIG 1 – Spigot test design

The muzzle velocity of the projectile was measured with two wire coils spaced 100mm apart placed at
the muzzle of the gas gun. This provides a reliable muzzle velocity irrespective of the projectile
shape.Two levels of electrical short time of arrival probes positioned at 600 intervals around the charge,
one set of three at 50.8mm and a second at 40.8mm from the front face of the explosive. As the projectile
approached the vehicle the probes are impacted by the projectiles leading face, the time recorded between
the two probe levels allows the axial velocity to be accurately calculated at the time of impact. Using
three independent probes an approximation of the tilt of the projectile with respect to the explosive
surface at impact can be found by means of a straightforward vector calculation. The probes thus allow a
full description of the impact conditions to be formulated.

FIG 2 – Vehicle installed in the firing chamber
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The material movement and the onset of reaction in the HE was captured using a Photron APX high
speed video camera viewing through the Perspex confinement normal to the impact axis. The onset and
growth of the reaction could be monitored. Blast overpressure gauges were arranged around the test to
monitor any overpressure developed by the reaction.

Results
PBX1
Eight shots were completed on the PBX1 material, initially at 44ms-1 and decreasing to find the

threshold, however ignitions occurred down to 14.2 ms-1. The threshold velocity for this material as
measured in the Steven test is 63±1 ms-1[IV] and for an 8mm spigot the threshold velocity was 17-27 ms-

1(3), the threshold for reaction for PBX1 in this configuration  was expected to lie in the region of 20-30
ms-1.

FIG 3 – Ignition at the rear surface and remnants from Shot 02, PBX1

From the high speed video footage it was seen that in every case the spigot penetrated to the full depth
of the explosive, all ignitions occurred as the spigot pinched material at the back surface. A threshold
velocity for PBX1 could not be measured; the tilt of the projectile at the point of impact could play an
important role, introducing a sharp edge at impact with the rear surface in place of a distributed area.

TABLE 2 – Results for PBX1

Shot Muzzle
Velocity

ms-1

Pin Probe
Velocity

ms-1

Reaction Spigot
Tilt

Deg
02 47.17 44.4 Y 0.7
03 39.7 40.0 Y 0.6
04 35.6 - Y -
05 34.13 33.0 Y 0.5
06 25.24 24.9 Y -
13 19.6 18.7 Y 0.6
14 14.13 14.2 Y 1.6
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PBX2
In the case of the lower density PBX2 material the threshold for reaction was 19.0 – 21.6 ms-1. In this

case is can be seen that ignition occur in similar conditions to the PBX1 as the spigot pinches the rear
surface of the vehicle. The increased material strength in PBX2 over PBX1 due to a stiffer binder requires
a higher impact speed to penetrate to the full depth of the charge, leading to the higher impact threshold
velocity. As the impact velocity is increased the violence as the reactions stays very similar, producing
large fragment from the Perspex ring but not consuming the full sample.

TABLE 3 – Results for PBX2

Shot Muzzle
Velocity
ms-1

Pin Probe
Velocity
ms-1

Reaction Spigot
Tilt

Deg
11 27.13 26.5 Y 0.6
12 22.19 21.6 Y 0.7
10 19.36 19.0 N 1.0

PBX3
As opposed to PBX 1 and PBX2, PBX3 was seen to ignite during the penetration by the spigot, with

ignitions occurring at 7.4mm penetration at 20.0 ms-1 and 9mm penetration at 16.2 ms-1.

FIG 4 – Ignition at 7.4mm penetration, time from impact with explosive surface for shot07, PBX3

The impact velocity threshold for PBX3 is shown to be 13.8-16.2 ms-1, this is lower than PBX2. The
material response in PBX3 to impact is significantly different to PBX1 and PBX2, brittle failure of the
material can be seen early in the penetration, none of the impacts penetrated to pinch with the back face.
As the impact velocity is increased the violence of the reaction is far higher for this material.
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TABLE 4 – Results for PBX3

Shot Muzzle
Velocity

ms-1

Pin Probe
Velocity

ms-1

Reaction Spigot
Tilt
Deg

07 19.6 20.0 Y 1.2
08 15.8 16.2 Y -
09 12.7 13.8 N 1.0

All the sample materials used were manufactured with the same Type B HMX powder the threshold
velocity for reaction was highly dependent on the binder material used. The results show that small
changes in the binder material can produce a large change in the behaviour of the consolidated charge.
The ignition mechanism in the different materials is different, PBX1 and 2 ignited as the spigot pinched
with the rear surface while PBX3 ignited very early in the penetration by the spigot. The violence for all
the reactions seen with PBX1 and PBX2 were of similar amplitude, however the violence was seen to
increase with impact velocity in PBX3. In no cases was the reaction of a sufficient scale to register on the
blast overpressure sensors positioned 1m from around the experiment or to produce a steel flyer from the
rear surface

Modelling

HERMES (High Explosive Response to MEchanical Stimulus) has been developed to predict the
explosive response to low speed impact. HERMES has been implemented as a material model in the
Lagrangian LS-DYNA Finite Element (FE) code. The HERMES model has been applied to simulate the
response of the explosive in the spigot test.

The HERMES model comprises several sub models including a constitutive model for strength,
porosity and surface area through fragmentation, an ignition model, an ignition front propagation model,
and a model for burning after ignition. Thermal effects are not yet explicitly modelled. In the model,
ignition is based on a purely mechanical criterion depending on a time integral of a function of the shear,
equivalent stress, pressure and strain rate as follows:
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Here s1,2,3 are the principal stress deviators, Y is the equivalent stress, p is the pressure, P0 is a
prescribed constant value of pressure, and p  is the plastic strain rate. Ignition is deemed to commence
when Ign reaches a particular (dimensionless) value, determined by undertaking experiments. Further
details are given by Reaugh [V].

For the case of an impact at 40 m/s, Figure 5 shows the deformation of the explosive PBX1 and the
spigot location with contours of the ignition parameter at 200 microseconds after impact. The highest
values of the ignition parameter given by equation (1) are in a ring close to the edge of the front face of
the spigot. This implies that if ignition occurs, it will occur around the front edge of the spigot. In similar
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geometry experiments, evidence of ignition in a ring of radius approximately that of the spigot cross-
section has been observed through sapphire windows at the back of the explosive [VI,VII]. This is
supporting qualitative evidence that ignition of an explosive by a penetrating spigot is indeed driven by
the cumulative effects of pressure, shear and plastic deformation – the variables of which the HERMES
ignition parameter is an integral function.

It is believed that as the explosive flows around the front of the spigot, high pressures, high strain-
rates, and large amounts of shearing occur, which are duly picked up by the ignition parameter integral
function (1). As progression to full pinch occurs it is expected that the pressure will increase everywhere
in the vicinity of the front of the spigot. The flow of the explosive will depend on the confinement and
geometry at this stage and may greatly influence the value of the ignition parameter.

FIG 5 – Contours of the ignition parameter 200 microseconds after an impact at 40 m/s.

The run depicted in Figure 5 failed due to the considerable mesh distortion. The Lagrangian
formulation in LS-Dyna is excellent at tracking interfaces between materials, including important
frictional forces, while the deformations remain moderate. Extreme deformations can distort the elements
to the point where run failure occurs. However, the Lagrangian LS-Dyna code is at least qualitatively
predicting the punching of a hole of the size of the spigot in the explosive as seen in experiment. Work is
ongoing at LLNL to resolve the mesh distortion problem by integrating HERMES in the ALE3D arbitrary
Lagrangian/Eulerian code.

In work on the UK Steven Test [VIII], values of the ignition parameter of the order of 200 were
associated with ignition for PBX1. It is not yet clear whether equation (1) is fully independent of the
target configuration and subsequently whether the same ignition parameter values are appropriate for this
test. In the runs undertaken over the range 10 - 40 m/s no significant burning of the explosive was
predicted before the distortion terminates the run and the values of the ignition parameter stay low, which
is consistent with the Steven Test results.

The growth in the maximum value of the ignition parameter as a function of spigot penetration
distance and impact speed is shown in Figure 6. It is apparent from the plots that the maximum value of
the ignition parameter is more sensitive to the depth of penetration than to the impact speed during the
early stages of penetration well away from pinch. At higher impact speeds greater pressures, stresses, and
plastic strain rates are generated in the explosives than at lower speeds. However at the lower speeds it
takes a longer time to reach any given depth of penetration. As a result the integral in equation 1 shows
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low dependence on the impact velocity during the early stages of penetration by the spigot. The
fluctuations seen in the curves are probably artefacts of the mesh distortion associated with the extreme
deformations and of estimation from the contour plots. It is not yet known whether the value of the
ignition parameter would eventually increase to the values corresponding to ignition seen in the Steven
Test as pinching of the explosive is achieved when the spigot almost fully penetrates it. This is an
important question that will be the subject of future research.
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FIG 6 – Dependence of growth in maximum ignition parameter upon impact speed and depth of
penetration of the spigot.

Conclusion

Experiments on three different HMX based explosives have been undertaken to investigate the
threshold of reaction for a small diameter spigot. The threshold of reaction for two of the materials has
been found, 19.0 – 21.6 ms-1 for PBX2 and slightly lower at 13.8-16.2 ms-1 for PBX3. The threshold for
PBX1 is below 14.2 ms-1. These materials show a different mechanism for initiation, PBX1 and PBX2
ignite as the spigot pinches with the steel back plate, whilst PBX3 ignites as the spigot penetrates the
material.

A model has been developed which gives qualitative agreement between experimental results and
predictions. To date with the Lagrangian formulation the onset of mesh distortion prior to significant
burning prevents full quantitative validation against experiment. To achieve quantitative validation, in
further work it is planned to integrate HERMES in the LLNL code ALE3D.
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Introduction
Sustainable ranges are a vital component of defense readiness.  Increasingly,
energetic materials associated with range activities are being found in
groundwater, soils, and sediments.  Risk assessment methods are used to
determine if the levels of these substances are safe.  This is the principle behind
compliance and clean-up efforts that include the practice of industrial hygiene
and many environmental standards such as ambient air quality standards,
ambient water quality criteria and others.  The derivations of safe values are
determined from an evaluation of controlled toxicity studies as well as other lines
of evidence (e.g., epidemiological data) to determine what exposure conditions
are safe.  Exposure is estimated through sound demographic evaluations of
human physiology and behavior.  However, the concentration of any substance
at the exposure point depends upon its persistence in the environment and its
mobility (i.e., fate and transport).  Analytical field data are often used in concert
with environmental fate and transport models and specific exposure variables
(e.g., amount of air breathed by an average adult during a given amount of
time) to determine the degree of exposure.

Adverse effects from environmental or occupational exposures as a result of the
use of a new energetic material have the potential to significantly affect its
development. Significant occupational risks to soldiers may preclude its use.
Life cycle costs associated with environmental risks can be substantial and need
to be evaluated before new energetic materials are implemented in munitions
and used.  Lessons have been learned with previous use of energetic materials
that were not screened during development.  Examples include RDX, perchlorate
compounds and CL-20.  Continued use of energetic materials not adequately
evaluated may result in unacceptable operational and environmental health
consequences, such as significant clean up costs, closing of active ranges, and
unacceptable limitations on range activities.

Current U.S. Army regulations require that toxicity clearances be conducted for
all substances that soldiers may be exposed to as a result of a new program or
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system.1  As part of the Health Hazard Assessment process, described in Army
Regulation (AR) 40-5, AR 40-10, Department of the Army Pamphlet (DA PAM)
70-3, and the Department of Defense (DoD) 5000 Deskbook, a chemical-specific
toxicity clearance is required that addresses exposure to soldiers as a direct
result of use.  The burden of collecting the necessary toxicity data is the
responsibility of the proponent of the new system.  As such, toxicity and
exposure data are evaluated to address occupational safety and health concerns
primarily; environmental health risks associated with the entire life cycle of an
energetic material use are evaluated to a limited extent.

All new and modified energetic materials must be qualified before they can be
implemented in weapons systems. The DOD Energetic Material Qualification
Board (EMQB) requires that energetic materials undergo a series of rigorous
qualification tests in accordance with several different standards, including MIL-
STD-1751A—Safety and Performance Tests for the Qualification of Explosives
(High Explosives, Propellants, and Pyrotechnics)—Naval Sea Systems Command
Instruction 8020.5C—Qualification and Final (Type) Qualification for Navy
Explosives (High Explosives, Propellants, Pyrotechnics and Blasting Agents)—and
various standardization agreements published by the North Atlantic Treaty
Organization.  Energetic materials are tested and qualified for a number of
different characteristics, including but not limited to the following.

 Stability characterization
 Thermal characterization
 Compatibility
 Ignition temperature
 Explosive response when ignited
 Electrostatic, impact, friction and shock sensitivity
 Chemical, physical and mechanical properties
 Variation of properties with age
 Toxicity
 Performance properties

A Programmatic Environment, Safety and Occupational Health Evaluation
(PESHE) must also be conducted as part of the systems engineering process for
all acquisition programs.2  The PESHE is a living document that helps in the
formulation of a comprehensive environment, safety and occupational health
(ESOH) risk management strategy for system acquisition programs.  The PESHE
addresses environmental regulatory compliance, safety and health management,
and hazardous materials and waste management. However, the PESHE requires
a robust environmental data set from which to make useful recommendations.

1 AR 70-1, Army Acquisition Policy, Headquarters, Department of the Army, Washington, DC, 31
December 2003.
2 AR 70-1, Army Acquisition Policy, Headquarters, Department of the Army, Washington, DC, 31
December 2003.
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Moreover, environmental fate, transport and subsequent toxicity are not
specifically addressed when significant data gaps exist. A PESHE is not required
for acquisition programs until Milestone B, which occurs after technology
development.  Therefore, the PESHE is not used to make go/no-go program
decisions early in the research, development, test, and evaluation (RDTE) of
energetic materials.  This results in a significant void in the ESOH risk
management process.

A method and/or process is needed that integrates environmental health needs
with those of the energetic materials RDTE community.  Ultimately, the
acquisition program manager is responsible for the complete life cycle costs
associated with any new weapon system. Program managers and other decision
makers need sound information to help them continuously assess the potential
environmental impact of new energetic materials. This information can be
provided through predictive modeling in the early stages of RDTE and through
testing and data collection in the later stages.  Many models currently used in
RDTE can provide information regarding the likelihood for adverse environmental
effects. These models can utilize similarities in chemical structure to predict
parameters that are important in estimating fate and transport for an unknown
material by comparing it to a similar material with known properties. Toxicity
can be estimated through a comparison of active functional groups (i.e. similarity
of chemical structures). A phased, iterative approach is needed that provides
decision makers information regarding the health and environmental
compatibility of new energetic materials.

Figure 1 illustrates this concept.  The approach on the top portrays the current
paradigm of waiting until a system is fielded before examining the ESOH impacts.
This approach has the potential to result in fines, litigation, cleanup costs, and
range closure.  Depending on impact severity and system attributes, a program
could be sent back to any stage of RDTE in order to mitigate the ESOH impacts.
The approach on the bottom is an ideal paradigm where ESOH risks are
evaluated at every stage of RDTE, ensuring that there are minimal impacts when
the system is fielded. In addition to avoiding the costs directly related to ESOH
impacts, the approach on the bottom eliminates the costs of taking a large step
backward in the RDTE process.
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Figure 1.  Unacceptable (top) and ideal paradigms for the evaluation of new energetic materials
throughout the RDTE process.
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Background
Standards and regulations exist under the Toxic Substances Control Act and the
international Organisation for Economic Co-operation and Development for
developing and producing new chemicals.  However, these apply to high
production volume chemicals only, which do not include most energetic
materials.  There is no DOD, Army, or other standard or regulation that
specifically applies to the development of new energetic materials.

Methods to evaluate fate and transport depend on the environmental media and
the chemical/physical properties of the material. For example, compounds like
ammonium perchlorate that are water soluble are likely to infiltrate groundwater.
In like manner, materials that are not water-soluble and do not have a high
affinity to soil particles, e.g., RDX can also migrate to groundwater. Fate,
transport, and toxicological properties can be estimated from models based on
Quantitative Structural Activity or Property Relationships (QSARs/QSPRs) or can
be measured in the laboratory.  The former is relatively straightforward and
inexpensive, but has a strong dependence on existing data for similar chemicals.
In lieu of such, QSARs cannot be considered definitive and equivalent to
experimental data.  The latter is more reliable, but could require substantially
more resources, including those associated with synthesis and testing.

Persistence is a parameter that can be difficult to estimate through
computational or experimental means. Elements are persistent by definition;
however, many compounds can be broken down by biologic and abiotic
processes.  These processes are dependant upon site-specific factors such as
rainfall, temperature and organic carbon content of the soil.

Toxicity can be estimated by comparing chemical structures using a QSARs
approach or can be measured from laboratory animal studies.  Again, the latter
method is much more reliable but requires much greater effort and associated
cost.  Toxicity to humans can be estimated from effects in laboratory mammal
species (e.g., rats).  Effects in other species such as birds and fish require
materials to be tested in those species.

Currently, there are no reliable alternatives to animal testing in the determination
of toxicity.  QSARs are only as reliable as the corroborating toxicological evidence
and structural similarity of the substance under comparison.  Sometimes, even
small functional differences between similar energetic materials can lead to
pronounced differences in toxicity (e.g., acute avian toxicity of dinitrotoluene
compared with trinitrotoluene).  Furthermore, some constituents may be
relatively benign in certain ecological systems, but may result in significant
environmental effects in other systems (i.e., toxicity to aquatic and terrestrial
receptors may differ substantively).
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Purpose
This paper is intended to provide the background and technical information
supporting an integrated phased approach in the environmental evaluation of
new energetic materials.

Scope
The procedures suggested in this paper are intended to provide information to
assist in the evaluation of environmental effects for new energetic materials
during RDTE.  These data can be integrated into existing frameworks (i.e.,
PESHE) and as such should provide more accurate, timely information for
decision makers regarding the potential for adverse environmental consequences
from complete life cycle use of new energetic materials.

Approach
A procedure is needed that balances sound environmental assessments of new
energetic materials with the cost, schedule, and performance needs of the
acquisition community.  The primary mission of a program manager is to ensure
that a system is functional and meets all performance requirements.  It is
therefore unreasonable to require the compilation and evaluation of a
comprehensive set of environmental fate, transport, and effects data for a new
energetic material before system and performance requirements have been met.
Instead, potential environmental concerns can be evaluated and bounded using
low-cost, low-effort methods in early stages of system development without
constraining the decision makers.  QSARs and similar models can provide fast,
low-cost qualitative answers to environmental questions during basic RDTE to
help decision authorities decide if it is wise to continue development. As a new
energetic material proceeds through development, it may be necessary to refine
environmental predictions by performing in vitro toxicity screening, limited
animal testing, and experimental determination of chemical/physical property
data.  Based on each tier of information, decision makers can use these results
as decision tools.  This iterative approach (Fig. 1) has the potential to save the
DoD millions of dollars in acquisition, compliance, legal, and restoration costs and
to sustain training on ranges and readiness of our forces.

Figure 2 provides a summary of this hierarchical, iterative approach. Data
developed during previous stages are used to build upon the data needs in
subsequent stages.
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Figure 2.  General hierarchical approach to the development of environmental data.
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QSAR approaches can also be used to estimate toxicological impact. Toxicity
QSAR models can often predict many toxicity parameters without doing animal
studies.  These data are used to rank new energetic materials, not to
quantitatively evaluate them.  These methods provide a relatively fast, low-cost
method for developing the minimum amount of environmental data necessary for
an initial evaluation of environmental impacts.  They can be used as a basis for
go/no-go decisions regarding further development and can serve to focus further
research.

Synthesis and small scale screening tests:  Following the conceptualization of a
new material, it must be synthesized.  Once it is shown that small amounts of a
new energetic material can be produced, small scale screening tests must be
performed to established performance characteristics and sensitivity.  If the
material is found to be acceptable from a performance perspective, risks from an
environmental and occupational perspective can be more reliably determined
through small scale tests using actual material.  These methods can be used to
develop data that can increase confidence in environmental fate, transport and
toxicity predictions.  In addition, analytical chemistry methods are also needed at
this stage. Analytical chemistry and standard experimental methods can be used
to develop the following data:

 Water solubility
 Vapor pressure
 Log Koc

 Log Kow

 Boiling point

Relative acute toxicity can be evaluated using relatively low cost in vitro cell
culture techniques.  Different concentrations of a new energetic are evaluated
alongside conventional energetic material using cell death and other endpoints.
These dose-response curves can be used to ascertain relative toxicity and thus
can be used for ranking purposes.

Demonstration Testing: This stage involves testing new energetic materials in
specific weapon system configurations.  At this stage, greater masses of material
are being synthesized but not yet at a production capacity.  Since workers and
soldiers will be exposed at some level during testing, a greater investment in the
program is required to proceed past this stage.  More robust toxicity data are
needed regarding environmental and occupational exposures.  These data will be
used to form the technical basis for toxicity clearances required in Health Hazard
Assessments.  At this stage, it is also cost effective to provide a more robust
dataset regarding fate and transport mechanisms.  Below are important
parameters to develop at this stage.
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 Environmental ½ lives (soil, water, sediment; aerobic/ anaerobic
conditions; modeled approaches)

 Sorption (using triad approach; i.e., respective to clay, silica, and
sand)

 Acute and subchronic toxicity (rodent bioassays)
 Identification of combustion and breakdown products

o Soil microbial breakdown evaluation
 Identification of the potential for bioaccumulation and/or

biomagnification

Production:  During production, specific energetic material formulations have
been developed and mass production is planned. Small differences in material
formulations may have a significant effect on fate, transport and toxicity
properties.  Before a new energetic material is fielded and used in large
quantities on ranges, the following environmental data are typically needed.

 Environmental ½ lives (soil, water, sediment; aerobic/ anaerobic
conditions; experimental data, if needed).

 Friability
 Dissolution rate
 Cancer in vitro screening assays3

 Ecotoxicology information
o 96 hr or 7-day minnow studies
o Invertebrate assays (soil, water, sediment)
o Avian bioassay (acute, subchronic)
o Plant uptake models

These data should now be used in a quantitative risk assessment context to
determine the degree of hazard.  This assessment, including prospective future
characterization of ranges, can be used to estimate range sustainability and to
help bracket future potential liabilities.  Integrated approaches involving state-of-
the-art fate, transport, and hazard modeling can be accomplished using systems
such as the Army Risk Assessment Modeling (ARAMS) system.  This approach
provides specific information that decision makers can use to determine the
degree of hazard.  These data may also be integrated into the PESHE and the
Health Hazard Assessment to fully characterize the environmental risk posed by a
new energetic material.

No further data are likely necessary in developing sustainment plans for
subsequent stages (Storage and Use, Demilitarization); however, other data may
be needed for alternate uses and purposes.  It is advisable that experts in fate,

3 If compounds show the propensity for cancer, animal testing may be necessary.
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transport, and toxicology review data at each acquisition stage to provide
optimal professional judgments regarding alternatives.

Costs and Projections
This proposal infers additional programmatic costs associated with energetic
material RDTE and ordnance acquisition.  The projected costs of these data
requirements are estimated in Table 1.

Table 1.
Stage Data Requirement Means Estimated

cost4

(k=1000)

Timeline

Conception MW, water solubility,
Henry’s law, vapor
pressure, Koc, Kow,
boiling point,
mammalian toxicity

QSAR/computational
chemistry approaches

$2k to $5k Two weeks

Synthesis Water solubility, Koc,
Kow, vapor pressure,
boiling point

Experimentally
determined

$15k 3 months

Testing Sorption
Dissolution rate
Environmental ½ lives
(soil, water, sediment;
aerobic/ anaerobic
conditions)

Experimentally
determined
Modeled approaches

$15k

$3-8k

3 months

1 month

Acute, subacute,
subchronic toxicity
testing

Experimentally
determined

$160k 5 months

Production Environmental ½ lives
(soil, water, sediment;
aerobic/ anaerobic
conditions); Friability

Experimentally
determined

$15 to $30K 3 months

Cancer in-vitro screening
assays5

Experimentally
determined

$7-30k 3 months

Ecotoxicology information
96 hr minnow

o Invertebrate
assay (soil,
water)

Avian bioassay
(acute, subchronic)
Plant uptake models

Experimentally
determined

Modeled data

$0.7k
$3k

$150k

$2 to $5k

Four weeks
two months

4 months

Three weeks
Estimated Totals = $373k - $422k

4 Cost based on best projection. Does not include professional consultation.
5 If compounds show the propensity for cancer, additional animal testing may be necessary.
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Implementation
Recommendations will be implemented through a multi-step process to include
the following actions.

 Establish an Energetic Materials Environmental Working Group.
 Draft a protocol for integrating the recommendations into energetic

material RDTE.
 Publish the protocol in a broad-based format, possibly as a commercial

standard through the American Society for Testing and Materials (ASTM).
 Implement a military standard adopting the commercial standard, to be

sponsored and managed by HQ RDECOM.

Conclusions and Recommendations
Continued use of DoD ranges is a vital component to troop readiness and
national security. The development and use of such a protocol provides decision
makers with a phased, iterative approach to characterizing environmental risk
that also balances cost and time constraints with performance requirements. This
helps focus the RDTE of new energetic materials on the most promising
candidates with the lowest associated environmental risk by identifying at an
early stage any materials that exhibit the potential for negative environmental
impacts. Although the procedures suggested herein increase the cost of
developing new energetic materials, the cost is insignificant relative to those
potentially incurred through remediation, range closure, litigation or late-stage
failure of a program.  It is therefore recommended that this process be
integrated into ordnance programs as incremental requirements to help decision
makers manage ESOH risk.

Finally, we recognize that a complete suite of rapid, accurate, predictive, and
inexpensive tests suggested by this paper are lacking.  This recommended
approach is, however, is a sound one that would only benefit from improvements
to the current state of the science.  Therefore, we recommend that deficiencies
in such tests be promptly addressed and remedied.
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ABSTRACT 

Classical pyrotechnic compositions consist in mixtures of oxidizer and fuel particles. Beside the 
concentration and resulting heat of reaction the burning behavior of such a system is controlled by particle 
size, melting, evaporation and decomposition of the particles, the heat and mass transfer and the reaction 
kinetics. Also the distribution and location of the single particles play an important role in the progression 
and temperature of overall reaction. Since now only few approaches exist to model the influence of such 
particle ensembles on the burning behavior. Based on a hot-spot model in combination with 
thermodynamic equilibrium calculations a new simple approach with reduced numerical expense is 
presented which is mainly suitable to granular reactions with low gas production like thermites. The 
model is applied to different particle concentrations of regular and randomized assemblies. The results 
were compared and validated with progression rates and temperatures measured from various Al/CuO-
thermite mixtures with aluminum contents from 8% to 70%. 

1 Introduction 

Typical representatives of granular reactions are thermite reactions. They were first described in 
1898 by H. Goldschmidt as a “carbon-free” method to extract metals by reducing their oxides with 
aluminum [1][2]. Actually, this type of reaction is of widespread interest to rapidly produce large amounts 
of heat at high temperature levels and has found many applications [3]. So the thermite welding process is 
still the most frequently used method for welding of railroad tracks [4], it is also used to purify ores of 
some metals (e.g. uranium). Recently the preparation of ceramics becomes more important [5]. Due to the 
large heat release and its self-sustaining nature, thermites have been used in warheads as incendiary 
devices [6]. As a big advantage most mixtures are very insensitive concerning shock and friction. 

Thermite type reactions imply a class of reactions. In general, they can be described as exothermic 
chemical reactions where the metal (M1) is oxidized by another metal-oxide (M2

x2Ox3) to form the more 
stable metal-oxide (M1

x4Ox5) and resulting metal (M2) or alloy. The overall reaction equation is given as 
[7]: 
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Couples of M1 and M2-oxides can be chosen on the basis of Gibbs energy from the Ellingham diagram of 
the oxidation of elements with pure oxygen [8]. Interesting fuel elements M1 are e.g. Al and Mg.  

Currently, numerous investigations on thermite reactions are done using different metals and metal oxides 
[9] studying burning rates [10], influence of particle size [11] and pressure [12][13]. However, the 
physico-chemical mechanisms of thermite type reactions are still far from being completely understood. 
Therefore, the modeling is also of particular interest [14] and there are some preliminary approaches for it 
[15], which are based on an approach to describe particle ignition and propagation of reaction fronts in 
porous energetic materials [16][17][18]. They use only the heat flow equation with a zero order reaction. 
In principle, general reaction mechanisms might be included. This Hot-Spot modeling approach is very 
suitable for granular systems since it contains this particle-like character itself. This simplified model 
requires only reduced numerical expense. It will be described in detail below. The investigations 
performed with the Hot-Spot model were not only done to learn something about the chemical behavior 
but also about the influence of physical properties. Especially the influence of fuel and oxidizer density 
and thereby the number of fuel and oxidizer particles will be discussed. In this way the particle 
distribution and there arrangement dependent on the fuel concentration is of special interest. 

For comparison of the modeling results with a real system a series of aluminum/copper(II)oxide thermite 
was studied, experimentally. The temperature and propagation rates at different fuel/oxide concentration 
ratios were determined including the necessary input parameters for the model. 

2 Theory: The Hot-Spot-Model for 2-component pyrotechnic materials 

Modeling of the ignition and combustion of an energetic material composed of particles of at 
least two types, an oxidizer and a fuel is difficult to achieve. In the case of a thermite reaction mechanism 
it is even unclear how the reaction starts and proceeds. One proposal for the mechanism assumes the split-
off of oxygen from the involved metal oxide occurring on thermal decomposition. The released oxygen 
would diffuse outwards and react immediately with the fuel (mainly Al which has already molten at 
temperatures, thermites initiate), the thermal decomposition being the rate determining step. This 
assumption would describe the high, thermal stability of the reactive mixture and the high energy amount 
to initiate it, because the relative high temperature for the metal oxide decomposition has to be reached. 

The model described here for the reaction of thermites induces substantial simplifications with respect to 
the “real” process and uses the following assumptions: 

• Oxidizer and fuel are concentrated in separated particles of defined sizes distributed randomly or 
regularly according to predefined particle sizes and stoichiometries. On reaction they form a 
homogeneous condensed material. 

• The oxidizer particles split off oxygen due to the thermal decomposition reaction on the initiating 
local heat pulse. It is the rate determining step. 
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• The oxygen distributes by diffusion (diffusion equation) as well as the metal component to enable 
a contact for a reaction, a phase transition is avoided. 

• On contact fuel and oxidizer react to the final product in a second order reaction (this reaction is 
in reality very fast at the conditions of the thermite reaction), with kinetics governed by the 
kinetic constants of the thermal decomposition of the oxidizer. 

• The heat generated by the reaction is distributed according to the heat flow equation. 

The transport coefficients are assumed to be independent of temperatures and species concentrations. 

The main physical processes in the combustion of solid materials like pyrotechnic mixtures are heat and 
mass transfer. This means heat and species are generated and consumed by various processes at the 
combustion front and distributed in the material and the burn-out zone. Transferring the hot spot model to 
the description of heterogeneous reactions the heat flow equation has to be solved simultaneously with the 
mass transfer equation. As a consequence, to model such processes, related partial differential equations 
have to be solved in 3 dimensions for temperature and at least 3 species ci: 
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where ρ is the density, cp the specific heat capacity and λ the heat conductivity, Di the diffusion 
coefficient for the i-th species and [ ],ic x tr  the concentration of component i. The equation describes the 

propagation of the scalar temperature field and species fields in space and time in dependency of the 
physical properties of the material and of the source terms on the right hand side. The source terms 
comprised the chemical reactions, the related heat and species generation and consumption. 

In the case of the combustion of pyrotechnic mixtures the chemical reaction is exothermic and 
consequently a heat release occurs. The source term of the energy release by the chemical reaction is 
given for a general reaction scheme by: 
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where qi are the heats of reaction. The rates of reaction are given by: 
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with the rate constant ki,j is given by the Arrhenius-equation: 
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Here, Zi,j is the pre-exponential factor, R the universal gas constant, T the Temperature and Ea the 
activation energy. The Arrhenius-equation gives the dependence of the rate constant ki,j of the chemical 
reaction on the temperature T and the activation energy Ea. 

The function f[ci,cj] in the equation above depends on the reaction scheme to be modeled. In the case of a 
chemical reaction of a fuel with an oxidizer generating the heat of reaction qreac like CBA →+  (i = A, 
B, C) a second order reaction is assumed. The heat output of the chemical reaction and therefore the 
source term for the chemical reaction energy release in the equation of heat transfer is given by: 
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To start the combustion process of a pyrotechnic mixture it must be ignited. In the heat transfer equation a 
second source term on the right hand side must provide an energy input at a defined point in time and 
space. This is called a Hot-Spot. For example it can be described by a 3D-Gaussian-function at position 
(x0, y0, z0) multiplied by a Dirac distribution in time which ensures that it occurs only at a defined time t0: 
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Including the initiating hot spot at t0 and the heat of reaction, the equation of heat transfer results in: 
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Without a chemical reaction ( [ ]txQreac ,′r& ) the problem can be solved analytically. Therefore several 

analytical and numerical methods are known [19]. However the non-linearity of the Arrhenius term 
makes an analytical solution impossible. Therefore, only a numerical method can be applied. In order to 
avoid the current cumbersome methods of numerically solving differential equations the method of 
Green`s function is used where a numerical integration is performed which is a faster and a more stable 
process and enables to involve complicated geometries generated by the reaction of the individual 
particles. If the appropriate Green’s function for the homogeneous problem is known, it only has to be 
convolved with the source term of the differential equation in case of infinite space. The heat source and 
chemical reaction are calculated by simultaneously solving the related differential equation at the selected 
time steps Δt. 
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The Green’s function in infinite space for the differential equation above in three dimensions is a 
Gaussian-like function (κ=λ/cpρ) [19]. 
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The solution of the equation of heat transfer is than given by: 
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The profiles of oxidizer, fuel and reaction product proceed in an analogue way: 
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In equation (15) the space integral reaches over the infinite space. According to the boundary conditions 
of the limited dimensions of a real sample the energy will be reflected at the boundaries of the sample 
(mirror sources) and the integral reaches only over the sample dimensions. In case of fast reactions and 
steep profiles of temperature and species width of GU is small compared with the size of the included 
space. This means, in a numerical solution of (15) the integration has to include only a small section of 
the total space neighboring the maximum of GU (GU≠0).Without interdiffusion both components fuel and 
oxidizer at all positions x would develop according to the solution of equation (5) for the proposed case of 
a 2nd order reaction: 
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For numerical solution of the integral equation (15) above, the algorithm mainly consists of three steps. 
The first step generates initial temperature and species profiles resulting from the n initially given hot 
spots and the particles of both types A and B also approximated by 3D-Gaussians: 
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For further calculations, one Gaussian hot spot initiates of the thermite, however, n fuel and oxidizer 
particles are distributed according to a plan representing the experimental configuration. The reaction 
product is c1,C = 0. 

In the second step the progress of the chemical reaction (17), (18) and (19) for a small time step tΔ  is 
calculated generating: 
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and: 

 [ ] ttxctxctxTktxctxc BAAA Δ⋅−= ],[],[],[],[],[ ,1,11,1,2
rrrrr

 (23) 

 [ ] ttxctxctxTktxctxc BABB Δ⋅−= ],[],[],[],[],[ ,1,11,1,2
rrrrr

 (24) 

 [ ] ttxctxctxTktxctxc BACC Δ⋅+= ],[],[],[],[],[ ,1,11,1,2
rrrrr

 (25) 

These temperature and species profiles are assumed to be instantaneously inserted, therefore being 
multiplied each by the Dirac Delta function δ(t). The third step is to calculate the solution of the heat 
transfer equation. It calculates heat and mass diffusion for the same time step tΔ  by convolution of the 
related profiles and the Green’s functions. 
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The integral via td ′  results in the integrand itself because of the Delta function. The numerical procedure 
e.g. 3D Gaussian Quadrature performs the spatial integral on a 3D lattice [20]. In case of steep gradients 
and short time intervals and correlated squares of the lattice node distances Δx2 the Green’s function is of 
small width and strongly reduces computing time because of reducing the integral intervals to that 
sections where the Green’s function GU≠0. T3 → T1 and c3.i → c1,i close the loop to start now iteration 
with a further step according to equation (22) by including contribution by the chemical reaction terms. 

Steps 2 and 3 are repeated iteratively. Step 1 can be included as often as new hot spots occur from an 
external heat source which is not the case here.  

The calculations result in three-dimensional temperature and concentration profiles for each time step, 
and in heat output and position of the reaction front over time, plotted are mainly two-dimensional cross 
sections. 

Summing up all lattice nodes after calibration where conversion is completed (e.g. for stoichiometric 
conditions , 0],[,,3 ≅txc BA

r
 or half of the conversion, maximum temperature reached) defines a 

conversion rate, which in linear progression can be considered as burning rate. 
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In pyrotechnic mixtures fuel and oxidizer particles are the sources of reacting fuel and oxidizer. Including 
diffusion by the same way like the heat transfer equation the particles can react, as soon as gaseous fuel 
and oxidizer get into contact. The model does not include any convection or radiation. 

In conclusion three types of parameters are necessary to run the Hot-Spot model: 

• Initial distributions, sizes and numbers of hot spots, fuel and oxidizer particles 

• Material parameters: density, heat capacity, heat conductivity, diffusion coefficient 

• Reaction parameters: heat of reaction, Arrhenius-parameters (pre-exponential factor, activation 
energy) 

CuO already splits-off oxygen just above 1000°C and is therefore a good candidate to test the model 
described above because the thermal decomposition can be investigated by methods of thermal analysis to 
get kinetics data at moderate temperatures. 

3 Experimental 

3.1 Samples 

Samples with different compositions of aluminum/copper(II)oxide were milled using an automatic 
mortar. Homogeneous mixtures for all investigated samples could be prepared. The mixture compositions 
and particle diameters are summarized in Table 1. So a wide range of stoichiometry was realized. The 
particle size was determined using a laser diffraction device (Malvern Instruments Mastersizer 2000) 
from 2 µm to 30 µm for both types of particles with mean diameters (d50) of 6 µm (Al) and 9 µm (CuO). 
So the particles of the two components can be regarded to have the same order of size. Figure 1 exhibit 
SEM images of characteristic particles (Zeiss-SEM Supra 55 VP with EDX). 

Material Concentration in ma% 
Al 
(Alcan 400) 5 8 13 19 24 30 40 50 55 63 70 
CuO (Alfa 
Aesar 325mesh) 95 92 87 81 76 70 60 50 45 37 30 

 
Hyperstoichiometric 

 (lean) 
Stoich-
metric. 

Substoichiometric 
(fat) 

Table 1. Composition of investigated mixtures. 
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Figure 1. SEM pictures of aluminum (left) and copper(II)oxide (right) particles. 

Figure 2 (triangles) lists adiabatic flame temperatures calculated with EKVI-Code [21] at 0.1 MPa. The 
Maximum temperature, 2800 K, is close to stoichiometric ratio of 19% Al. But also from 16% to 50% 
temperatures higher than 2500 K are expected. Beyond this range adiabatic temperatures decrease rapidly. 
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Figure 2. Calculated adiabatic temperatures and measured temperatures in dependency of fuel (aluminum) 
concentration. 
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3.2 Setup 

The experiments were performed under nitrogen in a chimney-type window bomb under constant 
pressure of 0.1 MPa N2. To measure the progression rate 2 g of the sample mixture were filled into a test 
tube, 70 mm long, with an inner diameter of 6 mm. By tapping, an initial bulk density of about 1 g/cm3 
was produced. Ignition was performed using a melting wire enhanced with a pellet of pyrotechnic igniter 
compound.  

For the temperature measurements, experiments were performed with bulk material placed in a row of 
about 40 mm length and 10 mm width on a SCHOTT CERAN® plate in air (lithium-aluminum-silicon 
ceramics). The igniter was placed at one end and obscured in a way that it did not interfere with optical 
measurements. 

3.3 Measurement Techniques 

The visible flame front was observed with a high-speed video camera (Redlake Motion Pro X3) using 
1000 fps and a spatial picture resolution of 9 pixels / mm. From the records, the flame propagation was 
derived using a software code called AVICOR developed at ICT for analyzing video samples of 
combustion processes [22]. Additionally, a macro lens was available to produce movies of 5000 fps with 
a limited field of view of 2 x 6 mm2. 

NIR-spectra from 1.0 µm to 2.2 µm were measured using an MCS 611 PGS-NIR 2.2 spectrometer from 
Carl Zeiss AG, Germany equipped with an optical fiber. The spectra were calibrated using a black body 
radiator in intensity per unit wavelength. The fiber optics of the Zeiss spectrometers used in the 
experiments make a calibration in units of spectral radiance difficult. ICT-BaM code does not require 
spectral radiance to derive temperatures from NIR because it models spectra of gaseous reaction products, 
soot and continuum radiation based on their band shapes. The evaluation procedure is based on a Least 
Squares Fit of calculated spectra to the measured ones. It is described in more detail in [22]. For the 
recent application only the model of grey-body emitter was needed. The analysis resulted in intensity, 
emission temperature and a signal proportional to the emissivity with a temporal resolution up to 70 Hz.  

4 Experimental Results 

4.1 Velocity of the Reaction Front 

The burning experiments with test tubes result in linear progression rates. Figure 3 shows screen shots of 
the reaction zone at different mixture ratios.  

367



 

Figure 3. Screen shots of the reaction zone at different mixture ratios. 

Resulting values for the different mixtures are plotted in Figure 4 on logarithmic scale as a function of 
aluminum content (open circles). The values correspond to the right axis of ordinates. Although the 
reproducibility of the single measurements is weak, clear trends can be observed. It is well known, that 
the progression rate of particle mixtures depends not only on mixture ratio, particle size, temperature and 
pressure but also on the experimental conditions like orientation of the flame front, diameter of the 
specimen, bulk density etc. During the recent experiments all of these parameters were held constant, so 
that the relations can be compared.  

The progression velocity varies of more than an order of magnitude from 50 mm/s at lean conditions 
(<19% Al) to 1000 mm/s at about stoichiometic conditions and decreases to 10 mm/s at fat conditions (>> 
30% Al). Absolute maximum progression velocity is not found at stoichiometric conditions but in the 
slidely substoichiometric field at 30% Al. 
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Figure 4. Modeled (left axis) and measured (right axis) propagation rate of Al/CuO thermite in dependency of 
the fuel concentration. 

4.2 Temperature 

NIR-emission spectra of the reaction front and reaction products show a pure continuum that could be 
evaluated in all cases assuming Grey Body emission with an excellent agreement to determine 
temperature of the emitting particles.  

By using test tubes a problem occurs when condensed material covers the inner wall of the glass tube 
immediately behind the reaction front. So the tube got opaque and only emission from the colder tube 
wall was detected by the spectrometer. Therefore, temperatures were measured in free air on bulk 
material combustion. Due to the fast reaction it can be assumed that air diffusion to the reaction zone is 
much slower than the reaction itself and will only perform a minor influence on the heat release. 

Resulting temperature values were also charted in Figure 2 as open diamonds. The absolute values are in 
a good agreement with the adiabatic flame temperatures calculated with EKVI-Code. Especially the 
dependence on fuel concentration corresponds well with these theoretical values. Only at fat conditions 
(>50% Al) measured values are significantly higher than the theoretical ones. In this range the 
progression velocity and with it the reaction rate is relative low so entrained air might also burn with 
excess aluminum. 
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5 Modelling 

To start the calculations with the Hot-Spot model the necessary input parameters must be defined. 
Therefore, first of all the number of fuel and oxidizer particles dependent on total number of particles, 
fuel concentration, particles densities and particles size was calculated as follows:  
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And the number of oxidizer particles by:  

 FuelTotOxid nnn −=  (29) 

Where Totn  is the total number of particles, xn  the number of particles, xc  the concentration, xρ  the 

density and xd  the diameter of particle of type x  ( x  = Fuel or Oxidizer). The total number of particles 

was fixed to 196. Fuel and oxidizer density are from the literature (see Table 2). The particle size was 
experimentally determined and in a first approximation they have both a diameter of 10 µm.  

The particle distribution was calculated by two different ways: a regular and a random method. The two 
different distributions are shown in Figure 5.  

   

Figure 5. Particle distributions calculated for a fuel concentration of 24 ma% and same particle size of fuel 
and oxidizer particles. At the left-hand side a regular distribution is shown and at the right-hand side a 
random distribution. 

Last but not least the reaction parameters are necessary for the model. Due to the fact that the measured 
temperatures are in good agreement with the adiabatic temperatures, the heat of reaction for each fuel 
concentration was determined from the adiabatic temperatures of the EKVI-Code calculations (Figure 2). 

The Arrhenius-Parameters were determined by thermal gravimetric analysis of copper in air. Under the 
assumption that the decomposition of copper oxide determines the speed of reaction the obtained data are 
used for parameter determination. The TG, DTG and DSC curves for nano-Cu (60 nm) at a heating rate of 
β=10 K/min are shown in Figure 6 which contains already CuO and Cu2O. A two-step oxidation between 
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523 K and 650 K of copper leads to the copper oxide. At a temperature of 1280 K the copper oxide begins 
to split-off oxygen till a temperature of 1340 K, according to the reaction scheme 2 CuO → Cu2O + O. 

 

Parameter Fuel / Al Oxidizer / CuO 

Density ρ  in ⎥⎦
⎤

⎢⎣
⎡

3cm
g

 2.7 6.48 

Heat capacity pc  in ⎥
⎦

⎤
⎢
⎣

⎡
⋅KKg

J
 897 63.68 

Heat conductivity λ  in ⎥⎦
⎤

⎢⎣
⎡

⋅Km
W

237 n. a. 

Table 2. Material parameters of fuel (aluminum) and oxidizer (copper oxide) particles found in literature 
[24]. 
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Figure 6. Example of a thermal gravimetric measurement of nano-copper in air. 

To determine the Arrhenius-Parameters, pre-exponential factor and activation energy, a 3rd order Avrami-
Erofeev mechanism was fitted to the experimental thermal gravimetric data of the decomposition of the 
copper oxide. A direct least squares fit was applied (see [25]) to the sigmoid curve normalized to 1 and 0 
encircled in the diagram Figure 6, using the inverse function α(T) in (31): 
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Two thermal gravimetric measurements of copper were done and curve of the oxygen split-off analyzed 
by a non-linear least square fit (Figure 7) [25]. The results are shown in Table 3 in comparison to 
literature values [26]. They are in good agreement with each other and the values from dataset one were 
used for the Hot-Spot calculations. 
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Figure 7. Simultaneous non-linear least squares fit of a 3rd order Avrami-Erofeev mechanism to 2 normalized 
TG-curves (symbols, 5 K/min and 10 K/min) using “FindMinimum” of Mathmatica8® of WolframResearch. 

Data set Z  in [ ]1−s aE  in [ ]K  

1 1014.75 51539 

2 1016.58 57494 

literature 1013.3 31994.23 (266 KJ/mol)
Table 3. Obtained Arrhenius-Parameters by fitting thermal gravimetric analysis data with a 3rd order 
Avrami-Erofeev model in comparison with literature values [26]. 

With these input parameters of Table 2 the Hot-Spot model calculations were performed with regular and 
random particle distributions for the same fuel concentrations as the experiments were done. Fuel and 
oxidizer particle size were identical. An example output of a random distribution with a fuel concentration 
of 30 ma% is shown in Figure 8. 
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Timestep: 

t = 0 t = 10 t = 30 t = 90 

Fuel concentration: 

 
Oxidizer concentration: 

 
Product concentration: 

 
Temperature profile: 

 
Figure 8. Fuel, oxidizer, product concentration and temperature profile calculated by the Hot-Spot model for 
a random particle distribution with 30 ma% fuel concentration. 

In Figure 8 in the first row the fuel concentration is shown, below the oxidizer and product concentrations 
and in the bottom row the temperature profile. The columns show four time steps. In the first column the 
initial distribution is shown. The fuel and oxidizer concentration shows there Gaussian-function shaped 
particles. The product concentration is zero and the temperature profile shows the single Hot-Spot to 
ignite the particle mixture. At this geometrical point the fuel and oxidizer concentration shows ten time 
steps later (column two in Figure 8) decreasing concentration and in contrast the product concentration 
and temperature profile increase. This continues at later time steps (column three and four) and the 
propagation of product concentration and temperature is shown. 
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To determine the rate of combustion the output data of the Hot-Spot model were analyzed. Therefore, in 
temperature profile the position of the moving temperature front was determined over time. With a linear 
least-square fit the propagation rate was determined. This was done for all fuel concentrations. The 
resulting propagation rates are shown in Figure 4. The black dots and line shows the propagation rate of 
the regular particle distribution. The red diamonds and line shows the propagation rate for the random 
particle distribution. Both lines correspond to the left axis of ordinates. 

6 Discussion and conclusion 

The Hot-Spot model calculations were performed at a particle size ratio of fuel to oxidizer particle of 1:1. 
From that data, the propagation rates in dependency of the fuel concentration were calculated and shown 
in Figure 4. In comparison to the experimentally determined propagation rates the shapes of the functions 
are in good agreement also in magnitude. The modeling results show as well as the experimental data the 
speed maximum to be in the same substoichiometric range. Also the sharp increase in hyperstoichiometric 
range and the flatter slope in substoichiometric range are in good agreement with the experimental results. 
From a fuel concentration of nearly 55 ma% the propagation rates have only a poor dependency on the 
fuel concentration. The sharp increase in the hyperstoichiometric range and the difference between the 
regular and random particle distribution show the strong dependency of the propagation rate in this range 
on the fuel and oxidizer particle arrangement in space. The accordance with the regular and random 
particle distribution in the substoichiometric range shows that this dependency is substantially weaker in 
that range. 

In conclusion, it was shown that the Hot-Spot model models qualitatively the dependency of the 
propagation rate on the fuel concentration. This suggests that heat and mass transfer are the main physical 
processes in granular reactions, like pyrotechnic mixtures. It describes also adequately that the effect of 
fuel and particle configuration is not negligible particularly in the hyperstoichiometric range. 
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ABSTRACTS
Explosive train systems to be composed of an aimable warhead are described.  In order to

make fragments to concentrate toward an object,  a warhead skin which encloses fragments

should be deformed toward an object before bursting of a main charge. For this purpose, two types

of explosive trains are devised to differentiate a time interval between bursting time of the first

detonating to make  a skin to deform  and the second detonating to burst a main charge. To

design this delay detonating system, RDC(Rapid Deflagrating Cord) is applid. That is because

energy transferring speed of RDC is much slower than detonating speed of other explosives. With

this idea, Delay detonating system for an aimable warhead is developed.

1. Introduction
The aimable warhead is a kind of

warhead system which makes fragments of
the warhead to concentrate more toward the
direction of a target than any other
direction(Fig. 1). To develop this warhead,
two types of explosive train are devised(fig. 2).
This paper describes delay detonating system
which is composed of important parts of this
aimable warhead.

Fig.  1  Dispersion psttern of an aimable warhead

Fig. 2 Two types  of  Explosive Train

2. Delay detonating system
The aimable warhead introduced in this

paper is composed of 2 explosive trains. The
first one is to detonate sheet explosive to make
skin layer in which fragments are embedded.
The second one is to detonate main charge to
make fragments to disperse. In order to make
fragments disperse effectively toward targets,
detonation time to burst main charge is
needed to be delayed a certain time after the
first detonation of sheet explosive.

For this purpose, RDC cord is applied to
delay detonation time for bursting main
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charge. That is because deflagration
propagation speed of RDC is much slower
than detonation propagation speed of any
other explosives.

3. The principle of Delay detonating
system

The first explosive train is composed of
12 sheet explosives, each of which is connected
a detonator with a lead to detonate a sheet
explosive. The role of lead is to change the
direction of explosive transfer energy or to
magnify the output to detonate a sheet
explosive. The second explosive train is
composed of 4 RDC Ass’y lines, each of which
is connected a detonator with a lead to
detonate a main charge.

In this system. totally 16 detonators are
used. Among them 12 are assembled to ignite
sheet explosives and 4 are to ignite main
charge. When the aimable warhead is
approaching to the target area, 5 detonators
are chosen and ignited concurrently.  3
detonators which are located closely to the
target direction are chosen to ignite sheet
explosive. And 2 detonators which are located
in the opposite direction of the target are
chosen to burst main charge. As mentioned
before, 2 detonators to burst main charge are
connected to RDC Ass’y lines which make
delay time. Delay time is controlled by the
length  of RDC Ass’y.

4. Experimental Test
The aimable warhead is composed of 2

explosive trains. Experimental tests are

carried out to ascertain that these two types
esplosive trains are effective in an aimable
warhead.  In a schematic view of an aimable
warhead, Fig. 3. detonating points and
fragments layer are showed roundaboutly.
Fig. 4 shows two types of explosive trains

assembled in this experimental part. Fig. 5
shows a schematic view of a explosive train to
detonate a main charge. Fig. 6 shows a photo of
experimental process of test after detonation of
sheet explosives. Fig. 7 shows a data of delay
time between initial detonation time and
bursting time of main charge.

5. Result
Delay detonating system by RDC line applied

to an aimable warhead is improved to have a
good result by experimental test. With several
tests, fragment numbers toward a target is
more than 30 % than the case of the normal
bursting of warhead which is not an aimable
warhead.
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Fig. 3 Experimental parts for Explosive Train

Fig. 4. Deto. Points & RDC Ass’y lines assembled to

experimental part

Fig. 5 Schematical view of an explosive train to

detonate a main charge

Fig. 6 Photo in the process of test

 after detonation of sheet explosive

Fig. 7 Delay time measuring record between

detonation of initial detonator time and main charge

bursting time
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ABSTRACT

GD-OTS Canada has been using plastic moulded frangible projectiles for Short Range Training
Ammunition (SRTA) since the year 2000.  Frangible projectiles contain plastic, a powdered metal, and a
blue dye which is necessary to differentiate training projectiles from conventional projectiles.  A tracer
projectile has been developed to complete the SRTA cartridge family.  The development of the tracer in
frangible projectiles caused different problems related to its brittleness as a result of a fracture of the
projectile.  For this reason, a very small tracer diameter has to be used. Several tests were performed with
different tracer technologies such as a pencil tracer with a lead sheath.  Different igniting and tracing
compositions were also attempted but the small diameter of the tracer cavity did not permit a good heat
transfer from the composition of ignition to the tracing composition.  Therefore, only one composition
was used in this tracer.  This composition has to both ignite easily and burn slowly enough to achieve the
trace distance.

The tracer composition used for this purpose contains magnesium as a fuel, barium peroxide as an
oxidizer, and calcium resinate as a binder.  This composition is very well known, but the challenge was to
adapt this composition to the plastic moulded frangible projectile which contains metal powder and also
changes the burning behaviour of the pyrotechnic composition. The results of the tracer performances and
key characteristics needed to achieve these performances will be discussed in this presentation. Key
characteristics discussed in this paper will be:

- Manufacturing process of tracing composition,

- Magnesium and barium peroxide characterization,

- Concentration of the binder solution,

- Manufacturing process for tracers assembly,

- Moulded projectile characteristics

In this experiment, Design of Experiment (DOE) was studied to highlight the impact of the key
characteristics on the ignition of the tracer and the trace distance.
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INTRODUCTION
Plastic moulded projectiles are used for Short Range Training Ammunition (SRTA). Frangible

projectiles contain plastic, a powdered metal, and a blue dye which is necessary to differentiate training
projectiles from conventional projectiles.  A tracer projectile has been developed to complete the SRTA
cartridge family. The addition of a tracer cavity in a frangible projectile resulted in several issues, one of
the issues being the tracer projectile fracture during launch acceleration.  For this reason, a very small
tracer diameter has to be used.

In the past, technologies, such as a pencil tracer and a conventional tracer with two compositions,
were studied. The pencil tracer was composed of a zirconium and potassium perchlorate which was
enclosed in a lead sheath. To be well held in the projectile, the sheath had to be inserted into the
projectile cavity and retained by compressing the projectile wall; however, due to the brittleness of the
projectile and the toxicity of the lead sheath, this technology was abandoned. Afterwards, traditional
tracer compositions were studied using ignition and tracer compositions such as conventional tracers.
The small diameter of the tracer cavity did not permit an efficient heat transfer from the ignition
composition to the tracing composition.

As a result, the current composition used in the SRTA-T ammunition contains magnesium as a
fuel, barium peroxide as an oxidizer, and calcium resinate as a binder.  This composition is very known
[1]; however adapting it to the plastic moulded frangible projectile presented a challenge.  This frangible
projectile contains metal powder which modifies the burning behaviour of the pyrotechnic composition.

This paper presents the method followed to develop tracers with a plastic moulded frangible
projectile.  Results of the tracer performances and key characteristics needed to achieve the performances
will also be presented. Key characteristics discussed in this paper will be:

- Manufacturing process of tracing composition,

- Magnesium and barium peroxide characterization,

- Concentration of the binder solution,

- Manufacturing process for tracers assembly,

- Moulded projectile characteristics

In this experiment, Design of Experiment (DOE) was studied to highlight the impact of the key
characteristics on the ignition of the tracer and the trace distance.

EXPERIMENTAL

Particle size granulation was performed in this experiment with Lasentec® FBRM particle count
M100C. A solution of 1g/ml was used to define the particle size for barium peroxide and magnesium. All
results reported in tables are based on the particle size average.

DSC (Differential Scanning Calorimetry) / TGA (Thermogravimetric Analysis) were performed
using Q600 equipment from TA Instruments.  DSC was necessary to measure magnesium melting
temperature.  Enthalpy and available oxygen were also analysed by DSC for barium peroxide samples. In
all experiments, the heating rate was 10°C/min and nitrogen or argon was used as the purge gas.

RESULTS AND DISCUSSION
The first step in this development was to determine the cavity dimensions.  An inert composition

was pressed in different cavity sizes and projectile break-up was verified. Dimensions were tested by
firing. The diameter was determined as the key characteristic; consequently, only a very small diameter
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did not cause projectile fractures.  The cavity depth was important to attain the trace distance. The 7.62
mm conventional projectile cavity is compared to the 7.62 mm SRTA-T projectile cavity in figure 1.

Figure 1: Comparison between 7.62 mm conventional and SRTA-T projectiles

There after, a composition had to be developed; this composition has to both ignite easily and burn
slowly enough to achieve the trace distance. After several tests, the chosen composition was magnesium,
barium peroxide, and calcium resinate.  The lot-to-lot variation for magnesium and barium peroxide
ingredients was the most important factor affecting the performances of the tracer at both the ignition
point and trace distance. Afterwards, each ingredient was studied and key characteristics were
determined.

For all tests performed, the Lean Design for Six Sigma method (LDFSS) was used to select the key
characteristics.  Tools such as process mapping, Cause and Effects matrix (C&E), Process Failure Mode
and Effect Analysis (PFMEA) and Design of Experiment (DOE) were used [2].

Calcium Resinate

The Cause and effects matrix was used to determine which components had to be study. The
result of this matrix showed that calcium resinate solution could influence the formulation homogeneity
and the density.

Calcium resinate is used as a binder in the pyrotechnic composition.  Calcium resinate solution is
made with commercial grade MEK by mixing calcium resinate in the solvent for 48 hours. This natural
resin is not totally soluble in this solvent and solid particles therefore remain in the solution. When the
pyrotechnic composition is mixed, these solid particles are not well distributed in the solution and cause a
variation in the mix density and consequently in the tracer assembly process.

Another variation comes from the concentration of the solution since the mixing procedure allows
a concentration of 0.35 to 0.50 g/ml.   A DOE was performed on the presence of solid particles and
concentration of the binder; the following results were studied: composition density, ignition performance
and trace distance. Density results for this DOE are shown in Table 1.

Tracer cavities
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Table 1: DOE for calcium resinate key characteristics

Theoretical concentration
(g/ml)

Solid
Presence

Density
(g/cc)

1 0.500 Yes 1.45
2 0.500 No 1.41
3 0.400 Yes 1.52
4 0.400 No 1.43
5 0.300 Yes 1.48
6 0.300 No 1.41
7 0.200 Yes 1.42
8 0.200 No 1.41

Removing solids from the calcium resinate solution improves uniformity of the density.  In the
trace test, calcium resinate concentration and presence of solids in the solution did not affect the trace
ignition and distance. However, the trace quality was affected and all formulations mixed with calcium
resinate solution holding solid particles were not as bright.

The removal of solid particles by decantation leads to a pyrotechnic composition with a lower
variable density; consequently, the composition is easier to assemble on the production line and especially
in this small tracer cavity.  A variation of 1.40 to 1.52 g/cc is normal in the development of a conventional
tracer, but is too pronounced for a tracer pressed in a non-conventional plastic moulded frangible
projectile.

Magnesium

The choice of magnesium (grade and grain size) is essential in the development of pyrotechnic
composition. Moreover, a small variation in magnesium grain size for a projectile with a small tracer
cavity can cause trace distance or ignition failures.  This study demonstrates the results from a normal
variation in particle size for magnesium.

Four magnesium samples coming from two different suppliers were used for this experiment.
Magnesium characteristics shown in table 2 meet the same specification, but are different especially in
form and particle size. Different magnesium samples characteristics are shown in Table 2 and Figure 2.

Table 2: Magnesium characteristics of 4 different lots

Characteristics Sample 1 Sample 2 Sample 3 Sample 4

Particle size average
(µm)

84 80 47 65

Form Spherical Non-spherical Non-spherical Spherical
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Figure 2: Magnesium particles for samples 1 and 2
Purity of the magnesium and melting points were tested but no difference was observed.

Tracer compositions were made with these samples; all other ingredients being the same except
magnesium.

Sample 1 gave good performances both at ignition point and for trace distance when fired with the
gun; however all other samples ignited easily and stopped burning before specified trace distance. As a
result, sample 1 was the reference magnesium.

Sample 2, which is similar in particle size to sample 1, was problematic in trace distance. For the
same particle size, sample 2 had higher specific surface because of the particle deformation and
consequently burned more quickly. Due to these deformed particles, sample 2 varied significantly in
burning time.

Samples 3 and 4 ignited quickly in the gun but stopped burning prematurely.  Small particles are
necessary to ignite the tracer; on the other hand, large particles maintain combustion. These samples
confirmed that the particle size specification was too broad for this product and tightening is an option to
be considered.  Sieve tests were performed on these samples to remove the smallest particles. The
particle size of sample 3 is shown using different sieves in Table 3.

Table 3: Results for sample # 3 of magnesium in three separate sieve sizes

Magnesium Sieve 1 Sieve 2 Sieve 3

Retained
(%)

Passed
through (%)

Retained
(%)

Passed
through (%)

Retained
(%)

Passed
through (%)Sieve results

24 76 55 45 69 31

Particle size
average for Mg
retained (µm)

97 83 74

Magnesium which came from sample 3 and passed through sieve 2, gave good tracer performances
in ignition and trace distance; results are comparable to sample 1.  The particle size, as well as the specific
surface, is the key parameter for the magnesium ingredient. The magnesium has to be sieved when used
in the non-conventional plastic moulded projectile used, to cancel lot-to-lot variations.
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The same sieving tests were performed using the sample 4 and the ignition and trace distance were
in accordance with the specification.  Sieving results were more reproducible when using spherical
magnesium; therefore, spherical magnesium was taken for the final design.

Barium Peroxide

Even though the magnesium used was sieved in the magnesium/barium peroxide/calcium resinate
formulation, trace distance failures appeared with specific barium peroxide lots.  A chemical analysis of
several lots was performed. The characteristics studied for the barium peroxide are presented in Table 4.

Table 4: Barium peroxide characteristics

Characteristics BP 1* BP 2* BP 3*

Melting temperature (DSC)
(°C)

642 661 657

Enthalpy (DSC) (J/g) 230 272 264

Oxygen content (%) 9.26 9.25 9.25

Particle size average (µm) 45.11 47.28 47.42

Humidity (%) 0.01 0.02 0.02

*Before using, all lots were dried at 40°C from 4 to 16 hours.

No significant difference between the three lots was observed and trace distance are still different.
The particle size could cause this phenomenon; BP 1 did not attain the specified trace distance, BP 2 and
3 attained this trace distance.

A DOE was made with different magnesium grain size, projectile lots, and barium peroxide lots.
The DOE results showed an interaction between the barium peroxide lot, magnesium granulation, and the
projectile used on the trace distance. Consequently, a study was begun to understand the projectile effects
on the trace distance.  At this point, all key characteristics must be studied together by DOE to obtain
interactions.

Plastic moulded frangible projectile

Plastic moulded frangible projectiles contain plastic, a powdered metal, and a blue dye. The
compound formulation used to manufacture the projectile was optimized in 2004 to eliminate projectiles
break-up; consequently, this factor has been fixed. However, one formulation factor, eleven moulding
process factors and three mechanical properties were studied to understand the effect of the projectile on
the trace distance. As a result, one key characteristic were found and applied as a solution to the final
design.
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Manufacturing Process

Three manufacturing factors were studied, the first one is the consolidation dead load, the second
the composition quantity in the projectile, and finally the air gap between the composition and the closing
disc.

In these cavities, only a small quantity of pyrotechnic composition could be inserted. The
pyrotechnic composition is both mechanically difficult to insert and to maintain a stable quantity. A
variation of only 10 mg of composition in the projectile has significant impact on the trace distance.

For a conventional projectile and tracer compositions, the consolidation dead load is in the range
of 2000 lbs. The dead load is considerably reduced in the non-conventional frangible projectile process
because the projectile is too brittle and the pressure exercised on it can cause a fracture. Consequently,
the maximum dead load can not exceed the fracture capacity of the projectile. The trace distance can be
increased in a conventional tracer by increasing the dead load, but for a frangible projectile, the
manufacturing process should not exceed the maximum dead load.

All tolerances in the process must be met because exceeding tolerances can result in ignition or
trace distance failures.

CONCLUSION
Results presented demonstrate the complexity of the development of a tracer in plastic moulded

frangible projectiles. Several key characteristics were evaluated:

- Tracer cavity diameter has to be fixed at the beginning of the development and is related to the
brittleness of the frangible projectile.

- Choice of the composition, in this case, only one composition can be used.  This composition has
to both ignite easily and attain the trace distance.

- Binder has to produce a homogeneous composition and be consistent lot-to-lot in density to help
in the manufacturing process.

- The key characteristic of magnesium is its particle size.  A small difference could affect the
ignition of the tracer and the trace distance. Therefore, the magnesium is sieved in this use. The
form of magnesium particles could be significant to reduce variation.

- Particle size for barium peroxide could have little effect on the trace distance.

- Projectile formulation, manufacturing process and mechanical properties must be well specified
to avoid interaction between projectile and pyrotechnic composition.

- The assembly of the tracer have to be consistent.  A small modification could cause a trace
failure.
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ABSTRACT

Densified Basic magnesium carbonate (DBMC) is an important chemical used widely in military for
smoke generation, such as in M18/M83 smoke grenades, M8 smoke pot, battlefield effect simulator, and
other miscellaneous pyrotechnic sub-components. However, its domestic production had long ceased,
and the US Army currently relies on a sole foreign source, Dead Sea Bromide of Israeli, for the supply of
the material. The aim of this work is to identify, evaluate and establish alternative source suppliers of
DBMC.  Among six supply sources identified for assessment, the DBMC samples from Lehmann and
Voss of Germany and Melox Chemicals of India more closely resemble the material currently used in the
Army in terms of their physiochemical and thermal properties as outlined in military spec MIL-DIL-
11361E.  The heavy metals and other trace constituents were also assessed with satisfactory results.
These two DBMC source supplies are, therefore, down selected for further evaluation in complete smoke
devices for performance data.

Introduction
Densified basic magnesium carbonate (DBMC) in pyrotechnic applications usually refers to

compounds containing magnesium carbonate, MgCO3, magnesium hydroxide, and water.1  There are two
well-known DBMC phases with distinct particle morphologies,2-3 one is commonly called light phase
with a 4:1:4 chemistry, hydromagnesite (4MgCO3 : 1Mg(OH)2 : 4H2O), and another one referred as heavy
phase 4:1:5 with higher water content, dypingite (4MgCO3 :1Mg(OH)2: 5H2O).   Weight loss for these
two phases upon heating is slightly different, 58.5 % and 56.9 % for heavy and light respectively. In a
typical pyrotechnic smoke formulation, DBMC functions as a coolant through a multi-stage
decomposition.1,4  It releases water and then carbon dioxide during combustion, which aids in the
production of desirable smoke without flaming.

The US Army currently uses DBMC for smoke generation in a variety of weapon systems, such
as M18/M83 smoke grenades, M8 smoke pot, battlefield effect simulator and other miscellaneous
pyrotechnic sub-components, with an annual usage of over 25 metric tons.1  However, the domestic
DBMC production by Rohm&Haas has long ceased, and the Dead Sea Bromide of Israel is currently the
Army’s sole DBMC supplier. In this work, six DBMC supply sources were identified, and the DBMC
samples from each of those sources have been examined in terms of their physiochemical properties, such
as composition, particle size, density, against military spec MIL-DIL-11361E. A down-selection was
made to further evaluate their performance in complete smoke devices.
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Experimental
Materials. No US supply sources were identified in a market research.  Among six potential

DBMC supply sources under consideration, two samples were provided by Lehmann & Voss of Germany
from two different lots, designated as sample L&V-1 and L&V-2, and one received from Solvay of Italy
as sample Solvay.  Another three were from India, designated as sample Melox, Osian and Shree,
respectively. The sample Shree is clearly out of the specification in terms of density and was not further
evaluated.  The Army provided its DBMC material, sourced from Dead Sea Bromide of Israel, as Army
Control.

Characterization. Bulk density was determined using a Scott Volumeter in accord with ASTM
B329.  Tap density was measured using an ASTM B527 compliant testing apparatus Agilent 50-3000.
Surface area was measured using a Micromeretics Tristar analyzer with a multipoint BET method.
Moisture content was measured as specified in the military spec MIL-DTL-11361E using a VirTis 25ES
chamber with controlled temperature and pressure. Micrographs were recorded using a JEOL JSM-
500/LV scanning electron microscope. X-ray diffraction (XRD) patterns were obtained using a Phillips
PW 3040 powder diffractometer with Cu Kα radiation and a graphite monochromator operating at 45 kV
and 35 mA with 0.02º step size and 1 s step time.

For particle size measurement, a Beckman LS 230 light scattering instrument was employed with
a setup specified in the military spec MIL-DIL-11361E.  About 0.1 grams of powder was dispersed in 25
ml of deionized water with 1 ml of 0.25 wt % ammonium polyacrylate aqueous solution (Colloid 102 by
Rhone Poulenc) as dispersant and followed with an ultrasonic horn for 5 mins prior to measurement.
Additional runs were done in 2-propanol, rather than deionized water, using 0.25 wt. % phosphate ester
(RE-610 by Rhodia) as dispersant.

Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) was performed
using either a TA Instruments Q5000 or a Netzsch STA 409 analyzer with simultaneous differential thermal
analysis.  Differential scanning calorimetric analysis were done as specified in MIL-DTL-11361E except that high
purity He was substituted for Ar.

For the trace and heavy metal analysis, the various procedures specified in the military spec MIL-
DTL-11361E were closely followed in most cases, except for iron and calcium contents, where
inductively coupled plasma spectroscopy (ICP) and atomic absorption spectroscopy (AA) were employed,
respectively. Arsenic, lead, and the five other heavy metals were all determined by ICP methods, while
soluble substances in water or hydrochloric acid, as well as magnesium as magnesium oxide, were
determined by the gravimetric tests specified in the military spec MIL-DIL-11361E.

Results and Discussion

Physical and Thermal Analysis. Table 1 shows test results of bulk and tap density, surface area
and particle sizes, measured both in water and 2-propanol, of all DBMC samples as well as the
corresponding specifications from military spec MIL-DIL-11361E, denoted as Mil Spec. As can be seen
from the data, the physical properties of the DBMC materials under consideration vary greatly. The
sample L&V-2 from Germany and the sample Melox from India most closely resembling the Army
Control in terms of density and particle size. The Sample Osian of India and Solvay of Italy show very
fine particle size and low density in comparison to the Army Control, and are clearly out of the military
specification.

As expected, all DBMC samples give similar XRD patterns,5 which can be better indexed to a
light hydromagnesite phase rather than a heavy dypingite phase.  SEM imaging of samples5 indicates
none of these DBMC samples possess exactly identical morphology to the Army Control which is
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spherical in nature, though the sample L&V-2 and Melox are the closest matches.  However, the impact
of such a difference in morphology on smoke generation remains to be seen in performance test.

Table 1. Physical Characteristics of Densified Basic Magnesium Carbonate Samples.

Sample Density (g/cc) Surface Area Particle Size (µm)
Bulk Tap  (m2/g)  Water 2-propanol

MIL Spec
Army Control
L&V-1
L&V-2
Melox
Osian
Solvay

(n/a) 0.2-0.6   (n/a)   7-20 (n/a)
0.35 0.57   11.4   11.9 14.1
0.38 0.69   16.2   18.9 20.7
0.37 0.64  10.1   14.7 14.2
0.20 0.46   20.9     7.3 9.6
0.11 0.29  23.7     0.8 25.1
0.08 0.19   33.2     0.4 8.6

As far as thermal properties, shown in Table 2, TGA reveals that all DBMC samples have almost
the same MgO content consistent with Army control and Mil Spec data, but vary slightly in endothermic
characteristics. Both TGA and DSC data5  show at least two significant thermal events, attributed to
decomposition and evolution of CO2 and moisture, but none of these endothermic events, even that of the
Army Control, falls in the exact range as specified in MIL-DIL-11361E. The measured moisture content
also varies, but is considered an easily manageable production parameter. The differences in endothermic
characteristics are likely to have no significant impact on smoke generation as they all rapidly evolve
gases within 25°C of each other, but this yet to be further examined in performance test.

Table 2. Thermal Properties of Densified Basic Magnesium Carbonate Samples.

Sample
Moisture Content MgO Content Endotherm (°C)

 (%)  (%) 1st 2nd

MIL Spec
Army Control
L&V-1
L&V-2
Melox
Osian
Solvay

1.0 max 40.0-43.5 235-250 435-450
0.76 42.9 260 454
0.73 43.6 272 466
1.15 45.0 285 469
2.12 43.3 276 441

- 0.13 42.3 264 440
0.67 43.5 285 454

Trace and heavy metal analysis. Some DBMC samples under consideration were further
subjected to a chemical composition analysis for their trace and heavy metal contents. Table 3 shows
material solubility and total MgO content, measured via gravimetric test, in comparison with that of Army
control sample and Mil Spec.

389



4

Table 3.  Material Solubility and Total MgO Content of Selected DBMC Materials

Solubility  (wt%)Sample
HCl solution Water

Assay as MgO  (wt%)

Mil Spec 0.02 max 0.50 max 40 -43.5
Army control 0.009 0.16 40.6, 41.1

L&V-2 0.002 0.07 43.1, 42.8
Melox 0.019 0.22 42.7, 41.6
Osian 0.048 0.68 40.4, 40.8

As can be seen from the data on Table 3, the material L&V-2 and Melox pass the solubility test,
while Osian fails both solubility test in HCl aqueous solution and the water.  As for MgO content, the data
from all samples tested are generally in the range specified in Mil Spec.

Table 4 shows trace and heavy metal analysis results.  None of DBMC samples tested contained
significant amount of heavy metals such as arsenic, lead, mercury, barium, bismuth, cadmium chromium,
and well within Mil Spec.

However, the specification from military spec MIL-DTL-11361E is not consistent in term of iron
content.  Table 1 in paragraph 3.2 of the military spec gives an upper limit of 0.02 %, while the paragraph
4.4.6.2 gives an upper limit of 0.002 %.  The analysis procedure calls for preparing a solution of 10 ppm
in iron, and using that solution in the manner described will give an upper limit of 0.002 %.  The sample
L&V-2 was higher than the limit of 0.002 %, but well below the limit of 0.02 %.  The iron contents for
other samples are within the Mil Spec. Considering these commercially available DBMC materials are
food grade products, any impact of such a low level content of iron on the environment is negligible and
will have no impact on smoke generation.

Table 4.  Trace and Heavy Metal Content of Selected BMC Sample Materials.

Trace or Heavy Metal
Sample

Calcium

wt%

Iron

wt%

Arsenic

ppm

Lead

ppm

Mercury

ppm

Barium

ppm

Bismuth

hh

ppm

Cadmium

ppm

Chromium

ppm
Mil Spec 0.45 max 0.002 2 max 10 max 20 max 20 max 20 max 20 max 20 max

Army Control 0.06 0.0015 0 1.5 0 0.35 0.25 0.58 2.5
L&V-2 0.20 0.0036 0 0.9 0 0.35 0.14 0.47 2.0
Melox 0.45, 0.44 0.0013 0 1.7 0 0.31 0 0.45 0.14
Osian 0.11 0.0015 0 1.4 0 1.1 5.3 0.50 0.20

Summary and Conclusions

Commercially available DBMC materials have been examined against military specification MIL-DTL-
11361E in terms of their physiochemical and thermal properties. While no material is an exact duplicate
of the Army control in terms of physiochemical characteristics, at least two of the DBMC materials
investigated, L&V-2 and Melox, closely resemble what was specified in the military specification and are
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expected to work as well as the DBMC material sourced from the Dead Sea Bromide. The material
L&V-2 from Germany show properties very close to the Army control.  Melox material is currently used
by Indian Army for smoke generators and generally meets most specifications though it possesses very
different particle morphology than what the Army currently uses.

It is therefore recommended that the DBMC materials from L&V and Melox should be
considered as potentially source of material supply, and further assessed for performance data in complete
weapon systems, such as M18 smoke grenades.

As a footnote, the military Spec MIL-DTL-11361E appears written based on the material
currently in use, and is too restrictive or otherwise narrowly defined.  It should be revised with more
updated information once smoke generation testing is complete.
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Electrostatic Generation and Methods to Mitigate Electrostatic Discharge
while using the ResonantAcoustic Mixer

P.A. Lucon, S.L. Coguill and Z.R. Martineau, Resodyn Corporation, Butte, Montana USA

ABSTRACT

Mixing materials with ResonantAcoustic Mixing (RAM) technology may cause electrostatic
generation due to triboelectric effects without proper vessel configuration. These triboelectric effects are
caused by interactions between the vessel wall and the mixing contents, as well as interactions within the
materials being mixed. Experimental results indicate that an earth grounded, static dissipative mix
container greatly mitigates charge build up on the vessel and in the materials being mixed. In addition, the
acrylic hood used on the LabRAM mixer has been observed to store charges during machine operation
and during operator handling. Methods to minimize static accumulation on the hood are determined and
reported.

Introduction

ResonantAcoustic Mixing (RAM) technology is currently being used to mix difficult to process
materials that range from solid-solid materials to highly viscous materials, with, or without high solids
loadings. The materials used in solid-solid mixing can vary greatly through various industries and for
various applications. Anecdotal evidence suggests that triboelectric charges accumulate on the mixed
material and mixing vessel when solid-solid materials are mixed. In this paper, static charge generation
for solid-solid mixing is explored using a LabRAM® mixer.

Static electricity is generated by any of or a combination of the following effects; triboelectric,
piezoelectric, pyroelectric, as well as electrostatic induction.1 The most common method to generate static
electricity is the triboelectric effect, which is driven by a materials affinity to lose or gain electrons. A
material with weakly bonded electrons is more inclined to lose them. Whereas, other materials that tend to
fill the outer electron shell have a propensity to gain electrons.1 The triboelectric effect is observed when
materials come into contact with or slide past another material with a different affinity. Common material
affinities are published on triboelecric tables, a sample of which can be found at
http://www.trifield.com/content/tribo-electric-series/2. Materials at the top of the chart, tend to charge
positive (loose electrons), while materials at the bottom of the chart are likely to become negatively
charged (gain
electrons). In Figure
13, triboelectric
effects are caused by
interactions between
the vessel wall and
the mixing contents,
as well as interactions
within the materials
being mixed.

Figure 1. ResonantAcoustic® Mixing Diagram.

Vessel Wall

Headspace

Micromixing

Materials
being mixed

Bulk mixing

Acrylic Hood
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The experiments performed and reported in this paper are: generation and measure of charge,
means to mitigate charge, and application of mitigation of charge while mixing using the RAM
technology.

Experimental

Generation and Measurement of Charge
This experiment was to

demonstrate that the vessel and material
configurations could store a charge. The
charge was generated using a hand-held
Milty Zerostat charge generator. The
electrostatic voltages were measured
using an A-STAT-Check ESD hand held
meter, by Bokar International,. Readings
were taken at a distance of 50 mm from
both the side of the mixing container and
the top of the powder. Figure 2 displays
the static generation and measurement
configurations.  Two vessel
configurations were investigated; both
configurations had a known static-prone
energetic material, potassium perchlorate
(solid), loaded in the vessel. The 250 mL
vessels were made of 304 stainless steel
and polystyrene. The polystyrene vessels
are supplied with the
LabRAM mixers and the
304 stainless-steel vessel is
included with the heating
and cooling option for the
LabRAM. The vessels were
tested in both grounded and
ungrounded configurations
as described above. The list
of the tested parameters is
displayed in Table 1.

The charge was applied in 5-shot increments, from 0 to 20 shots. A shot was defined as one pull
or release of the static generator trigger. After each 5-shot increment, the charge on the vessel and
material was measured. After the 20-shot charge was measured, the configuration sat for 5 minutes and
then the charges on the material and vessel were measured again. Both positive and negative charges were
applied using the generator.

In addition to the charges being generated on the mixing vessel, there have been reports of
charges building up on acrylic hoods for the LabRAM. Initial testing was performed using the charge
generator under the following configurations: 1) A standard hood, 2) standard grounded hood, 3) standard

Figure 2. Static Generation and Test Configurations. (a)
Static Generation, (b) Measurement of Static on the

Vessel, and (c) Measurement of Static in the Material.

Table 1. Generation and Measurement of Charge Test Matrix.
Test Number Vessel Vessel Size Grounded Charge

1 304 Stainless Steel 250 mL No Negative
2 304 Stainless Steel 250 mL Yes Negative
3 Polystyrene 250 mL No Negative
4 Polystyrene 250 mL Yes Negative
5 304 Stainless Steel 250 mL No Positive
6 304 Stainless Steel 250 mL Yes Positive
7 Polystyrene 250 mL No Positive
8 Polystyrene 250 mL Yes Positive
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hood with a static dissipative film coating, and a 4) standard hood grounded with a static dissipative film
coating.

Generation of Charge while Mixing

Two mixing containers were chosen for these tests. The two vessel materials were 304 stainless
steel and static dissipative polyvial (BAS) from Lacontainer. The static dissipative polyvial has an
advertised decay rate of 5 kV to 0 kV in less than 2 seconds. The static dissipateive polyvial container has
been reported to have been used
on RAM systems for energetic
mixing4. Potassium perchlorate
was mixed in each container at
25 g, 50 g, and 75 g for 10
minutes. The vessels were tested
with and without earth ground.
The test configurations for the
stainless-steel and polyvial
vessels and the location of the
ESD meter are displayed in
Figure 3.

Results

Generation and Measurement of Charge

The results of the experiments described above for the generation and measurement of charges
are summarized in this section. Table 2 captures the charge results. The stainless steel container, even
though it is conductive, stores a charge if it is not connected to earth ground. When the stainless steel
container is tied to earth ground, the ground wire mitigates the vessel’s and mixing contents’ ability to
store a built-up static charge. The static charge of the stainless-steel vessel and powder contents dissipates

Table 2. Static Generation and Dissipative Results.

Base reading 0.5 kV 0.4 kV 0.6 kV 0.6 kV -0.3 kV 0.1 kV 0.2 kV 0.1 kV
5 shots 1.3 kV 1.2 kV 0.0 kV 0.0 kV 0.0 kV 0.3 kV -0.7 kV -0.3 kV

10 shots 2.7 kV 1.9 kV -0.2 kV -0.2 kV 1.0 kV 0.4 kV -0.5 kV -0.6 kV
15 shots 2.4 kV 2.4 kV -0.6 kV -0.5 kV 0.6 kV 0.0 kV -0.9 kV -0.4 kV
20 shots 3.1 kV 4.4 kV -1.0 kV -0.7 kV 0.8 kV 0.4 kV -1.0 kV -0.4 kV

5 min wait 2.3 kV 2.3 kV 0.0 kV -0.1 kV 0.1 kV 0.0 kV -0.1 kV 0.1 kV

Base reading 0.8 kV 0.4 kV 1.2 kV -0.5 kV 0.0 kV 0.0 kV 0.3 kV 0.3 kV
5 shots 2.0 kV 1.1 kV -1.5 kV -0.7 kV 1.2 kV 1.0 kV -0.7 kV -0.3 kV

10 shots 2.6 kV 1.3 kV -1.2 kV -0.8 kV 2.8 kV 1.8 kV -0.8 kV -0.3 kV
15 shots 2.7 kV 1.6 kV -1.1 kV -0.5 kV 2.8 kV 1.8 kV -0.8 kV -0.3 kV
20 shots 3.0 kV 1.6 kV -0.8 kV -0.5 kV 2.9 kV 1.8 kV -0.8 kV -0.3 kV

5 min wait 1.9 kV 0.4 kV 0.0 kV 0.0 kV 1.8 kV 0.2 kV -0.3 kV 0.0 kV

Stainless Steel Non-Grounded
Positive Shots

Test

Powder

Powder Vessel

VesselPowder

PowderVessel

Vessel
Test

VesselPowder

PowderVessel

VesselPowder

Powder Vessel

Stainless Steel Grounded

Polystyrene Grounded

Negative Shots

Positive Shots Negative Shots
Polystyrene Non-Grounded

Positive Shots Negative Shots

Negative ShotsPositive Shots

Figure 3. Static Generation during Mixing (a) Stainless-Steel
Vessel (b) Polyvial Vessel.

394



within 60 seconds when tied to ground. However, the polystyrene vessel and the powder stored a charge
with and without vessel grounding. The powder and polystyrene vessel stored more negative charge
(positive voltage) than positive charges. This is because polystyrene has a -70 affinity2 per the
triboelectric table. Materials with a negative affinity are more prone to gain electrons than loose electrons,
so it was expected that the polystyrene vessel would hold more negative charge.

Tests were performed on the standard acrylic hood displayed in Figure 1, found in the
introduction section. The cover tube, sitting on a wood table, was able to store 0.7 kV of charge. When
the cover tube was grounded, its ability to store a charge compared to the ungrounded state did not
change. This is because acrylic is non-conductive. By covering the cover-tube with an electrically
conductive film, the cover tube’s ability to store a negative charge decreased, but its ability to store a
positive charge increased. When the hood had a static dissipative film, and was also connected to earth
ground, it was not able to store a measureable charge. The test results are displayed in Table 3.

Generation of Charge while Mixing

The generation of charge tests were performed using 100 grams of potassium perchlorate.
Potassium perchlorate was chosen because it is highly used in fireworks, ammunition percussion caps,
explosive primers, and is used in various propellants, flash compositions.5 The particle size of the material
used was between 1 and 150 microns. The results of the charge generated on the vessel walls during
mixing are summarized in Table 4. The only container that reported a measureable charge was the non-
grounded stainless steel vessel. The charge on the non-grounded stainless-steel vessel lost its generated
charge in less than 30 seconds after the LabRAM® vessel ceased to move. The remainder of the
configurations tested;
grounded stainless steel
vessel as well as
grounded and
ungrounded blue
polyvials, did not
generate a measurable
charge. The charge
buildup inside the
vessel was not
measured.

Base reading 0.0 kV 0.0 kV 0.0 kV 0.0 kV -0.1 kV 0.0 kV -0.1 kV -0.1 kV
5 shots 0.0 kV -0.5 kV 0.3 kV -0.5 kV 0.0 kV -0.2 kV -0.1 kV -0.1 kV

10 shots 0.1 kV -0.4 kV 0.7 kV -0.3 kV 0.0 kV -0.5 kV -0.1 kV -0.1 kV
15 shots 0.5 kV -0.2 kV 0.8 kV -0.5 kV 0.1 kV -1.6 kV -0.1 kV -0.1 kV
20 shots 0.7 kV -0.5 kV 0.8 kV -0.6 kV 0.1 kV -1.2 kV -0.1 kV -0.1 kV

5 min wait 0.4 kV -0.3 kV 0.5 kV -0.2 kV 0.5 kV -0.5 kV -0.1 kV -0.1 kV

Test
Positive

Shots
Negative

Shots
Positive

Shots
Negative

Shots

Acrylic Hood Non-
Grounded Acrylic Hood Grounded

Acrylic Hood with Static
Disipative Film and Non-

Grounded

Acrylic Hood with Static
Disipative Film and

Grounded
Positive

Shots
Negative

Shots
Positive

Shots
Negative

Shots

Table 3. Acrylic Hood Electrostatic Charge Test Results.

Table 4. Charge Build up on the Vessel Walls During Mixing on the RAM
mixer at 25g, 50g, and 75 g of acceleration.

Acceleration Time

0 min 0 kV 0 kV 0 kV 0 kV
5 min 0 kV 0 kV 0 kV 0 kV
0 min 0 kV 0 kV 0 kV 0 kV
5 min 0.2 kV 0 kV 0 kV 0 kV
0 min 0 kV 0 kV 0 kV 0 kV
5 min 0.3 kV 0 kV 0 kV 0 kV

BluePolyvial
Grounded

25 g

50 g

75 g

Stainless Steel
Non-Grounded

Stainless Steel
Grounded

Blue Polyvial
Non-Grounded
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Summary
The experiments indicate that grounded conductive vessels mitigate static charges on the vessel.

Also, a grounded conductive film on the acrylic hood mitigates any charge that would normally
accumulate during machine operation and handling by an operator.
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ABSTRACT
Every pyrotechnic composition can be the place of low rate chemical modifications which can

lead to a loss of performance characteristics as well as safety issues after a long storage period. Even if
the products are fired no more than a few years after their manufacturing (e.g. fireworks), these ageing
phenomena need to be explored in order to know and control the possible risks, determine use by dates
where appropriate.

Several methods exist which consist in submitting the products or their active materials to
hardened conditions in order to provoke their fast ageing and hypothetically simulate long storage periods
in a much shorter testing period. However, in such hardened conditions, the chemical behavior of the
pyrotechnic compositions can be different from what happens in natural ageing and then the fast ageing
results are doubtful.

When results of natural ageing are available, a comparison with fast ageing results is possible and
help to evaluate the efficiency and representativeness the fast ageing methods. Such comparison will be
presented for two pyrotechnic compositions that produce respectively a red light and a red smoke.

Conclusions will be drawn up from this comparison as to the preferred methodology to be applied
in the development of pyrotechnic articles to quickly obtain information on the possible ageing of their
pyrotechnic compositions.

Introduction to the main reagents in pyrotechnic substances

The ageing of a material can be defined as a process that modifies its physical-chemical
properties and, with respect to a material's final performance or professional risks, ultimately renders it
inoperative or hazardous during use.

The ageing of pyrotechnic compositions comprising a juxtaposition of chemical powders with
differing grain sizes is an extremely complex phenomenon generated by the photochemical, thermal,
chemical or mechanical deterioration of the materials making up the pyrotechnic mixture or, more often,
of a combination of such materials.

This paper reviews the current status regarding the evaluation of the life span of pyrotechnic
compositions by comparing the methods used in similar fields and proposing a method that can be used to
predict the life span of organic matrix pyrotechnic compositions. After a brief presentation of pyrotechnic
compositions, this document goes on to outline the various methods used to evaluate life spans in other
fields that are similar to that of  pyrotechnics. Lastly, two types of pyrotechnic composition (flares and
smoke devices) will be analysed.

There are many causes of ageing under standard pyrotechnics storage conditions (-31°C/+51°C),
most of which involve free radical oxidation of organic binders and/or mineral oxidation of the metal
reducing agents used. While the unit change over time of the chemical reagents used in pyrotechnic
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compositions is generally well known based on the information given by manufacturers. The changes
affecting the mixtures are less well known or poorly understood.

For instance, since the 1950’s it has been known that polymer binders are highly sensitive to
oxidation via the loss of hydrogen from aliphatic groups or by free radical addition on double bonds.

Conversely, the change in the mixture obtained through the formulation of the pyrotechnic
composition is unknown or it is difficult to predict. Also, it has to be checked using empirical methods.
Consequently, despite the many studies on this topic, we do not have any reliable models for predicting
life storage that would provide insight into changes in the final performance of fireworks or ammunition
containing pyrotechnic compositions.

Special effects were obtained by adding nitrate and chlorate to produce coloured flames. Smoke
and light signals were the pretext for the creation of several new compositions. The literature contains
several references to the basis for these mixtures (1-9).

However, the use of fireworks rapidly gave rise to the military use of fireworks, which had
obvious advantages, especially in terms of signalling.

There is now a very diverse range of sophisticated pyrotechnic compositions, which have many
and varied applications in both the civil and military domains.

All families of pyrotechnic compositions derive from a generic mixture of materials that,
although they differ according to the desired effect, all belong to the same family of chemical reagents,
i.e.

o Oxidizing products,

o Reducing products,

o Binders,

o Additives (catalysts, coolants, etc).

The main reaction of pyrotechnic compositions therefore involves a redox reaction. The
oxidation of particular components (fuels) occurs simultaneously with the reduction of the other
components.

The procedure followed for this study should make it possible to define a general method for
estimating life spans. Based on examples of specific compositions, it was decided to focus the research on
the selected compositions and, more generally, on the methodology.

This research can be broken down into two main concomitant focus areas:

1st focus area:

 Theoretical research into the possible mechanisms behind the ageing of the pyrotechnic
compositions under study, consisting of strontium nitrate, potassium perchlorate, magnesium and a binder
of the type dimethylurea, for the flare composition - and potassium chlorate, lactose and dertoline (natural
binder) for the smoke composition,

 Determination of diverse techniques that can be used to provide a rapid visual display of
whether a sample has aged in such a way as to modify the normal operation of the products. We will
therefore attempt to determine whether the cartridges of the two selected formulations in our possession
have aged over time.

2nd focus area:
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 Proposal to set up an accelerated ageing process that would provide the best possible
simulation of a natural ageing process. This would enable comparison of the two processes using
techniques that have been developed and tested upstream.

Identifying the causes of the ageing of pyrotechnic devices

Selecting the pyrotechnic devices

The following pyrotechnic devices were selected for this study:

- Self-propelled signalling device with a red composition,

- White smoke device.

The choice of device (flare and smoke) is made in order  to:

 Extrapolate the results to a large number of pyrotechnic products that use the same family of
compositions;

 Provide feedback on the selected artifices (specialist evaluations and inspections performed);

 Determine the life span profile for this article;

 Look up ageing studies and findings for similar compositions.

The 1996 cartridges have aged naturally, i.e. under normal temperature conditions, in a storage area.

This therefore enables us to simulate (under accelerated ageing) an 8-year natural ageing process.
If the results from the accelerated ageing simulation match the natural ageing results, we will be able to
confirm that the accelerated ageing programme has enabled us to effectively simulate a natural ageing
process.

Characteristics of the pyrotechnic devices used

The flare compositions in our study are based on strontium nitrate (Sr(NO3)2) that has an
emission spectrum that gives a red colour, potassium perchlorate (KClO4), magnesium and dimethylurea
(binder)…

As stated earlier, the basic reaction in a pyrotechnic composition is a redox reaction. In our case,
the reducer is magnesium and the strongest oxidizer is potassium perchlorate. In theory then, the
preferred reaction would be between magnesium and potassium perchlorate. In practice, however,
reactions may also occur with the nitrate ion of the strontium nitrate

Pyrotechnic reactions involve solid-solid reactions that make it difficult to determine the products
that are likely to be formed (excluding metal oxides and hydroxides).

The red flare comprises:

- A flare envelope consisting of an aluminium casing containing 4 g of compressed flare composition,

- A propellant fitted with a trajectory delay mechanism.

This involves launching a full device, the flare part of which separates from the main body of the
device and burns at an altitude of 300 metres, and at a distance of 350 to 500 metres from the launcher.

It produces light with the emission of 5,000 cds for 11 sec.

The white smoke device comprises:
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- A tin-can style envelope (1/2 height) consisting of a food grade tin can casing containing 100 to 250
g of compressed smoke composition,

- An electric igniter DB N28B.

It produces a white smoke for about 90 sec.

Possible causes of the ageing of pyrotechnic compositions (10-11)

In a theoretical sense, our aim is to gather data on the possible mechanisms behind the ageing of
the pyrotechnic compositions under study, consisting of strontium nitrate, potassium perchlorate,
magnesium and a binder of the type dimethylurea, for the flare composition - and potassium chlorate,
lactose (milk sugar) and dertoline for the smoke composition,

Firstly, we listed the characteristics of the chemicals used:

- Raw materials

This list covers only the raw materials of the main components of the studied compositions:

- Magnesium

Magnesium is a metal known to be a strong deoxidizer. It may have a pyrophoric nature with
grain sizes of under 10 µm. It therefore reacts rapidly with air to form an oxide: MgO along with the
generation of a significant amount of heat (H  = 1000 kJ/mol).

An oxide layer coats the surface of the magnesium; later oxidation occurs via diffusion. The
Pilling Bedsworth (PB) ratio is used to determine whether this layer of oxide is protective, i.e. whether it
passivates the metal.

This ratio is defined as follows:

density
MassMolecularMMMM

MM
xPB

métal

oxyde

oxyde

mét 






where PB < 1  non-protective layer

1 < PB < 3  protective layer

Magnesium has a PB ratio of 1.45 (11), a value that matches that of aluminium whose oxide,
Al2O3, is known to provide a highly protective coating. So magnesium does actually oxidize, although
this remains relatively superficial, particularly given that it is generally stored in a neutral atmosphere or
in sealed, leak tight boxes that protects the metal against any excessive alteration.

As magnesium is a frequent component in pyrotechnic formulations, the research literature
contains articles (11-15) on its deterioration over time. For instance, a Swedish team has used
microcalorimetry to study the stability of magnesium and magnesium-based compositions (16) under a
range of different storage conditions. The results of this study demonstrate that under normal storage
conditions, i.e. with an unlimited quantity of oxygen, magnesium oxidizes at a rate of approximately
0.5% per year at 20°C.

In a more recent study, the same team calculated the deterioration of the reducing agent in
various compositions based on boron or magnesium, according to a simulated storage time; none of the
systems exceeded 5% of deterioration of the reducing agent after 20 years of storage (12).

The second alteration factor is the moisture level. The same authors (12) postulate that the
following reactions occur under conditions of high humidity:
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2 Mg + O2 2 MgO

MgO + xH2O MgO, xH2O

Magnesium is attacked by even fairly weak acids. This attack promotes hydrolysis of the metal
by water.

Microcalorimetric measurements demonstrate that magnesium deteriorates at a significantly
higher rate in humid environments. It is therefore generally recommended to ensure storage conditions at
a humidity level of under 50%. We arrived at similar conclusions for standard samples (13,14), the data for
which we will discuss later on in this paper.

Based on an analysis of the various data mentioned above and given in particular that:

 the magnesium used is stored in a leak tight casing,

 the PB ratio > 1,

 the compressed flare compositions are kept in a leak tight environment with respect to ammunition,

We begin with the premise that 0.5% of the magnesium in the compositions will oxidize during
its lifetime. This assumption will enable us to evaluate the impact of certain parameters during our
discussion.

- Potassium perchlorate

A member of the perchlorates family, only potassium perchlorate can be used with raw
magnesium. In the presence of ammonium perchlorate, magnesium can react violently. This  deterioration
is more pronounced in the presence of water.  While protection techniques are available, the formulations
used do not call for any special preparations of the magnesium used in the flare formulations found in this
study.

Potassium perchlorate and strontium nitrate are stable products that are only weakly hygroscopic.
As a precautionary measure, they are nevertheless dried in an oven before being incorporated into our
compositions, thus preventing any risk of interaction between the absorbed water and the reducing agent.

Decomposition reaction of potassium perchlorate:

KClO4 KCl + 2O2     (0.68 Kcal/mole)

- Strontium nitrate

Strontium nitrate is a stable product that is only weakly hygroscopic. It is nevertheless used in the
preparation of paints used to protect various metals against corrosion in moist air. As a precautionary
measure, they are nevertheless dried in an oven before being incorporated into our compositions, thus
preventing any risk of interaction between the absorbed water and the reducing agent.

Decomposition reaction of strontium nitrate:

Sr(N O3)2 SrO  +3/2 O2 + N2     (0.88 Kcal/mole)

In the ageing study discussed in this paper, we suggest that the oxidizer is not the limiting factor
and that it will not therefore be taken into account in the following discussion.

- Dimethylurea

Dimethylurea is an organic compound with the general formula C5H 3,5O6,5. Although it was only
found in small quantities in the flare composition (< 4%), its deterioration could have adverse effects, for
instance, on the cohesion or density of the final material.
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As regards its ageing (oxidation), we recorded an activation energy estimated at 5 kJmol-1 (5) that
suggests that the reaction rate is governed by diffusion processes. Despite this low activation energy, we
consider this to be a stable product based on our 10 years of experience in its use. This enables us to
ignore its impact on any possible alteration in our compositions over time.

- Lactose (17,18)

Lactose is a white solid with the molecular formula C12H22O11 and with molecular  mass. Lactose
is a reducing sugar, due to the presence of a hemiacetyl function in its formula.

Its aerated structure facilitates thermal decomposition when it reaches its boiling point (223°C)
and enables a full reaction with the oxidizer.

- Dertoline

Dertoline is a polymerised colophane. It is a natural product extracted from pine resin, and is
solid and brittle at ambient temperature. Its colour varies from very light yellow to nearly black, mainly
depending on the distillation tube. Colophane does not melt but softens with heat; its softening point lies
at approximately 110 °C. Its density, which is high (d20 = 1.1) for an organic resin makes it easy to use in
smoke compositions. Colophane consists of 90% of a mixture of organic acids of the diterpenes family,
known as resin acids, which have the molecular formula C20H30O2. These resin acids are isomers. The
proportion of the various resin acids in colophane varies according to the species of pine used to collect
the colophane. Some acids are only found in certain species (and are therefore characteristic of said
species).

Possible causes of the ageing of pyrotechnic compositions10,11

Secondly, the characteristics likely to alter the mix or chemical products were listed:

Causes of first level Causes of second level Affected reactants Consequences

Oxidation of reducers  Reaction with water
 Reaction with oxygen
 galvanic cells
 Chemical compatibilities

1. Metal
2. metalloids

 Gaseous
 Loss of performances
 Safety

Decomposition of
binders

 Oxidation of carboned chains
 Reaction with water
 Curing of the resins
 Chemical compatibilities

1.  Organic binders
2.  Oils
3.  Insatured polymers

 Held mechanical
 Loss of performances
Safety

Table 1: Potential causes of ageing of the flare composition

The smoke compositions that we will be studying are based on potassium chlorate (KClO3) which
acts as a first order oxidizer, lactose (milk sugar), magnesium carbonate and dertoline.

There are two types of main reaction that may develop during ageing, which chiefly concern the
decomposition of lactose:

 Production of lactic acid: lactose breaks down under the action of water, and in the presence
of acids, to form lactic acid. Lactic acid in the presence of chlorate accelerates the combustion process.
The data from DSC, IR, DTA analyses, combined with that from comparative analyses of safety tests
could provide valuable insight.
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 Lactose oxidation: lactose can break down over time to produce oxidized sugars. This
decomposition process may lengthen the duration of combustion over time. The same analysis techniques
can be used to characterise this decomposition.

Note: Lactose: C12H22O11

Lactic acid: C3H6O3

Causes of first level Causes of second level Affected reactants Consequences

Oxidation of metalloids  Decomposition of lactic acid
(lactose used)

 Reaction with oxygen
 galvanic cells
 Chemical compatibilities

1. Lactose
2. Other sugar
3. Nitates

 Gaseous
 Loss of performances
 Safety

Decomposition of
binders

 Oxidation of carboned chains
 Reaction with water
 Curing of the resins
 Chemical compatibilities

1.  Organic binders
2.  Oils
3.  Insatured polymers

 Held mechanical
 Loss of performances
Safety

Table 2: Potential causes of ageing of the smoke composition

In order to identify the parameters likely to affect ageing, it is first necessary to list the
characteristics or properties that drive the performance of the studied compositions. The ageing process
will mainly be monitored via changes (or not) in this performance. For the two selected compositions, one
of the acceptance criteria is the duration of the phenomenon, i.e. the rate of combustion, which mainly
depends on the following factors:

 thermal conductivity K (and, therefore, thermal diffusivity)

 specific heat Cp,

 density ,

 calorific value Q,

 ambient temperature.

To these parameters can be added the known factors (Tables 1 and 2), these particular proprieties:

 particle diameter,

 rate of compression  density of the compressed composition,

 microstructure of the compositions, specific surface,

 environnemental conditions  (T°, %RH).

The issue is to determine whether these factors may themselves change over time, or deteriorate
in a way that could affect performance. Some of these parameters may therefore be selected as a tracer in
the accelerated ageing program.

Understanding the phenomena and kinetics of deterioration

Methods for evaluating chemical ageing
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In addition to tracking the above-mentioned tracers, such as the measurement of the calorific
value or water content, the literature (19-34) recommends certain methods of analysis for estimating the
ageing of pyrotechnic compositions. These are relatively few, and include:

 conventional methods - DTA, DCS,

 microcalorimetry,

 thermal diffusivity: this is an alternative method in that it enables non-destructive testing of the
composition (35).

With regard to pyrotechnic compositions, a theoretical approach, coupled with the use of
bibliographic data makes it possible to:

- draw up the list of parameters affecting the rate of combustion,

- estimate their change over time,

- evaluate the activation energy,

- propose an accelerated ageing method.

Activation  energy Ea (55)

Activation energy is an important parameter that is not always easy to obtain. It is, though, vital
to know its value in order to evaluate the ageing of a composition using the Arrhenius law:

RT/Eae.Ak 

where:

k = rate constant

A = pre-exponential factor

R = perfect gas constant

T = T in K

Looking at the literature, we noted activation energy values for pyrotechnic compositions based
on Mg or Potassium Nitrate compounds so as to provide an overview of the possible ranges:

Type of composition Ea KJmol-1

Mg + BaCrO4

Mg + PbO2

Mg + K2Cr2O7

Zr + KNO3

91

111

30

272

The activation energy values generally recorded in the pyrotechnics domain range between 40
and 200 kJmol-1 (5) . A valid approximation for most reactions (10, 12) indicates that the reaction's rate
constant doubles or triples with each 10°C temperature rise.
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As a guideline, we have calculated Ea pour 3
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Although this approximation is evidently not really appropriate for gas compositions (11), it is
often used and, in particular, provides the basis for the Moses theory (12), which is itself widely used in
accelerated ageing studies of pyrotechnic components.

Based on all the collected data, we have selected an energy value of 75 kJmol-1 for flare
compositions; this value is sufficiently low to disadvantage the acceleration factor, and thus makes it
possible to draw reliable conclusions following the accelerated ageing process that we will recommend.

Once the activation energy value has been selected, we then have to evaluate whether this factor
itself, under the influence of other degradations such as oxidation of the metal, is likely to vary
significantly over time.

To recap on the definition of activation energy; this is the minimum amount of energy input
required by a system to enable the given reaction (decomposition, addition, etc.); it is directly related to a
reaction mechanism.

The changes to the system that we have mentioned so far are 1) minimal and 2) do not affect the
reaction mechanism. We will therefore consider the activation energy to be constant.

Exothermic potential

In order to evaluate changes in this parameter, we used the COPPELIA computer code to
simulate a change in the flare composition.

We were therefore able to calculate the thermodynamic properties for 3 mixtures:

1 – Standard sample

Mg 31%

KNO3 66%

Binder 3%

2 – Case where 0.5% of the Mg has been oxidized

Mg 30.5%

MgO 0.5%

KNO3 66%

Binder  3%

3 – Case where 1% of the Mg has been oxidized

Mg 30%

MgO 1%
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KNO3 66%

Binder 3%

Based on the recorded variations, we estimated the effects on the rate of combustion (V) on the
basis of an elasticity value E = 0.91, as summarised in table 2:

Mixture 1 2 3

H (cal/g) -960.8 -971.5 -982.54

Variation/standard sample --- 1.11% 2.26%

Impact on V --- 1% 2.05%

Table 2 – Estimated effects for partially oxidized magnesium mixtures

It appears that, for the likely oxidation rates of magnesium, the variations of the exothermic
potential and of the burning rates are negligible. It is therefore reasonable not to keep this parameter as an
ageing factor. Nevertheless, it would be useful to carry out calorimetric measurements at various points in
the ageing process in order to confirm this observance.

Thermal conductivity

Variations in density or microstructure of the compositions can provoke considerable changes in
conductivity. Likewise, considering that the conductivities of the oxide and the metal have a ratio greater
than 10:

11
300, 226,0  KWcmK KMg

11
400, 0168,0  KWcmK KMgO

Presence of the oxide will therefore tend to reduce conductivity. We have assumed a low oxide
content (0.5%); note that the accumulation of various sources of alteration could nevertheless have a
significant impact. The range and complexity of the sources of variation of this parameter preclude us
from drawing any hasty conclusions; it would be advisable to check its value. Further on in our discussion
(chapter x), we will recommend measuring diffusivity, which partly depends on conductivity, provided
that this is easy to carry out and relevant (measurement accuracy).

Pre-exponential factor

We have recorded no element concerning this factor in the various standard samples that we have
cited, other than a few numerical values. We can nevertheless assume that the same applies to this factor
as for energy activation – with even less risk given its low weighting (E = 0.5).

Particle diameter / particle microstructure

Changes in grain size and specific surface are inseparable, the latter being a consequence of the
former. This is a known phenomenon as all powders have a natural tendency to grow crystals and
therefore to reduce their specific surface (13). Generally speaking, the rate increases with decreasing grain
size and increasing specific surface: the ageing of powders therefore tends to reduce the rate of
combustion.
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The Swedish team mentioned above (3) has determined the thickness of the corrosion layer formed
with various reducing agents. For magnesium, it is estimated at 0.4 nm/year (for a specific surface of
1 m2/g). Thus, for a grain size of 10 µm (case of Mg), in 12 years the grain diameter will have increased
by nearly 10 nm (9, 6), i.e. a change of 1/00 in the diameter in 0.5% of Mg particles (initial assumption). This
is negligible, particularly given that the specific surface of Mg is initially low (0.37 m2/g) and therefore
has a limited impact on the reaction.

Environmental Conditions

This aspect has been discussed in the analysis of the ageing of the reducer.

The various articles in question highlight the influence of the moisture level. Raw materials, and
then the composition, may be exposed at different moments in their lifetime, i.e. during manufacture,
assembly and even storage as even supposedly leaktight casings can suffer from variations in temperature
and humidity (5).

Technical monitoring of the ageing process

 Natural ageing (Cartridges 1994 / 2002) – Analysis techniques used

IR Analysis

As previously seen, the ageing issue is essentially due to magnesium oxidation, i.e. either into
oxide and/or magnesium hydroxide.

The possible reactions are as follows:

Mg  +  2 H2O    Mg(OH)2   +   H2

Mg  +   H2O    MgO   +   H2

Therefore, in order to determine whether these compounds are present in the compositions, we
performed infra red spectra of the two compositions (2002 and 1994) as well as pure Mg(OH)2 and MgO
with a view to determining the characteristic bands of these products.

The other constituents of the composition (potassium perchlorate and strontium nitrate) were also
subjected to these tests.

We should find the characteristic bands of strontium nitrate (N-O bond), potassium perchlorate
(Cl-O bond) and magnesium hydroxide (O-H bond) if the latter is formed.

Calorimetry

The calorimetric study is performed using bomb calorimetry to determine the calorific value of
the composition.

This characteristic of the composition may vary with the ageing time according to the
bibliographic research.

DSC analysis

DSC graphs were performed to observe any peak shifts. These basically allow for the
characteristic peaks of the reactions to be observed. It is therefore possible to see if a reaction is initiated
earlier or later according to the ageing time.

Safety tests

407



12

Safety tests were performed on the two compositions to check if the different safety
characteristics had changed during ageing.

These tests allowed for the following characteristics to be determined:

- friction sensitivity index (in Newtons),

- impact sensitivity index (in Joules),

- static electricity sensitivity index (in millijoules)

using standardized test methods: BAM friction sensitivity test, BAM fall hammer sensitivity test,
Electrostatic spark sensitivity test (0-25 kV, 330 pF, 5 k)

 Accelerated ageing

Ageing tests according to Moses Theory

The values of activation energy frequently encountered in pyrotechnics are between 40 and 200
kJmol-1 (43). A valid approximation for the majority of reactions indicates that the rate constant of the
reaction is doubled or tripled on every increase of temperature by 10°C.

Strictly for information purposes, we calculated the equivalent activation energies based on this
approximation taking T1 = 288 K and T2 = T1 + 40 = 328 K, classic temperatures for this type of test

14

1

2 544772  molkJE
k
k

a

14

1

2 863443  molkJE
k
k

a

This approximation is not in fact very adequate but it is often used. It is notably the basis of the
theory of Moses (8) which itself is widespread for accelerated ageing studies of pyrotechnic components.

Working assumptions

This is a method (8) widely used in estimating the life span of pyrotechnic components under
determined storage conditions (over 10 years) for 20°C < storage T°C <30°C.

As already raised in a previous paragraph, it is based on the following assumptions:

 the deterioration follows an Arrhenius type law,

 bringing components to a high temperature for a relatively short time period is equivalent to longer
storage at a lower temperature,

 if no deterioration appears during the high temperature/short time test, the same will apply for the low
temperature/long time test,

 the rate constant is doubled or tripled for each 10°C increase.

Test description

This includes 3 tests:

A: A 24-hour constant temperature test to highlight any incompatibilities.

B: A 28-day test including thermal cycles with high humidity to control the hermeticity.

C: A 28-day test at constant temperature to increase the test time and assess the life span with optimum
confidence.

408



13

Test A: Moses proposes considering that the reaction is multiplied by 2,7 and 2,9 when the
temperature rises by 10°C closer to reality than factor 2). The lower (HL) and the higher (HU) estimates of
life span in storage can then be determined as follows:
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where:

HL = lower limit of estimation of life span in storage.

HU = higher limit. T1 = test temperature.

HT = test time = 24 h. T2 = storage temperature.

This results in the following table 3:

TEST TEMPERATURE

71°C 121°C

 COEFFICIENTS 2 AND 3
768 h <

(32 days)

< 5 832 h

(243 days)

24 576 h <

(2.8 years)

< 1 417 176 h

(164 years)

 COEFFICIENTS 2.7 AND 2.9
3 444 h <

(143 days)

< 4 923 h

(205 days)

494 139 h <

(56 years)

< 1 009 697 h

(115 years)

Table 3 – Calculated estimates of life span for different conditions

Test B: Temperature raising/lowering cycles are imposed every 20 minutes between 10 and 32°C
with relative humidity of 90 % or more. This simulates the increases and drops in temperature
corresponding to the day/night cycles during a 10-year period. During these tests, the hermetic seals are
subjected to a cyclic series of pressures related to the changes in temperature.

Test C: One set of components is submitted to isothermal conditions for 28 days at high
temperature. Using the previous formulae, two straight lines are plotted (in a semi logarithmic chart)
going through the point [28 days, T°C]. The intersection of these two straight lines with the horizontal
line corresponding to the storage temperature gives two points: the first (the shortest life span) can be
considered as a higher confidence limit (90%), whereas the second (longest life span) can be considered
as a lower confidence limit (80 %).

This method has the merit of accumulating different types of tests over a short time period (total
of 2 months). These stresses can highlight various deterioration processes.

 Ageing at constant temperature (35-54)

It is assumed that the storage of a composition in hard temperature conditions for a very short
period is equivalent to a longer storage time at a lower temperature and, therefore, any absence of
deterioration at high temperature vouches for the absence of deterioration at a lower temperature for a
longer storage period.
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Studies conducted and discussion

 Natural Ageing (1994/ 2002 Samples)

Comparison of infrared spectra

After plotting the infrared spectra of the two compositions (1994 and 2002), we can see that both
spectra can be fully superposed (figure 1).

Figure 1 - Infrared spectra of the two compositions (1994 and 2002)

We can observe the following typical “peaks” at the following wavelengths:

υ (N-O) = 2426,22 cm-1 ;  1384,15 cm-1 of strontium nitrate.

υ (Cl-O) = 1088,83 cm-1 ;  627,15 cm-1 of potassium perchlorate.

υ (O-H) = 3445 cm-1 ;  1637 cm-1 of water.

We can assert that the compositions contained traces of humidity. This is explained by the fact
that these compositions were in the open air for one month. Under normal conditions these cartridges are
protected from humidity by a sealed packaging. All the characteristic wavelengths of the pure products
also appear on the spectra. Therefore according to the infra red analysis, the magnesium was not altered
by the ageing. However, it is worth remaining cautious over this assertion as oxide or hydroxide could
have been formed but in relatively low quantities meaning that the infrared apparatus could not detect
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them. We can therefore say that infrared analysis does not show any noticeable ageing of the flare
compositions.

Comparison of DSC curves [13]

The compositions of the 1994 and 2002 samples underwent DSC (figure 2).

Figure 2 - DSC graphs of 1994 and 2002 compositions

We can see that the graphs have the same peaks for both compositions with no significant shift in
these. These plots have an endothermic peak at 300 °C and an exothermic peak at approx. 460 °C.

The endothermic reaction relates to a change in structure of the potassium perchlorate.  In fact,
this product goes from an orthorhombic structure (with Z= 4;  a = 8.33 Å, b = 5.65 Å and c = 7.21 Å)  to a
cubic structure (with Z= 4; a = 7.47 Å). This transformation occurs around 300°C along with a significant
increase in volume.

The exothermic reaction relates to the decomposition of the pyrotechnic mixture therefore
occurring around 460- 470°C.

According to the comparison of the two graphs, we can say that the DSC does not make notable
ageing of the composition apparent.

Comparison of the safety characteristics

Table 4 shows the results obtained:
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Composition Friction sensitivity
(N)

Impact sensitivity
(J)

Electrostatic
sensitivity (mJ)

2002 94,20 9,80 8000

1994 94,20 5,90 3000

Table 4 – Results on different safety characteristics of the compositions 2002 and 1994

In light of the results obtained, the 1994 composition appears more sensitive than the 2002 one,
notably in terms of static electricity and impact sensitivity. However, the difference is not very significant
which urges us to say that the safety characteristics of the compositions are not significant enough, i.e.
they do not show significant ageing.

Real firing tests

A firing campaign will be conducted subsequently. The latter will serve as a general conclusion to
this study. In fact, the performance of the cartridges and any changes will enable us to say whether or not
there is ageing. As modifications of chemical characteristics of the composition do not necessarily lead to
significant deterioration of the performance, similarly no change in the chemical characteristics chosen to
monitor the ageing does not rule out the risk of a drop in this performance.

 Accelerated ageing program: MOSES tests
Tests A, B and C (see above) were carried out as indicated in the following table 5:

Phase Quantity Conditions Actions at outcome
A:24h 3 flares 24h/25°C 3 firings
B :50°C/80%RH
/28days

5 flares + 25 g of “bulk”
composition (see hereafter).

50°C/80%RH
/28days

3 firings/1 in analyses/1
reference

C :70°C/28days 5 flares + 25 g of “bulk”
composition (see hereafter)..

70°C/28days 3 firings/1 in analyses/1
reference.

Table 5 - Overview of accelerated ageing tests
A: A 24-hour constant temperature test to highlight any incompatibilities.

B: A 28-day test including thermal cycles with high humidity to control the hermeticity.

C: A 28-day test at constant temperature to increase the test time and assess the life span with
optimum confidence.

For tests B and C, bulks of 25 grams of the flare compositions were placed in a small closed
vessel together with the flare samples in the same test set-up: any difference in the performance
characteristics would easily reveal a presumed ageing of the flare composition under the specific
conditions of the test.

Test A (24 hours/50°C constant)

This test is useful in theory to highlight the possible chemical incompatibilities between the
ingredients of the pyrotechnic composition. The maximum light intensity, combustion time and total light
integral measured on the three articles of this test were identical:

Imax: 7,3 kcd Duration: 16,1 s I integral: 50,1 kcd.s

showing the absence of compatibility problems which is consistent with what can be found in the
chemical documentation about such well known composition.
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Test B (28 days/50°C/80%RH)

This test did not put in evidence any visible drift of the performances for the complete flare and
for "bulk" compositions. In fact, the measured performances were comparable with those obtained for
long duration tests at constant temperature (results at 4 weeks). It shows that the design of the flare signal
is leak tight enough to protect its pyrotechnic content against humidity and a possible resulting ageing.
The flare signal appeared to be insensitive to the high moisture level of the test.

Test C (28 days/70°C)

These hardened conditions brought interesting results because the measured performances (I max,
duration of combustion) are comparable with those obtained with the duration test at constant temperature
at 32 weeks and not with those obtained at 4 weeks. It shows that the selection of a temperature level of
70°C could have started some evolution of the composition, mainly because of the chemical weakness of
the binder in temperature (See IR spectra).

A complementary test C was carried out only on bulks of composition during 28 days at 50°C and
then 28 days at 70°C; the rate of volatile matter content (VMC) of the composition was measured after
test. The recorded value is low (0,1%) whereas the starting value accounted for 0,49%. Nevertheless this
severe drop of the rate of VMC is comparable with that of the long duration tests at constant temperature.

 Accelerated ageing (50°C /15 MONTHS)

Flare samples were placed in an oven at 50°C during 15 months, with a sampling of 5 items every
month for tests and analyses (see table 6).

Phase Quantity Conditions Actions

T0 3 / Firings (reference)

T0 + 1 month 5 50°C 3 firings/1 in analyses/1 reference.

T0 + 2 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 3 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 4 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 5 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 6 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 7 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 9 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 11 months 5 50°C 3 firings/1 in analyses/1 reference

T0 + 13 months 5 50°C 3 firings/1 in analyses/1 reference

Table 6 - Overview of accelerated ageing tests at constant temperature

Monitoring of ageing

The monitoring of the factors can be associated to analysis techniques or methods. There are
relatively few analysis methods to assess the ageing of pyrotechnic compositions:

 microcalorimetry,
 infrared spectroscopy,
 calorimetry,
 safety tests
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 DSC (Differential Scanning Calorimetry) analysis.

Determination of markers

Markers which can be characteristics of ageing, can be classified and are of differential and
complementary nature:

 Dynamic markers:

o Flare:

 max. light intensity
 integral
 time
 medium intensity

o Smoke:

 time
 colour (visual)

 Chemical markers:

o Flare:

 value
 qualitative IR analysis (Mg(OH))
 safety tests
 volatile matter content

o Smoke:

 qualitative IR analysis (lactic acid)
 safety tests
 volatile matter content

The monitoring of the factors can be associated to analysis techniques or methods.

 microcalorimetry,
 infrared spectroscopy,
 calorimetry,
 safety tests
 DSC (Differential Scanning Calorimetry) analysis.

Additional tests

The compositions tested are compositions taken from mass-produced products experience
acquired on which ensures almost certain stability over time. In order to make the programme as
instructive as possible, it has been completed by the test of the compositions whose formulation contains
the same basic ingredients but at different percentages with the addition of products from the
decomposition of their main reagents.

For the flare formulation, it is proposed to produce the basic formulations replacing with
magnesium oxidised at different rates:

1%,  2%, 4%, 6.5%, 9%.

The formulations tested in the product set-up will give performance at T0. The monitoring of
manufactured products and bulk compositions in the same test set-up will allow for presumed ageing of
nominal compositions to be indicated.
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Results for the flare composition
V.M.C.:

The following figure 3 shows the change in the VMC on the “bulk” composition and the pressed
composition of the flare samples according to the sampling dates and then to the time they were kept in
the oven at 50°C.

Figure 3 – Evolution of the VMC in dependence on the sampling date for the bulk composition
and the flare

The VMC drops rapidly (in fact from TO+ 4weeks) at a mean value less than 0.1% whereas the
starting value was around 0.49%. This severe drop in VMC shows that the test (positioning in oven at
constant temperature of 50°C) has a drying action with respect to the composition. On the other hand, this
also shows that the binder is completely hardened as the gaseous part of the drying is not visible.

We can report the following findings:

 The VMC of the flare is greater than that recorded on the "bulk" composition with a standard
deviation of 0.3 to 0.4%. This deviation can be explained by the fact that the compressed composition is
enclosed in a sealed casing in which a balance occurs between the different relative humidity rates of the
different compositions. However, there is notably an ignition charge (BNPc) which when controlling the
charge, usually has a recorded VMC of 0.5 to 0.8%.

 The VMC remains homogeneous from the start to the end of the test. There was no
polycondensation reaction type degradation (elimination of a water molecule). The other assumption,
which entailed saying that the water produced by the degradation reaction is consumed by Magnesium
oxidation can be ruled out by the correlation of the firing results and the IR spectra. In fact, magnesium
oxidation would have caused a drop in the flare performance notably with a significant drop in intensity.
However, this was not recorded. Similarly, there was no change in this respect in the IR spectra.
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D.S.C.:

The spectra recorded on the compositions are all similar and virtually superimposable.

There was no major deterioration to the composition during the accelerated ageing test.

IR:

Figure 4 here shows all the general spectra performed at T0+12, 16, 28, 36, 44, 52 weeks. There
is nothing significant shown in these spectra. None of the initial chemical products appear to have
changed.

Figure 4 – IR-Spectra at different investigation times

Detailed analysis of all the rays is required to view and measure changes in the composition if
necessary. Zooming of area 1300-850 cm-1 and area 900-650 cm-1 allows for any transformations of the
binder to be verified. In fact, oxidation of the binder and carbon oxygen bonds, visible in these IR areas is
to be monitored. The binder used is designed to have radical polymerization. This particular type of
polymerization can deliver a free radial of the ethylene monomer family urged by the temperature.
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Figure 5 – Zoom of the IR spectra between 1300 and 850 cm-1

Figure 6 - Zoom of the IR spectra between 900 and 650 cm-1

We can ascertain slight oxidation of dimethylolurea as a C-OR bond appeared. This peak which
appeared from the sample at 8 weeks did not change subsequently. This means that this oxidation of the
product is on the surface and not at the core of the product.
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The mechanism of dimethylolurea to polycondensation expected was investigated using IR
analysis after extraction by solvent on natural ageing artifice. It can be pointed out that thanks to the
disposition of artifice of 1996.

In order to obtain only the binder of the pyrotechnic composition, several steps of extraction was
made. After these steps, the binder can be analysed by IR spectroscopy.

In first, it can be pointed out that the IR peaks at 840 cm-1 has been confirmed (see figure 8).

Figure 8 - Zoom of the IR spectra between 1000 and 500 cm-1

After 14 years of natural ageing, it can be seen that the binder has not been a general breakdown
of the polymer structure as the main functions of the molecule are present.

In second, the rocking vibration of the C-OH, CO, NH, CH2 are present. Vibrational spectra of
NH3 group (based on NH4OH) have been studied extensively. The appearance of NH3 groups after the
natural aging of 14 years shows and confirms that the binder is partially degraded. To assign these NH3
group vibrations, it is convenient to use the antisymmetric and symmetric NH3 stretching, NH3 degenerate
deformation and NH3 rocking vibrations. It appear in the regions of 3500-2700, 1600-1000, 950-590 cm-1.

Cm-1

840

710
633

538

[CO]+

Cm-1

840

710
633

538

[CO]+

418



23

The figure 8 shows, in 3500-2700 region, characteristics of v [NH2]+

Figure 8 - Zoom of the IR spectra between 3500 and 2700 cm-1

Table 7 - Somme vibrational frequencies (cm-1) of urea and dimethylolurea

Urea Dimethylolurea Predominance mode

3500 3490

3350 3340

V (NH2) free

3011 V (NH) bonded

1683 1653 V (CO)

1471 1456 Va (CN)

As the coordination occurs through nitrogen, the CO stretching frequency is increased and the CN
stretching frequency decreased. The NH stretching frequency in this case fall in the same range.

The polycondensation was observed to occurs through one step process of condensation during
structural rearrangement as has been reported in the literature.

The reaction of decomposition partial of dimethylolurea leading to the formation of urea although
suspectée because of the appearance of peaks to 1578 cm-1 (CO), 1414 cm-1 (C O) and a measurement of
weak acid pH, could not be confirmed by analysis DSC.

2 HOCH2-NH-CO-NH-CH2OH + O2 >>> 2HN-CO-NH2 + 2 CH2OCHOH

Reaction of dimethylolurea decomposition

This relative facility of decomposition of dimethylolurea in polycondendation may be caused by
the low activation energy estimated to 19kcal/mol.

The IR analysis is of particular relevance in monitoring at least the formation of these radicals.

[NH2]+
free

[NH2]+

bonded

[NH2]+
free

[NH2]+

bonded

[NH2]+
free

[NH2]+

bonded
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Friction sensitivity

The following figure shows the friction sensitivity of the flare composition according to the
sampling date and then to the period of time during which the samples were kept in the oven.

Figure 7 - Friction sensitivity in dependence on the sampling date

There is no significant difference in the measured values. They remain at comparable levels
regardless of the test duration.

Impact sensitivity

The following figure 8 shows the impact sensitivity of the flare composition according sampling
date and then to the period of time during which the samples were kept in the oven

Figure 8 – Impact sensitivity in dependence on the sampling date
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This sensitivity is to be related to the remaining content of volatile species in the composition (see
VMC tests). In fact, as the composition becomes drier and drier with time, its impact sensitivity increases.
The amplitude of this increase is very similar to the difference between the recorded values of the
compositions of the 1994 and the 2002 flare signals.

Combustion time:

 Flare firing curves

The combustion time slightly increases with the week of firing (See Figure 9) when the maximum
intensity also increases and the duration at this maximum intensity decreases (See Figure 10). The total
light integral shows a higher decrease (See Figure 10).

Figure 9 – Dependence of the combustion time with the firing week

Figure 10 - Dependence of the maximum light intensity (Imax), of the duration at this maximum
intensity (Durée) and of total light integral (Int) with the firing week
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 Influence of MgO content
1% MGO:

Tot Time
(s)

Total
integral
(Cd.s)

Integral
< 3 s

 (Cd.s)

Integral
< 6 s

 (Cd.s)

Integral
< 9 s

 (Cd.s)
0 wk 17.22 48 960 12 222 21 973 30 592

20 wks 17.29 47 241 10 734 20 196 28 911
28 wks 16.70 48 941 11 837 21 594 30 748
36 wks 16.79 50 695 11 781 21 941 31 769
52 wks 16.68 47 792 11 235 20 707 29 530

2% MGO:

Tot time
(s)

Total
integral
(Cd.s)

Integral
< 3 s

 (Cd.s)

Integral
< 6 s

 (Cd.s)

Integral
< 9 s

 (Cd.s)
0 wk 17.57 42 536 10 983 19 579 26 647

20 wks 17.47 39 705 10 227 18 740 25 200
28 wks 16.98 42 534 10 299 19 265 26 799
36 wks 17.07 42 284 10 168 18 306 25 481
52 wks 17.71 39 730 9 548 18 064 24 890

4% MGO:

Tot time
(s)

Total
integral
(Cd.s)

Integral
< 3 s

 (Cd.s)

Integral
< 6 s

 (Cd.s)

Integral
< 9 s

 (Cd.s)
0 wk 18.98 40 699 10 062 17 658 23 813

20 wks 19.11 40 120 9 219 17 300 23 193
28 wks 18.84 42 596 9 302 17 095 23 669
36 wks 18.51 41 248 9 961 18 330 25 083
52 wks 19.02 40 688 8 845 16 486 22 642

6.5% MGO:

Tot time
(s)

Total
integral
(Cd.s)

Integral
< 3 s

 (Cd.s)

Integral
< 6 s

 (Cd.s)

Integral
< 9 s

 (Cd.s)
0 wk 18.08 34 367 8 729 15 788 21 351

20 wks 18.04 33 775 8 054 14 922 20 196
28 wks 19.35 35 229 8 016 14 730 19 903
36 wks 18.75 34 244 8 072 15 345 20 919
52 wks 18.85 33 322 8 086 14 753 19 870
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9% MGO:

Tot time
(s)

Total
integral
(Cd.s)

Integral
< 3 s

 (Cd.s)

Integral
< 6 s

 (Cd.s)

Integral
< 9 s

 (Cd.s)
0 wk 18.71 35 650 9 036 16 012 21 474

20 wks 18.79 34 437 7 985 14 740 19 834
28 wks 18.75 33 974 7 772 14 741 20 250
36 wks 17.75 31 269 7 646 14 104 19 232
52 wks 18.85 33 257 7 951 14 582 19 930

Influence of MgO content on the combustion time:
0 wk 20 wks 28 wks 36 wks 52 wks

1.0% 17.22 17.29 16.70 16.79 16.68
2.0% 17.57 17.47 16.98 17.07 17.71
4.0% 18.98 19.11 18.84 18.51 19.02
6.5% 18.08 18.04 19.35 18.75 18.85
9.0% 18.71 18.79 18.75 17.75 18.85

Figure 11 and 12 give the influence of MgO content on the combustion time and total light
integral.
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Figure 11 - Dependence of the combustion time with the MgO content

423



28

Influence of MgO content on total pulse:
0 wk 20 wks 28 wks 36 wks 52 wks

1.0% 48 960 47 241 48 941 50 695 47 792
2.0% 42 536 39 705 42 534 42 284 39 730
4.0% 40 699 40 120 42 596 41 248 40 688
6.5% 34 367 33 775 35 229 34 244 33 322
9.0% 35 650 34 437 33 975 31 270 33 257

Total integral vs % MgO
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Figure 12 - Dependence of the total light integral with the MgO content

Influence of MgO content on pulse at 9 s:

0 wk 20 wks 28 wks 36 wks 52 wks
1.0% 30 592 28 911 30 748 31 769 29 530
2.0% 26 647 25 200 26 799 25 481 24 890
4.0% 23 813 23 193 23 669 25 083 22 642
6.5% 21 351 20 196 19 903 20 919 19 870
9.0% 21 475 19 834 20 250 19 233 19 930

The results obtained with the compositions with MgO on the different parameters (total time,
pulse, high intensity time) show that the composition does not change much on ageing.

This is confirmed by the change in the nominal composition.

These parameters dropped by 22% and 9% respectively after 52 weeks of ageing. This is
undergoes a constant elongation, proportional to the percentage of MgO included.

The max. intensity varied little (3.5%) on the aged compositions. The initial variation of I max
according to the % of MgO and the absence of change after ageing show that the ignition composition is
not sensitive to ageing. In fact, the Imax peak changes according to the initial MgO content but there is no
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change after the ageing test as there was no formation of natural MgO. This is confirmed by the IR
analysis.

Results for the smoke composition

VMC:

The following figure shows the change in the VMC studied on the “bulk” composition according
to the oven holding time.

Evolution rate M.V.T. "Bulk" and pressed composition vs. sampling date

0

0,05

0,1

0,15

0,2

0,25

TO TO+4s TO+8s TO+12s TO+16s TO+20s TO+24s TO+28s TO+36s TO+44s TO+52s

Sampling date

%

Figure 13 – Evolution of the VMC in dependence on the sampling date for the bulk
composition and the smoke

The mean "bulk" VMC drops continuously from the input value.

This drop which varies significantly (loss of 40% in absolute value) is to be lowered when the
content level is examined. In fact, the VMC is low and particularly favourable to optimum resistance over
time.

On the other hand, the drop appears to show that the formation of lactic acid does not occur until
T0 + 24W as the formation of lactic acid (regardless of the right or left hand isomer) contributes to the
formation of a molecule of water.

Then there is a rise in the combustion times (see relative paragraph) with no significant change.

Similarly, the IR spectra do not show the formation of this acid. The IR spectra are the same as
the original one.

This release of Volatile Matter is certainly due to a slight oxidation of lactose.

The VMC in the product is higher than the mean VMC recorded on the "bulk". This can be
explained by the better sealing provided on the bulk (storage in jar) than the finished product. The non-
degradation of lactose is also confirmed by these analyses on the product as the VMC is stable and
constant over time. There is therefore no production of lactic acid.

Bulk

pressed
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Impact and friction:

The impact sensitivity of the smoke composition changes around the establishment of a more
sensitive composition.

Evolution of the impact and friction vs sampling date
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This change, correlated with the findings of the change in VMC appears to show the absence of
the formation of lactic acid. Indeed this increases the impact sensitivity of the smoke compositions.

In addition, the impact sensitivity is not in proportion to the VMC of the composition. This
therefore confirms that there is no formation of lactic acid (the acid would have evaporated during the
VMC measurement).

Alternatively, there may have been recrystallisation of the potassium chlorate which could have
increased the sensitivity of the composition. This phase change has no impact on the combustion time.

Combustion time:

The following graph shows the change in the combustion time according to the sampling date.
There is no significant difference in the combustion time. The differences recorded are most probably due
to variations in production rather than a change in parameters.

What is more, the observers noted the difficult in assessing the end of operation of the smoke
device due to a poorly marked combustion stop. Finally as the smoke device has a central shutter to
release the smoke and a (smaller) shutter for the igniter, this shutter opens after a variable time thereby
changing the operating pressure of the smoke device.

This confirms the absence of the formation of lactic acid which would have lowered the
combustion time or caused a runaway of the reaction.

The phase change of the potassium chlorate is confirmed as this does not generate any change in
the combustion time.
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Evolution of the burning time vs. sampling date
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MOSES test:

The combustion times after MOSES tests (test 1: 28d/50°C/80%RH, test 2: 28d/70°C) are
comparable to those recorded during the test at constant temperature. The following was in fact recorded:

 2.77 mn for test 1,

 2.22 mn for test 2.

 3.22 mn for the accumulated test (test 1 + test 2)

The results are consistent with one another. Basically, the test in Relative Humidity restores the
longest combustion time as, on the one hand, the smoke device studied has a design such that the product
is sealed by a simple fender and, on the other hand, smoke compositions are, in general, sensitive to
humidity. The time recorded during test 3 confirms this assumption.

The results of the MOSES test are comparable to the test at constant temperature. This test is
therefore equivalent. It therefore allows for the behaviour of the product in ageing to be quickly verified.

Conclusion
The bibliographic research made on the possible causes of ageing of pyrotechnic compositions

has confirmed that it is the slow redox reactions that are the root cause of deterioration of pyrotechnic
compositions. In the majority of cases, humidity, temperature and oxygen are the leading factors in the
ageing of compositions. Similarly, the reagents, the most sensitive to these factors are the reducing agents
and binders with polymer matrix.

In terms of the general methodologies likely to be applied, two methods emerge based on
Arrhenius’s law:

 MOSES test

 constant temperature cycle.
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The methodology proposed was based on using a test at constant temperature determined from
tests to determine the activation energy of the composition. In our case, the test temperature chosen is
50°C. This choice of temperature is a compromise between having a temperature high enough to
accelerate the degradation reactions due to accelerated ageing and not causing decomposition reactions
due to other physical phenomena  (fusion, Tg,…) initiated by too high a temperature. 50°C is also the
temperature usually used in accelerated ageing.

 Flare compositions

The following information is to be retained for this type of composition:

o The test a 50°C for 52 weeks is representative of ageing of approximately 10 years as the
performance (Imax, Integral) of the 1996 ammunition are comparable to those measured after ageing of
52 weeks.

o The parameters which revealed to be the most significant are combustion time as well as the
integral. These parameters dropped by 22% and 9% respectively after 52 weeks of ageing. This is
confirmed by the results obtained on the compositions with MgO. In fact, the combustion time undergoes
a constant elongation, proportional to the percentage of MgO included.

o The max. intensity varied little (3.5%) on the aged compositions. The initial variation of
I max according to the % of MgO and the absence of change after ageing show that the ignition
composition is not sensitive to ageing. In fact, the Imax peak changes according to the initial MgO
content but there is no change after the ageing test as there was no formation of natural MgO. This is
confirmed by the IR analysis.

 Smoke composition

The following information is to be retained for this type of composition:

o The IR analyses showed the total absence of the formation of lactic acid. Correct operation of
the smoke devices throughout the programme confirms this.

o The lengthening of the combustion time of the smoke devices shows oxidation of lactose
rather than humidity absorption. The VMCs recorded actually remain within acceptable deviations for this
type of composition

 General conclusions

The important points to be retained from this study can be listed as follows:

o The methodology by estimation of the activation energy is a good indicator of the life span of
ammunition provided you have a measured or indicated value of the initial energy.

o Adjustment by regular sampling during accelerated ageing, the physical and chemical analyses
(IR analyses in particular) and the naturally aged ammunition firing allow for the evolution of
the compositions studied to be identified.

o The analyses on the "bulk" compositions subjected to the same artificial ageing parameters
provides information on the changes to the composition in harsh conditions. This test is a test
for anticipation and a predictive test of the result of the accelerated ageing.

The wealth of physical and chemical analyses was necessary to be able to interpret the results.
Cross-checking of the different analyses (IR, DSC, VMC) allowed for correct interpretation of the ageing
phenomena. The 1st analysis appears to be the measurement of the VMC as it immediately indicates if a
new body was formed. The IR and DSC analyses allow for verification of the reaction or reactions which
took place. An identification of at least the elimination of formation assumptions is possible.
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The safety tests (Impact, Friction) are required to prevent any deterioration in performance or
handling safety. Cross-checking with the physical and chemical analyses is useful in interpreting the latter
(e.g. VMC with lactic acid).

The compositions stored in "bulk" or powder form can be considered as hard tests as the
phenomena were revealed quite early on. In this respect, the tests on the pressed compositions can be
considered as predictive tests of what may subsequently occur on the compositions integrated into
products.

The MOSES tests show the same trends in terms of behaviour of the integrated compositions as
the test at constant temperature spread over a longer time period. However, this does not allow for
detailed analysis of the phenomena as it operates in an on/off basis. It should be considered as a quick test
of the ageing behaviour. It can also be an addition to the chemical compatibility analyses.

A proximity analysis conducted on naturally aged ammunition and ammunition subjected to the
ageing programme revealed similarities in behaviour and agreement between the results.

The accelerated ageing methodology based on a test at positive constant temperature is
representative of natural ageing.
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ABSTRACT 

 Primary explosives are essential components to detonators and primers, which are the initiating 

elements to many military items such as small caliber munitions, mortars, rockets, and warheads.  They 

contain primary explosives such as lead azide and lead styphnate; these compounds are used either as neat 

materials in transfer charges or as constituents in formulations used for initiation and primer mixes.  Lead 

is a highly regulated material as it is both an acute and chronic toxin, and the human body has difficulty in 

removing it once it has been absorbed and dissolved in the blood.  Due to the problems that lead based 

materials are causing to human health and the environment, there is a challenge to overcome this barrier 

by developing effective green, environmentally safe primary materials as neat materials or in 

formulations.  In order to safeguard laboratory personnel, a need also exists for the development of safe 

methodologies to both synthesize and characterize these sensitive compounds as well.  ARDEC is 

currently investigating DBX-1, a lead-replacement primary explosive candidate developed by Pacific 

Scientific Energetic Materials Company (PSEMC) and the Naval Surface Warfare Center, Indian Head 

(NSWC-IH). These investigations include synthesis at the small lab scale as well as characterizing and 

performance evaluation through testing in M55 detonators.  Along with this, ARDEC is also working to 

replace lead-based compounds in the commonly used stab initiation mix, NOL-130, and also in common 

military primer mixes such as FA956.   

 

INTRODUCTION 

 A primary explosive is an explosive that is extremely sensitive to stimuli such as impact, friction, 

heat or electrostatic discharge.  Very small amounts of energy are required to initiate such a material; 

primary explosives are generally considered to be the materials that are more sensitive than PETN.  

Primary explosives are known as the initiating materials that set off less sensitive energetics such as 

secondary explosives (e.g. RDX/HMX) or propellants.  A small quantity, usually milligrams, is required 

to initiate a larger charge of explosive that is safe to handle.  Primary explosives are widely used in 

primers, detonators and blasting caps.  The most commonly used primary explosives are lead azide and 

lead styphnate.  Lead azide is the more powerful of the two and is used as a neat material, typically in 

detonators as a transfer charge, or in formulations for initiation mixes (e.g. NOL-130).  Lead styphnate is 

mostly used in formulations for initiation and primer mixes and rarely found as a neat material in 

applications.    

 Although lead azide has been heavily employed for decades, is a very poisonous material that 

reacts with copper, zinc or alloys containing such metals, forming other azides that can be highly sensitive 

and dangerous to handle.  Further, lead-based materials are well established to cause environmental and 

health related problems.   Lead-based materials are cataloged on the EPA Toxic Chemical List (EPA List 

of 17 Toxic Chemicals); they are additionally regulated under the Clean Air Act as Title II Hazardous Air 

Pollutants, as well as classified as toxic pollutants under the Clean Water Act, and are on the Superfund 

list of hazardous substances. Recently, under the Clean Air Act, USEPA (U.S. Environmental Protection 

Agency) revised the National Ambient Air Quality Standard (NAAQS) to 0.15µg/m
3
, which is ten times 

more stringent than the previous standard
1
.  Lead is both an acute and chronic toxin, and the human body 
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has difficulty in removing it once it has been absorbed and dissolved in the blood.  Consequently, a chief 

concern is the absorption of lead by humans from exposure to initiating mix constituents, as well as the 

combustion by-products of lead based compositions. Their use during training and testing deposits heavy 

metals on ranges and can impact sustainable use of these ranges.  

 These initiator and transfer charge compositions also require expensive handling procedures 

during production and disposal.  Manufacturing of any lead-based primary explosives, such as lead azide 

or lead styphnate, results in the production of significant quantities of highly toxic hazardous waste.  

Handling and storage of these compounds is also a concern.  

 

 Due to its environmental and health impact, there is a need to develop green primary explosives, 

to replace lead based compounds. We are seeking to replace lead azide and lead based formulations in 

commonly used detonators, specifically M55 stab detonators and percussion primers, such as M115, M39, 

M42, etc.  When seeking replacements for the lead compounds, one important strategy we are focused on 

is the use of high nitrogen compounds.  These are widely considered to be viable environmental 

energetics as the predominant detonation product is non-toxic nitrogen (N2) gas;
2-3

 at the same time, they 

possess high heats of formation (Hf), which lead to high energy output,  In developing/testing a viable 

lead replacement, the following criteria are considered when investigating new compounds. 

- Material must be safe to handle and possess a rapid deflagration to detonation transition 

- Must be thermally stable to greater than 150
o
C and must have a melting point greater than 

90
o
C 

- Also should possess high detonation performance and sensitivity 

- Should have long term chemical stability 

- Should not contain toxic heavy metals or other known toxins 

- Easy to synthesize and affordable 

  

 Although there have been several attempts to use high nitrogen materials  (and others) over the 

years, to date only one material that has shown promise as a green drop-in replacement to lead azide is 

DBX-1, Copper(I) 5-nitrotetrazolate, developed by Pacific Scientific Energetic Materials Company 

(PSEMC),  under contract from the U.S. Naval Surface Warfare Center, Indian Head (NSWC-IH).  We 

are currently focused on investigating the applicability of this material in the U.S. Army detonators and 

primers, and detail our early results here. 

 

 At the same time as we are developing new compounds, we are looking into minimizing the 

dangers to personnel and equipment associated with synthesizing and handling primary explosives.  For 

this reason, we are currently developing a remote-operated facility dedicated only to synthesizing and 

testing primary explosives. Working together with Franklin Engineering, we are building a customized 

automated synthesis and scale-up systems for primary explosives. 

 

                                                   

EXPERIMENTAL 

  

 When investigating a primary explosive candidate, first the sensitivity tests (ball drop impact, 

BAM friction and electrostatic discharge) are conducted to understand how to handle the material and 

also for the safety purposes.  Impact sensitivity was measured by an in-house customized ball-drop 

apparatus whereby a 1 oz. (28.35 g) steel ball was dropped on 30 mg of sample from various heights.  

Friction sensitivity was measured on a small BAM friction apparatus using 30 mg of sample on porcelain 

plates obtained from Chilworth Technology, Inc.  Electrostatic discharge (ESD) sensitivity data were 

obtained on a SMS built ESD apparatus using 30 mg of sample.  Sensitivity tests were conducted by 

Garrett Richards, Joel Rivera, and Akash Shah (ARDEC).   
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 DSC and NMR are conducted to analyze the purity of the material and also for the stability and to 

understand the chemical/physical properties. Additional details can be determined by microscopy, for 

which scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS) spectra 

were collected on an EVEX mini-SEM SX3000.  Once the safety criteria are met, performance testing is 

done to see how well the material behaves in an item.  As mentioned earlier, candidates are loaded into 

M55 detonators, using arbor hand presses (Figure 1a) and tested for performance (Figure 1b-1c).   

 

 For M55 detonators, first the stab mix (15mg), which comprises of lead based formulations (lead 

azide, lead styphnate, tetracene, barium nitrate, antimony sulfide) is pressed at 70,000 psi. The transfer 

charge--green candidate to replace lead azide--is pressed at 10,000 psi followed by RDX (output charge – 

19mg) pressed at 15,000 psi; finally, the detonator is crimped with the foil.  The completed detonator is 

transferred to a holder containing a witness plate and a firing pin is placed on top (Figure 1b).   A 0.25 oz 

steel ball is dropped onto the firing pin (Figure 1c) from 3” height to initiate it, and the resulting dent on 

the witness plate is measured by laser profilometer (Figure 1d). As specified in MIL-D-14978A, the dent 

requirement for an M55 should be at least 0.01 inches in a steel witness plate. 

 

 
Figure 1: Detonator loading and testing equipment. 

 

For primer performance testing, primers are sealed in air-tight test apparatus and initiated by dropping an 

8 or 16 oz steel ball; pressure transducers measure the output (Figure 2).  

    
 Figure 2: Primer performance test setup 
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RESULTS & DISCUSSION 

 

Several lab scale batches of DBX-1 (Figure 3) were synthesized at ARDEC; using the synthesis 

procedures published by Fronabarger et al of PSEMC
4
.  DBX-1 is prepared from copper (II) chloride and 

sodium 5-nitrotetrazolate (NaNT), which is an energetic material and highly sensitive when dried.   

 
Figure 3: DBX-1 

Sensitivity and Chemical Analysis 

 Several batches of DBX-1 were made at a scale of 2-3 grams.  Table 1 below lists the sensitivity 

properties of the batches along with its DSC thermal decomposition data and  compares to lead azide and 

lead styphnate and also the standard materials (Lot EL301611A and EL4G038) that were made at 

PSEMC by Mike Williams and John Fronabarger.   

 

Table 1: Sensitivity and DSC comparison of ARDEC-synthesized DBX-1 with lead azide and 

PSEMC-synthesized DBX-1 

Sample 
Impact 

(in) 

Friction 

(N) 

ESD 

(mJ) 

Density 

(g/cc) 

DSC (
o
C) 

VOD 

(m/s) 
Onset Peak 

Lead Azide 7-11 0.1 4.7 4.80 320 325 5300 

Lead 

styphnate 
5 0.1 0.2 3.00  282 4900 

DBX-1 

(EL301611A) 
4 0.1 3.1 2.58 304 310 ~7000 

DBX-1 

(EL4G038) 
>30 0.1 20.0 2.58 pending  

KO-3 5 0.1 120  311 318  

KO-5 10 0.1 40  304 310  

KO-7 13 0.1 9.0  303 309  

KO-8 10 0.1 31.0  pending  

KO-11* 4 0.1   pending  

*= 7-8 grams batch 
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Figure 4: SEM images of selected primary explosive materials 

 

 When comparing the sensitivity test results of DBX-1 with lead azide, DBX-1 is more sensitive in 

impact and of same sensitivity for friction.  For electrostatic discharge, sensitivity varies in wide range, 

which could be due to the different equipment used to measure its sensitivity, operator error or just the 

material property is different, i.e. particle size/shape and also of impurities that were seen from EDS.  

Differential Scanning Calorimeter (DSC) was performed at 5
o
C/min for PSEMC and ARDEC DBX-1 

materials and seems to be in the same range except for KO-3 as there were trace chlorine (Cl) impurities 

noted from Energy Dispersive Spectroscopy (EDS).  
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Performance Tests: 

 
Figure 5: M55 Detonator 

 

 An average of five M55 detonators (Figure 5) were loaded with each batch of DBX-1 (ARDEC 

and PSEMC synthesized) as the transfer charge, keeping the output (RDX) and the initiating charge 

(NOL-130) same for all. Table 2 lists all the performance, dent depth, for each batch.  When comparing 

almost all batches of DBX-1, inconsistent high-order detonation behavior was observed in the M55’s with 

the exception of the control PSEMC DBX-1, lot EL4G038, which fired successfully in all trials.  The 

observed behavior could be several possibilities.  One issue could be associated with the NOL-130, stab 

mix, was purchased a number of years ago.  NOl-130 is a mixture of five components and has a tendency 

to separate out over time.  As the additional mixture components (in particular tetracene and antimony 

sulfide) are required to impart the necessary sensitivity to the stab pin impact, an inconsistently mixed 

formulation could have a noticeable impact on detonator performance; the established tendency for both 

lead azide and tetracene to break down over time in the presence of moisture could further play a role.  To 

address this issue, new batch of NOL-130 is ordered and will be tested once received.  Another reason 

that the detonators are not achieving a high order state could be due to the fact that the M55 is a very 

small detonator with a cup diameter to length ratio of approximately 1:1.  As primary explosives on such 

a small size scale require a certain amount of “run-up” distance over which they must travel to build up to 

full impulse, the short length of DBX-1 transfer charge in the M55 cup could mean that the material has 

insufficient space to achieve enough output to reliably initiate the entire RDX output charge.  For this 

reason, future studies will also incorporate the testing of more sensitive and powerful output charges in 

place of RDX.  Furthermore, as each set of tested detonators still had some which achieved the desired 

overall output, this could imply that the DBX-1 material may simply require some minor tweaking or 

optimization (e.g. particle size adjustment, incorporation of additives, loading parameters etc.) to reach 

higher reliability. 

 

Table 2: M55 detonators performance data 

Lot Name NOL-130 (mg) DBX-1 (mg) RDX (19mg) Dent Depth 

(in) 

Comments 

EL301611A 15 30-40 19 0.013 When tested in 

2009, all 5 

functioned.  

Tested again in 

2011, only 2/5 

went high 

order 

EL4G038 15 30-40 19 0.015  All functioned 

at high order 

KO-3 15 30 19 0.011 Only 3 out of 

10 detonators 
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fired 

KO-5 15 30 19 0.015 4 out of 5 went 

high order 

KO-7 15 30 19 0.012 2 out of 5 went 

high order 

KO-8 15 30 19 0.012 2 out of 5 went 

high order 

 

Stab Mix: 

 All weapon systems that require an initiating charge utilize some form of initiating material. Stab 

detonators, such as the M55, use NOL-130 as the stab sensitive energetic material. The requirement for a 

green initiating charge is that it must initiate with the same stimulus as the existing charge, and must be 

powerful enough to cause the transfer charge to detonate. As mentioned earlier, NOL-130 is a blend of 

five components: lead azide, lead styphnate, tetracene, barium nitrate, and antimony sulfide.  To make a 

green stab mix, NOL-130G, lead azide and lead styphnate were replaced with DBX-1 or Triazine triazide 

(TTA).  Direct weight replacements were made to replace lead azide and lead styphnate.  To see if the 

green stab mix can initiate the transfer charge, only 15 mg of green stab mix was loaded in M55 

detonators along with 100 mg of ODLA, RD-1333 lead azide produced by the ARDEC On-Demand Lead 

Azide (ODLA) synthesis method.  All detonators initiated, although three of the DBX-1 based detonators 

initiated in the loading press at the normal NOL-130 pressure of 70,000 psi, indicating that different 

loading parameters will be required.  More M55 detonators were loaded with the complete detonation 

train.  Table 3 summarizes the result of performance when M55 detonators were loaded with NOL-130G 

(TTA) and NOL-130G (DBX-1).  The transfer charge (lead azide) and the output charge (RDX) were 

kept the same to avoid having too many variables at once.   Further studies will include testing the green 

stab mix with DBX-1 as the transfer charge in place of the lead azide and keep the output charge same.   

 

Table 3: Green NOL-130 M55 detonators performance 

 NOL-130 (mg) ODLA (mg) RDX (mg) Dent Depth 

(in) 

comments 

Standard 

NOL-130 

15 51 19 0.12 All functioned 

TTA based 

NOL-130G 

15 51 19 0.012 4/5 functioned 

DBX-1 based 

NOL-130G 

15 51 19 0.012 2/2 (remaining 

three did not 

survive 

pressing) 

 

Primer Mix:  
 Primer mixes contain primary explosives to deliver immediate response to impetus and sufficient 

energy output to initiate delay columns, igniters, other pyrotechnic columns, and various propellants.  

Impetus includes percussion (striker impact), electrical (bridge types), laser, or thermal sources.  Primer 

compositions are similar to stab mix, however, does not require that high power as stab mix.  They are 

usually based on lead styphnate in their formulations.  Green primer mixes were developed with TTA and 

DBX-1 to replace lead styphnate and PETN.  DBX-1 and TTA-based formulations shows tremendous 

performance leaps in ignitability and propagation of primer effluent; particularly when comparing to MIC 

(metastable interstitial composites), the current military green primer state-of-the-art for R&D.  As seen 

can be figure 7, it demonstrates the potential to consolidate primer and igniter pellet into a single primer 

cup.  Success of DBX-1 is especially promising as it shows the potential of the material to function as 

both a LA and LS replacement 
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Figure 6: Green Primer Performance 

 

 

Safety Measures: 

 When handling primary energetic materials, one knows that being extra careful and following all 

the safety precaution is a must.   Not only wearing cotton clothes (including underclothes) conductive 

shoes, Kevlar gloves, leather coat, etc is a basic safety measure to follow.  One can never be extra 

careful when handling primary energetics material.  For safety reasons, ARDEC worked with 

Franklin Engineering to develop customized synthesis and scale-up systems to safely make primary 

explosives.  Figure 7 and 8 shows our automated systems, Primary Explosives Automated Remote 

Lab Synthesizer (PEARLS) and Primary Explosives Automated Remote Scale-up System (PEARSS).  

PEARLS and PEARSS are almost to completion and will be setup in a dedicated primary explosive 

facility that ARDEC is renovating.  Figure 10 shows the building layout where it will hold the 

capability to synthesize, characterize and perform end items of primary explosives.  

 

 
Figure 7: Primary Explosives Automated Remote Lab Synthesizer (PEARLS) 
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Figure 8: Primary Explosives Automated Remote Scale-up System (PEARSS) 

 

 

Figure 9: Primary Explosive Dedicated Facility 

 

 

CONCLUSION & FUTURE WORK 

 Although some future minor optimizations may be required, DBX-1 seems to be drop-in 

replacement for lead azide in detonators.  From the initial replacement, DBX-1 seems to be a good 

replacement for lead styphnate and lead azide in stab mix and primer mixes formulations as well. Scale-

up of synthesizing DBX-1 at ARDEC is planned in the near future to perform more testing.  Also, we will 

need to optimize DBX-1 for lead azide and lead based formulations for detonators and primers.  
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Сombustion of micro- and nano-thermites under elevating pressure
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ABSTRACT

Combustion-wave propagation of thermite compositions (Mg/Fe2O3 and Al/Fe2O3) inside the sealed steel
tube had been investigated to study the burning rate and combustion temperature at elevated pressure.
Under confinement the hot gas-phase products, formed during thermite combustion results in
considerable overpressure inside the tube that reverses the gas flow and leads to pressure-driven
preheating effect of burned-gas permeation. Convective character of this preheating effect is discussed.
The pressure-time dependency and the temperature distribution along the steel tube are obtained
experimentally. The composition was pressed inside the steel tube in pellets; the size of each part was
measured. Noticeable transitions of the combustion-wave between thermite pellets are observed on the
pressure-time curve. These transitions are used to obtain burning rate – pressure dependency. The directly
obtained temperature of the outer surface of the sealed tube is used to calculate the combustion
temperature inside one to be compared with adiabatic combustion temperature. Both micro- and nano-
sized components were used to prepare thermite compositions under study. The significant difference in
burning parameters of micron- and nano-sized termites is observed and analyzed. Based on obtained
results, the changing of the combustion mechanism of thermites when the micron-sized components are
being replaced by nano-sized ones is discussed.

444



 

Environmentally Sustainable Yellow Smoke Formulations for Use in the 

M194 Hand Held Signal 
 

Jared D. Moretti*, Jesse J. Sabatini, Anthony P. Shaw, Gary Chen 

U.S. Army RDECOM-ARDEC, Picatinny Arsenal, NJ 07806 (USA) 

*corresponding author; email jared.d.moretti@us.army.mil 
 

 
ABSTRACT 

 

The burning of aerial pyrotechnic devices poses a public health risk as chemicals may be released into the 

water supply from solid fallout and surface water runoff.  In the case of colored smoke signals, the risk is 

especially high because many colored smoke formulations contain highly toxic dyes that are not 

consumed by the key reduction-oxidation reaction.  For the M194 yellow smoke hand held signal (HHS), 

the current in-service formulation contains two toxic anthraquinone dyes, namely benzanthrone and vat 

yellow 4 (VY4).   To minimize the environmental impact of the M194 yellow smoke formulation, the 

present study aimed to replace the anthraquinone dyes with the more environmentally sustainable solvent 

yellow 33 (SY33).  SY33, a quinoline dye that is currently used in colored smoke grenade production, has 

been deemed admissible by the U.S. Army Public Health Command (PHC).  Several new yellow smoke 

formulations have been developed that meet the performance parameters (burn time, smoke output) of the 

M194, while providing an environmentally acceptable alternative to the current in-service formulation. 

 

 

Introduction 

 

 Hand held signals (HHS) are used to signal troop location and distress during combat operations, 

serving as a beacon for rescuers to identify the general location of military personnel.
1
  Launched during 

daytime operations, smoke HHS are a means of tactical signaling complementary to illuminant HHS, 

which are typically launched during nighttime operations.
2
  Because they are deployed during close 

combat situations, the formulation in colored smoke HHS must be robust enough to perform its intended 

function while not posing risk to the soldier or the environment.  Chemical formulations in colored smoke 

HHS have the disadvantage of generating large amounts of toxic by-products, particularly the colored 

dyes that are not consumed by the key pyrotechnic reaction.
3
 

 

Figure 1 shows the full-up system hardware for the M194 yellow smoke HHS, including the 

rocket motor, signal assembly, and parachute.  Upon striking the primer by the firing pin in the palm of 

the hand, an initiating charge burns to ignite the rocket propellant and a delay element, sending the signal 

assembly airborne.  As the assembly reaches its apex (an average height of ~725 feet), the burning of the 

delay element (5-6 seconds) then ignites an expelling charge to eject and light the yellow smoke candle.  

Suspended from a parachute during descent, the candle will burn for 9-18 seconds to generate a highly 

visible cloud of yellow smoke before burnout at 500-600 feet. 

 

445



 

 

 

Figure 1:  Cross-sectional diagram of the M194 HHS 

 

 Table 1 details the pyrotechnic formulation currently specified in the M194 technical data 

package.  Upon initiation of the primer and propagation of the pyrotechnic train through the system 

hardware, potassium chlorate (oxidizer) and the sugar (fuel, or reducing agent) engage in a reduction-

oxidation (redox) reaction to generate substantial heat.  The heat, in turn, causes the dye molecules – vat 

yellow 4 (VY4) and benzanthrone – to enter the gas phase (sublimation).  After dispersion of the dye 

molecules, contact with the cool ambient air causes them to condense to the solid phase to generate a 

visible cloud of yellow smoke.  The rate and temperature of burning are partially controlled by sodium 

bicarbonate, which functions by an evaporative cooling mechanism.
3
  Lastly, the entire formulation is 

“glued” together with vinyl alcohol acetate resin (VAAR) as a binder. 
 

Table 1:  Composition of M194 control formulation 

Ingredient Wt. % Function 
 

Potassium Chlorate 35.0 Oxidizer 
 

Sugar (sucrose) 20.0 Fuel 
 

Vat yellow 4 13.0 Smoke agent 
 

Benzanthrone 28.0 Smoke agent 
 

Sodium bicarbonate 3.0 Coolant 
 

VAAR 1.0 Binder 
 

 
 Although the M194 control formulation meets the performance requirement, the M194 yellow 

smoke HHS was discontinued during the early 1980s partly because of health concerns associated with 

VY4 and benzanthrone.  Both of these compounds are anthraquinone dyes, and their structures are shown 

in Figure 2.  Benzanthrone is a known dermal sensitizer, and is also reported to cause liver and nervous 

system damage, and therefore presents some occupational health issues.  Oral toxicity to mammals is only 

moderate but is high to aquatic species low on the food chain, thereby rendering potential impacts on the 

ecosystem.  On the other hand, VY4 is likely to contain small amounts of dibenzochrysene, an extremely 

potent carcinogen, in technical grade preparations.
4
  Furthermore, VY4 is classified as a Group 3 material 

according to the International Agency for Research on Cancer (IARC) because evidence of this 

compound as a carcinogen remains inconclusive.
5
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Figure 2:  Structural formulae of yellow dyes present in the M194 baseline formulation 

 

 Recently, the U.S. Army Maneuver Center of Excellence (MCoE) has expressed a future demand 

in training and combat inventories for colored smoke HHS, including the M194.
6
   In particular, MCoE 

has placed emphasis on making these products more environmentally sound and safer for the soldier.  To 

meet this demand, new short-burning colored smoke formulations need to be developed to meet the 

specifications of each signal. 

 

Experimental Section  

 

1.  Materials 

 

Potassium chlorate, potassium nitrate, sodium bicarbonate, stearic acid, and sugar were purchased from 

Hummel Croton, Inc.  Solvent yellow 33 was purchased from Nation Ford Chemical, Inc.  Polyvinyl 

alcohol was purchased from Fisher Scientific, Inc.  Nitrocellulose (NC) was purchased from Alliant 

Techsystems, Inc.  Magnesium carbonate was obtained from Pine Bluff Arsenal (Pine Bluff, AR).  All 

formulations were encased in uncoated kraft fiberboard tubes purchased from Security Signals, Inc. 

 

2.  Preparation of Yellow Smoke Formulations 

 

After oven-drying potassium chlorate overnight at 60 °C, formulations were prepared in 300 g batches by 

blending all ingredients according to their respective weight percentages shown in the formulation tables.  

Formulations containing only solid ingredients were tumbled end-over-end in conductive plastic 

containers for 60 min, while those containing NC or VAAR were blended in a Hobart mixer for 30 min.  

Dry-tumbled formulations were taken directly to loading operations without further processing, while 

NC- and VAAR-based formulations were oven-cured overnight at 60 °C prior to loading. 

 

Blended formulations were weighed out in three 24-g increments and pressed into non-coated Kraft 

cardboard tubes (length of 4.93 cm, inner diameter of 0.838 cm), with the aid of a tooling die and a 

manual hand press, using a consolidation dead load of 2,177 kg.  Between 68.9-71.7 g of energetic 

material was used per pellet, and 4 pellets were tested for each formulation.  The top and inner core 

surfaces of each pellet were coated with a thin layer of first-fire composition.  Pellets were remotely 

ignited with an electric match.   

 

3.  Characterization 

 
Data presented reflect average values calculated from measurement of 4 pellets per formulation.  Burn 

times were measured (in seconds, s) from video recordings of burning samples.  Accordingly, linear 

burning rates (in/s) and mass consumption rates (g/s) were calculated based on the lengths and weights of 

the consolidated formulations.   
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Results and Discussion 

 

 To address the Army’s future demand for parachute colored smoke HHS, a program was initiated 

by Armament Research, Development and Engineering Center (ARDEC) to develop  environmentally 

benign yellow smoke formulations containing an alternate yellow dye – solvent yellow 33 (SY33, 

otherwise known as D&C Yellow No. 11).  As shown below in Figure 3, the structure of SY33 consists of 

a quinoline carbon skeleton and may be described as 2-(2-quinolyl)-1,3-indandione.  Although some 

toxicity concerns exist with SY33,
7
 its use in a variety of industries is ubiquitous.  In particular, it has 

been approved by the U.S. Food and Drug Administration (FDA) for use in cosmetics
8
 and topical drugs.

9
  

Other industrial applications include use as a dye in spirit lacquers, polystyrene, polycarbonates, 

polyamides, acrylic resins, and hydrocarbon solvents.  Most importantly, SY33 has been deemed 

admissible by the U.S. Army Public Health Command (PHC) in colored smoke formulations and this dye 

is presently used in M18 smoke grenade production.
4
  Inhalation studies of SY33 as a smoke dye indicate 

that this compound is cleared from the lungs very rapidly.
10-13 

 

 

 
  

 
Figure 3:  Tautomeric structural formulae of SY33 

   

 

With an acceptable replacement dye in hand, formulation studies were executed to leverage an 

existing yellow smoke formulation developed previously during a product improvement program for the 

yellow smoke battlefield effects simulator (BES).  As shown in Table 2, this formulation contains many 

of the same ingredients as the M194 baseline, only now SY33 serves as the smoke agent in place of 

benzanthrone and VY4.  Also, magnesium carbonate is used as a coolant instead of sodium bicarbonate 

and stearic acid is introduced as a lubricant to assist processing.  It was expected that modification of the 

BES formulation would lead to a new formulation that meets the burn time requirement of 9-18 seconds. 
 

 

 

Table 2:  Yellow smoke BES formulation 

 

Ingredient Wt. % 

Potassium chlorate 29.5 

Sugar (sucrose) 22.0 

Solvent yellow 33 31.0 

Magnesium carbonate 15.5 

Stearic acid 1.0 

VAAR 1.0 
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The initial task was to prepare and test new yellow smoke formulations in parallel with the BES 

formulation.  Table 3 below describes three binder study formulations A-C.  Two of these formulations 

replace the binder system of the BES formulation with nitrocellulose (NC, formulation A) or polyvinyl 

alcohol (PVA, formulation B).  Formulation C is a binder-free variant of A, with a corresponding 1 wt. % 

increase in SY33. 

 

Table 3:  Binder study formulations A, B, and C 

Formulation A 
 

Formulation B 
 

Formulation C 

Ingredient Wt. % 
 

Ingredient Wt. % 
 

Ingredient Wt. % 

Potassium chlorate 29.5 
 

Potassium chlorate 29.5 
 

Potassium chlorate 29.5 

Sugar (sucrose) 22.0 
 

Sugar (sucrose) 22.0 
 

Sugar (sucrose) 22.0 

Solvent yellow 33 31.0 
 

Solvent yellow 33 31.0 
 

Solvent yellow 33 32.0 

Magnesium carbonate 15.5 
 

Magnesium carbonate 15.5 
 

Magnesium carbonate 15.5 

Stearic acid 1.0 
 

Stearic acid 1.0 
 

Stearic acid 1.0 

Nitrocellulose 1.0 
 

Polyvinyl alcohol 1.0 
   

 

  
Table 4 below shows additional tolerance experiments modeled after the BES formulation.  It was 

believed that altering ingredient ratios would reveal important relationships between them, and assist in 

reaching the target burn time.  In particular, it was expected that the burn time of new formulations would 

be most sensitive to the coolant concentration.  This proposition was based on the well-known fact that 

metal carbonates, decomposing endothermically, function as efficient burn rate retardants.
3
  Therefore, 

several new formulations having coolant levels lower than than the BES were considered.  Relative to the 

BES control, the sugar content of formulations D and E was increased at the expense of the coolant 

(magnesium carbonate).  For formulations G and H, however, the dye content was increased at the 

expense of the coolant.  Lastly, for formulation H, the magnesium carbonate present in BES was 

substituted with sodium bicarbonate. 

 

 

Table 4:  Tolerance study formulations 

 

Formulation D 
 

Formulation E 
 

Formulation F 

Ingredient Wt. % 
 

Ingredient Wt. % 
 

Ingredient Wt. % 

Potassium chlorate 29.5 
 

Potassium chlorate 29.5 
 

Potassium chlorate 29.5 

Sugar (sucrose) 27.0 
 

Sugar (sucrose) 32.0 
 

Sugar (sucrose) 22.0 

Solvent yellow 33 31.0 
 

Solvent yellow 33 31.0 
 

Solvent yellow 33 36.0 

Magnesium carbonate 10.5 
 

Magnesium 
carbonate 

5.5 
 

Magnesium carbonate 10.5 

Stearic acid 1.0 
 

Stearic acid 1.0 
 

Stearic acid 1.0 

VAAR 1.0 
 

VAAR 1.0 
 

VAAR 1.0 
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Table 4 (cont'd):  Tolerance study formulations 

Formulation G 

 
Formulation H 

Ingredient Wt. % 
 

Ingredient Wt. % 

Potassium chlorate 29.5 

 
Potassium chlorate 29.5 

Sugar (sucrose) 22 

 
Sugar (sucrose) 22 

Solvent yellow 33 41 

 
Solvent yellow 33 31 

Magnesium carbonate 5.5 

 
Sodium bicarbonate 15.5 

Stearic acid 1 

 
Stearic acid 1 

VAAR 1 

 
VAAR 1 

 

The table in Figure 4 below summarizes the performance of each formulation compared to the 

BES control.  The visible smoke cloud generated by the BES control is representative for all formulations 

and is shown at the right in Figure 1.  From the table it is clear that the BES formulation gave a burn time 

(37.5 s) far outside the specified range of 9-18 s.  However, replacing the binder present in BES 

(formulations A and B) or eliminating it altogether (formulation C) gave much shorter burn times (<18 s 

in each case).  The burn times of new formulations did not vary appreciably with the content of the 

potassium chlorate.  As evidenced by formulations D and E, incrementally increased oxidizer content 

yielded burn times more-or-less equivalent to that of the BES control.  Similarly, increased dye content of 

formulations F and G yielded burn times that were both longer than the BES control.  Lastly, exchanging 

one coolant (magnesium carbonate) for another (sodium bicarbonate) corresponded to an appreciable 

improvement in burn time, demonstrated by formulation H. 

 

Figure 4:  Characterization of yellow smoke formulations 

 

Conclusions 

 

 In summary, several new formulations have been prepared and tested in support of a product 

improvement program for the M194 yellow smoke HHS.  Important relationships were established by 

probing the tolerance of a control formulation to different ingredients and different ingredient 

percentages.  Three formulations exhibited burn times within the specifications for the M194.  Efforts to 

further shorten the burn times of new candidate formulations are presently ongoing in our laboratories. 
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The effect of Si-Bi2O3 on the ignition of an Al-CuO thermite
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O. Del Fabbro, L. Yapi, W.W. Focke University of Pretoria, Pretoria, South Africa

ABSTRACT

Thermite reactions using micro-sized aluminum as fuel require long ignition delays and high ignition
temperatures especially when the oxidizer has a higher melting temperature (e.g. CuO: 1201°C). Other
ingredients (e.g. sensitizers, “tinders”) can be typically added to the thermite composition (e.g. Al/CuO)
to lower its ignition temperature and improve the time to ignition. In this study, the pyrotechnic Si-Bi2O3
system was used as sensitizer/tinder for the Al/CuO thermite. The ignition temperature of the
stoichiometric mixture of the thermite particles was measured using a DTA at a scan rate of 50°C in an
inert nitrogen atmosphere. The Al/CuO thermite comprising coarse particles gave an ignition temperature
of ca. 940°C. It was found that the ignition temperature is significantly reduced when the binary Si-Bi2O3
system is used as sensitizer/tinder. For the composition Al (15 wt. %) + CuO (65 wt. %) + Si (4 wt. %) +
Bi2O3 (16 wt. %), with all components coarse, the observed ignition temperature was reduced to 689°C.
Further improvement was achieved when the reagents were nano-sized powders.

Introduction

Pyrotechnic compositions are mixtures of solid fuel(s) with solid oxidizer(s) capable of a self-
sustaining combustion for the production of heat, light, gas, smoke and/or sound. Thermites are a subclass
of pyrotechnic reactions characterized by a very large heat release without an explosion.1,2 Initially, these
compositions only consisted of aluminum powder and a metal oxide with the aluminum + iron oxide
composition representing the classic thermite reaction. Other examples include:

2Al + Fe2O3 → 2Fe + Al2O3
2Al + Bi2O3 → 2Bi + Al2O3
2Al + 3CuO → 3Cu + Al2O3
4Al + 3MnO2 → 3Mn + 2Al2O3

Thermite-type reactions can be ignited by a combustion wave from a chemical reaction, an
electric current, radiation energy from a laser beam or by mechanical impact.3 Following ignition,
propagation proceeds in a layer-to-layer fashion. During combustion, some constituents may remain in
the solid state, while others may melt, vaporize, and/or decompose to yield some gaseous species. Thus
the heat transfer mechanisms responsible for propagation include radiation, convection, and conduction.4

 The rate of combustion of pyrotechnic compositions is affected by numerous variables. The
nature of the fuel and the oxidant, the mixture stoichiometry, particle size and distribution and the quality
of mixing are the most important5 with optimum performance generally expected for near-stoichiometric
compositions. In general, decreasing the particle size of the reactants increases the combustion rate.2, 6

Conversion and reaction rate are affected by the contact quality and contact area between reactant
powders.7 Good dispersion and mixing of nano-reactants is required to achieve optimum burn rates in
pyrotechnic mixtures.8

Thermite reactions utilizing micron-sized aluminum suffer from long ignition delays, slow
burning rates and incomplete combustion.9 Although aluminum melts at ca. 660 C, ignition requires
much higher temperatures, especially when the oxidizer has an elevated melting- or decomposition
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temperature. The combustion of such a conventional thermite composition is rate limited by the slow
heterogeneous mass transfer across the metal and oxide interface.8 The relatively low reaction rate and the
ignition issues have restricted practical applications of these types of conventional pyrotechnic reactions.

One approach is to reduce the fuel particle size. The use of nano-aluminum enhances ignition
sensitivity, i.e. it reduces ignition delay and lowers the ignition temperature8,10,11 but also changes the
kinetic mechanism of the combustion reaction.12 Sanders et al.13 studied the modes of combustion and
reaction behavior of several Al-based nano scale-thermites including Al + CuO. They found a correlation
between the maximum pressure output and optimum propagation speed (or burn rate). The propagation
speed depends on gas production and on the thermodynamic state of the products. Their results suggest
that condensing gases or solidifying liquids greatly enhance heat transfer rates. Moore et al.14 showed that
even a partial substitution ( 20 wt. %) of micron-sized fuel in the Al + MoO3 thermite is sufficient to
realize these improvements.

This work explored further sensitization of the Al + CuO thermite reaction15 by the fast-burning
Si + Bi2O3 pyrotechnic composition.16,17 DTA ignition studies were used to show that the ignition
temperature can be reduced significantly even when micron-sized aluminum fuel is retained. More
detailed presentation of the results and thorough discussions were presented by Ilunga et al.18

Experimental

Materials. Both micrometer-sized (denoted as “micron” or “coarse” herein) and nano-sized
particles (labeled “nano” herein) were investigated. Micrometer-sized aluminum powder (< 25 μm) was
supplied by PAL Chemicals. Aluminum flakes with thickness on the nanometer scale were supplied by
the CSIR of South Africa. The nano-sized silicon powder (< 50 nm, purity > 99%) was obtained from
Hefei Kaier. Nano-sized CuO (<50 nm) and Bi2O3 (<100 nm, purity >99.9 %) were purchased from
Sigma-Aldrich chemicals. The micron CuO was a laboratory grade powder from Merck that was ground
finer by ball milling. The micron-sized silicon was Type 4 supplied by Millrox of South Africa. Micron
Bi2O3 was prepared by thermal decomposition of bismuth basic carbonate at 460 °C using the method
described by Kalombo et al.17

 Characterization. Single point BET surface area measurements were done using a Coulter SA
3100 instrument. Particle size determinations were performed using a Malvern Mastersizer Hydro
2000MU instrument. Unfortunately it was not possible to measure the particle sizes of the nano-sized
powders.

 Sample preparation. Powder mixtures were dispersed in sufficient cyclohexane to make a thick
paste. Particle agglomerates were broken down and mixing effected by grinding in a glass mortar and
pestle. Afterwards the solvent was allowed to evaporate at ambient conditions followed by a final drying
step in an oven set at 60˚C.

 Thermal analysis. A Shimadzu DTA-50 instrument was used to perform thermal analysis.
Alumina sample pans were employed and 5 mg α-Al2O3 was used as reference compound. Two thin
copper discs (500 µm thick) were placed at the bottom of the pans to protect the measuring head against
the extreme temperature excursions. The measuring pan was filled with 5 mg thermite composition.
Temperature was scanned from ambient to 900C or 1000C at a scan rate of 50C.min-1 in a nitrogen
atmosphere.

Results and Discussion

The BET surface areas and the particle sizes of the powders are given in Table 1 below. Figure 1
shows the DTA response for a stoichiometric 2Al + 3CuO mixture comprising micron aluminum and
nano-sized CuO particles. The first endotherm has an onset temperature of 647C and corresponds to the
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melting of the aluminum metal. The second endotherm with an onset temperature at ca. 894C probably
corresponds to the melting and dissolution of the CuO in the aluminum melt. This is followed by an
exotherm. The ignition temperature of the composition under these conditions can be taken as the
corresponding onset temperature, i.e. ca. 939C in this case. When the CuO was replaced by a
stoichiometric amount of nano Bi2O3, the onset temperature was lowered to ca. 801 C. The
stoichiometric thermite mixture, for the reaction 2Al + 3CuO  Al2O3 + 3Cu, contains 18.4 wt. % of
aluminum. A stoichiometric mixture for the sensitizer, defined by the reaction 3Si + 2Bi2O3  3SiO2 +
4Bi, contains 7.83 wt. % silicon as fuel, but, it was decided to use the fastest burning composition that
contained 20 wt. % silicon.

Table 1. BET surface area and particle size of the powders.

Metal Al Si CuO Bi2O3
Size nano micron nano micron nano micron nano micron
BET/ m2.g-1 4.77 0.39 37.1 10.1 17.6 9.25 2.24 0.37
D0.1/m 5.12 9.65 - 0.39 - 1.96 - 3.20
D0.5/m 18.0 24.3 - 1.39 - 5.76 - 13.8
D0.9/m 48.1 55.2 - 63.6 - 25.5 - 33.6

Figure 1. DTA response of the stoichiometric Al-CuO composition comprising micron aluminum
and nano-sized copper oxide particles and the response of the Al + CuO + Si + Bi2O3 (14.7: 65.3: 4:
16 wt. %) system made up with either just micron particles or the nano-sized powders.

Figure 1 also shows the DTA response of mixtures containing 80 wt. % 2Al + 3CuO
stoichiometric thermite mixture with 20 wt. % of the sensitizer (Si + Bi2O3). They featured much stronger
and sharper exothermic peaks (corresponding thermal runaway situations). The onset temperature was
689 C for the system comprising micron-sized powders. The ignition temperature was lowered to 613C
when only nano-sized powders were used. In both cases the exotherms showed an extreme temperature
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rise that far exceeded that observed for the thermite itself. The thermal runaway was so fast that it
approached a “thermal explosion”. This is substantiated by the fact that in both cases the alumina sample
pans were shattered.

The ignition temperature of the thermite is about 940C irrespective of the particles size of the
reactants. The ignition temperature of the Si + Bi2O3 mixture is affected by particle size. The ignition
temperature is 935 C for a coarse powder mixture. This drops down to about 747C when the mixture is
composed of nano-sized powders. Thermal runaway was observed for the sensitized mixtures when the
component powders of the thermite were both nano-sized, as well as when all the powders used were
micron-sized. The ignition temperature for the all-nano mixture was significantly lower (TE  613C) than
those for the all-coarse mixture (TE = 689C) and the all-nano-thermite + all-coarse-sensitizer (TE 
735C average). No thermal runaway was observed for other mixtures and this could be attributed to the
mismatch in particle sizes which could have resulted in segregation.

With respect to varying the amount of sensitizer on the ignition temperature, thermal runaway
only occurred for the composition containing 20 wt. % of the sensitizer. The lowest ignition temperature
was also attained at this sensitizer content. Considering the effect of varying the stoichiometry of the
thermite composition, the lowest ignition temperature is attained at the stoichiometric thermite
composition. Again, this was the only one that led to a thermal runaway.

The ignition temperature of the stoichiometric mixture of aluminum and bismuth trioxide is quite
high as well, i.e. 801C. The onset temperatures, for the other compositions considered, showed that just
adding small amounts of either silicon or bismuth trioxide to the thermite only lead to a modest reduction
in the ignition temperature. Noteworthy is the fact that adding a substantial quantity of bismuth trioxide
did lead to thermal runaway.

The DSC melting temperature of the aluminum powders were ca. 598C and 654C for the nano-
and micron-sized powders respectively. Interestingly, the observed ignition temperatures of the
compositions were slightly higher than the corresponding melting point of the aluminum powder used as
fuel. The observed thermal runaways in the reaction of the silicon with bismuth oxide can be as a result of
the copper oxide acting as a catalyst to facilitate the phase transition of the aluminum powder into a
liquid. The concomitant energy release provides the required activation energy required to initiate the
thermite reaction between the aluminum and the copper oxide allowing it to proceed at an extremely fast
rate.

Summary and Conclusions

The use of Si + Bi2O3 (mass ratio 1:4) as sensitizer for the Al + CuO plus thermite reaction was
studied using DTA. The effects of particle size (micron vs. nano), thermite stoichiometry, and the amount
of sensitizer were investigated. Thermal runaway was only observed for stoichiometric 2Al + 3CuO
thermite composition in the presence of sufficient sensitizer. The lowest ignition temperatures were
obtained with stoichiometric thermite mixture containing 20 wt. % of the sensitizer. The ignition
temperature was ca. 613 C when the mixture comprised nano-sized powders. When coarse, micron-sized
powders were used, the ignition temperature increased to 689C. In both cases the ignition event led to a
thermal runaway reaction creating a temperature shock severe enough to cause the disintegration of
alumina sample pans. In contrast, no thermal runaway was found at a slightly higher sensitizer content of
25 wt. %.
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ABSTRACT

Projectile impact tests were performed on a range of emulsion-based explosives, to investigate the effect
of temperature on the sensitiveness of these materials. Tests have been performed at ambient temperatures
and process temperatures (70–100˚C). The experimental data were analyzed using a simple analytical
model and with the AUTODYN hydrocode. The critical transmitted shock energy (EC) was determined for
each explosive, at each temperature. This parameter quantifies the sensitiveness of the material to shock
initiation and may be used to assess the likelihood of initiation in a real-world accident scenario. The
value of EC varied widely across the different emulsion formulations tested. Temperature and density both
had a strong effect on sensitiveness. A plate of 6 mm aluminum on the front face of the emulsion sample
significantly increased the critical projectile velocity for initiation. The results of this study lend credence
to the mechanism of fragment impact initiation, in accident scenarios involving emulsions engulfed by
fire. A brief review of previous work on projectile initiation of emulsions is also given.

1. Introduction

The experimental work reported herein was carried out at the Canadian Explosives Research
Laboratories (CERL) in Ottawa, Canada, as part of a joint Orica/CERL research program on explosives
hazards.(1,2) The objective of this study was to assess the susceptibility of emulsion explosives to
projectile impact under various conditions of manufacture, transport and storage.

1.1 Motivation

Initiation due to high velocity projectile impact has been posited as a mechanism in various
accident scenarios involving fire and subsequent detonation of explosives. In 1998, CERL became
involved in the investigation of a transport accident involving the detonation of 18 t of blasting
explosives. The explosion occurred following the crash and subsequent fire of an explosives truck in
Walden ON, Canada. One possible cause of the explosion was shock initiation of the hot product by
fragments produced by a smaller primary explosion. There have been other similar incidents since; with
crash and fire, followed by detonation 30-40 minutes later.

The projectile impact sensitivity tests aimed to quantify the vulnerability of emulsion products
contained in a metal tank to shrapnel produced by a nearby exploding vessel. The shock sensitivity of
such products is known to increase with temperature. Therefore, the critical fragment velocity at
temperatures corresponding to ambient, process conditions (80-100°C) and fire scenarios (boiling
emulsion) is expected to vary widely. Quantitative data is desired that can be utilized in the simulation of
real world accident scenarios and in design of new plants and vehicles.

1.2 Literature Review
The sensitivity towards shock stimuli is an important property for the evaluation of safety and

performance of commercial and military explosives alike. Many different types of test exist. However, the
projectile impact test has the advantage of being relatively inexpensive and simple to perform, whilst
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providing the strong shock stimulus required for initiation of emulsion explosives that may not respond to
standard low velocity impact tests. Throughout the last century, tests using standard rifle ammunition as
the projectile have been used to determine relative sensitivity, usually expressed as a V50 value: the
projectile velocity at which detonation of the sample occurs fifty percent of the time. A more useful
approach involves a simplified projectile shape. Typically, a right-cylinder (RC) projectile is fired from a
smooth bored gun barrel and impacts a cylindrical explosives sample on its flat face. This arrangement
produces a stronger pressure pulse than a streamlined bullet does, and allows for simple calculation of
transmitted shock pressure, particle velocity and shock energy fluence produced in the sample. Weiss and
Litchfield (3) provide a review of projectile impact experiments performed on condensed explosives
before the advent of ammonium nitrate emulsions.

In a projectile initiation event, reaction is induced by the formation of hotspots. The critical
conditions for this process can be expressed in terms of a critical energy, EC.(4) This quantity can be
understood in terms of the work done on the shocked explosive sample per unit area:

(1)

where p is the shock pressure, u is the particle velocity, τ is the shock pulse duration, ρ0 is the initial
explosive density and U is the shock velocity. Empirically, the critical impact velocity, V50, for the
detonation of secondary solid explosives is known to obey:

(2)

where d is the projectile diameter and A and B are constants ((5) and others). This has been shown by
Andersen (6) to be equivalent to the constant EC condition of Equation 1.

Frequently, U in Equation 1 is assumed to vary only slightly over the pressure range of interest.
The sensitivity is then expressed as a critical value of p2τ. Indeed, studies have shown (7) that a p2τ
criterion sometimes gives better correlation than Equation 1 itself. Kornhauser (8) extended this idea with
the concept of a so called ‘shock sensitivity curve’, in which the critical p2τ value is plotted against the
peak shock pressure, pS. This allows for the observed increase in the critical p2τ value at lower shock
pressures.

In the case of an RC projectile striking an explosive sample at normal incidence, a straight
forward model may be used to calculate the values of p, u, τ, EC and p2τ from V50 experiments. It assumes
that the explosive sample size is large compared with the projectile and that the length of the projectile is
greater than its radius. The pressure and particle velocity in the emulsion in contact with the projectile are
determined by a Hugoniot matching technique, assuming continuity in p and u across the interface. Upon
reaching a free surface, the shock wave induced in the projectile is reflected as a rarefaction wave. In the
case of an RC with length greater than d/2, it is the rarefaction propagating inwards from the perimeter
which arrives at the axis first. Hence, the shocked state of an explosive element at the axis is relieved a
time interval, τ, given by:

(3)

where C0 is the velocity of the radial release wave in the projectile or explosive, whichever is greater.

Hirosaki et al. (9) made a study of projectile initiation of two emulsion explosives using RCs of
10, 15 and 20 mm diameter. The value of EC was determined using the model described above. They
found that the V50 of an AN/SN (ammonium nitrate/sodium nitrate) emulsion sensitized with 98 μm glass
microballoons (GMBs) was strongly dependent on the density of the emulsion sample. There was an
apparent region of maximum sensitivity at a density of around 1.10 g/cm3 for this emulsion. Experiments
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were performed using RC projectiles of different sizes and materials. The projectiles all had diameter
equal to their length. Mild steel, aluminum and Teflon were used. It was found that EC was fairly constant
at 0.60 to 0.70 J/mm2, irrespective of projectile size or type. The effect of void size was also investigated
in this emulsion. It was found that the critical energy decreased drastically with increasing GMB diameter
(Figure 1).

Figure 1 - Data from Hirosaki et al. (9) on the effect of void diameter on critical shock initiation energy. The
emulsion explosive had density of around 1.10 g/cm3.

Moulard (10) measured the V50 for small projectiles of different cross-sectional shapes on some
military secondary explosives. It was found that the apparent ‘critical energy’ value depended very
strongly on the surface area of the projectile, for the same shock duration. Hence, the concept of a critical
surface area was added to the shock energy as a condition for initiation. However, a similar dependence
of critical energy on area has not been reported for emulsion type explosives.

Orica has contributed another paper to this symposium, also dealing with shock initiation of
explosives.(11) A range of experiments, including projectile impact, are analyzed in terms of the intrinsic
critical initiation velocity, u0. This is the theoretical, lowest value of u that could initiate the material
when τ becomes so large that it is no longer limiting. Knowledge of u0 is useful for hazard prediction
purposes as it gives a conservative value for the maximum allowable accidental impact velocity for shock
initiation. The u0 analysis is complementary to the EC or p2τ approach, and is beyond the scope of this
paper.

2. Experimental

Projectile impact tests for three emulsion explosives are reported in this paper. ‘Emulsion A’
represents a cap sensitive packaged product containing an AN/SN emulsion and microballoons.
‘Emulsion B’ contains an AN/SN/SP (ammonium nitrate/sodium nitrate/sodium perchlorate) emulsion
(with and without microballoons),  plus atomized aluminum and AN prill. ‘Emulsion C’ represents a low-
water, bulk, AN/SN emulsion product with microballoons.

The explosive test samples were approximately 100 grams, prepared in 50 mm diameter
aluminum pipes. The front face of the sample was covered by aluminum foil, while a rubber stopper was
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used at the rear. Each pipe had a vent hole to allow air to escape as the rubber stopper was inserted and to
allow for expanding product to escape during heating. The configuration of the test sample is shown in
Figure 2. The assembled samples were preconditioned to the desired temperature in an oven.

The shots were fired remotely at CERL’s open air range (Figure 3). The gun used had .30 and .50
caliber rifled barrels. A calibration curve of velocity vs. propellant mass was prepared for each type of
projectile.

Figure 2 - Left: front face of emulsion sample used in projectile impact experiments; Right: rear face with
rubber stopper.

Figure 3 - Left: wooden barrier to protect gun and instrumentation; Right: sample holder installed inside a
protective shield.

Initially, tests were performed using Fragment Simulating Projectiles (FSPs).(12) These are
standardized steel projectiles used for testing projectile resistance of personal armor materials and combat
clothing. FSPs in both .50 caliber (12.6 mm diameter) and .30 caliber (7.62 mm diameter) were used. Due
to their irregular shape (see Figure 4), it is difficult to derive quantitative data from such tests. Therefore,
in later experiments, they were replaced by .50 cal brass RCs. In some tests, a 6 mm thick aluminum plate
was used in place of the foil to simulate the wall of an emulsion tank. A light gate positioned between the
gun and the sample was used to record the projectile velocity. It was found that the bullet did not slow
significantly between leaving the gun barrel and arriving at the sample. Hence no correction was made to
the measured velocity value.
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The test outcome was determined from the visible flash, audible report and inspection of the
remains of the sample and container. Projectiles recovered after a ‘go’ (detonation) result were
‘mushroomed-out’ while those from a ‘no-go’ (no reaction) were only slightly distorted (Figure 4). This
effect has been reported previously by Weiss (3) and Bauer (13).

An ‘up-and-down’ method was used to determine the V50 for each sample. Given the limited
number of shots possible for each product, the V50 was determined as the average of two ‘no-go’ and two
‘go’ velocities within a reasonable span. The precision of this value was limited by the uncertainty in
muzzle velocity for the selected mass of propellant.

Figure 4 - Left: the .50 cal barrel and mount at CERL's outdoor testing range; Right: the steel FSPs and
brass RC used in the tests. Also shown is the brass RC recovered after a 'no-go' (second from right) and after

a 'go' event (rightmost).

3. AUTODYN Simulation
As the tests were uninstrumented, the dynamic multi-solver hydrocode AUTODYN was used to

help interpret the experimental results and extract absolute shock sensitivity parameters.

3.1 Material Models

 In all of the simulations, the emulsion explosive was treated as inert and a ‘Shock’ equation of
state (EOS) in AUTODYN was used. This corresponds to a Mïe-Grüneisen EOS built around a reference
shock Hugoniot. The Grüneisen parameter was taken to be Γ=1.626.(14)

There is no experimental shock Hugoniot data available for the explosives tested in this work. It
was therefore necessary to estimate this theoretically, based on the product composition and density. The
Hugoniot of a void free emulsion at a density of 1.40 g/cm3 has been measured experimentally and can be
represented by:(15)

U = 2.17 + 1.82 u,  mm/μs (4)

where U is the shock velocity and u is the particle velocity. The effect of voidage and solid additives such
as aluminum and AN prill is taken into account assuming pressure equilibrium between the different
components of the shocked explosive mixture and the porous Hugoniot is calculated from the Hugoniots
of the components,(16,17) with the assumption that these can be represented by a simple linear form.

The Euler Multimaterial solver in AUTODYN was used to treat the emulsion and any metal
barrier present. The Lagrange solver was used to treat the impacting projectile.

3.2 AUTODYN-3D Simulations
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Simulations were initially carried out in a 3D, quarter-space geometry in order to appreciate the
different processes occurring during the transit of the FSP. The cases of the .50 cal FSP striking bare
emulsion and emulsion covered by a 6 mm aluminum plate were examined. Gauge points in the emulsion
were used to produce a pressure-time profile for the event at different locations within the emulsion. It
was found that, as expected, the highest pressures occurred on the axis of the sample, for emulsion in
contact with the impacting projectile or immediately behind the metal plate. Pressures generated by the
FSP striking the rear rubber stopper were not of comparable magnitude.

3.3 AUTODYN-2D Simulations
Quantitative simulations were performed in AUTODYN-2D (axisymmetric) with reduced domain

size and increased refinement of the Eulerian grid at the impact surface (see example Figure 5). In this
geometry the FSP was represented with a chamfered profile and the RC with a rectangular profile. The
projectile was assumed to strike the sample end on and any angular velocity was neglected. The thin
aluminum foil used to contain the samples was ignored in the simulations. It was found that the duration
of the initial pressure-pulse is a few microseconds (Figure 5).

Figure 5 - Left: comparison of pressure-time histories in emulsion (room temperature) behind different
barrier materials, struck by a brass RC at 884 m/s. Right: 2D axisymmetric simulation of a brass RC striking

emulsion covered by a 6 mm stainless steel plate. Pressure contours in the plate and emulsion are shown.

The critical energy and p2 value were calculated by integrating the pressure and axial particle
velocity histories for the gauge point located on the sample axis, at the projectile/sample interface:

(5)

(6)

over the duration of the pressure pulse.

The end point of the integration was chosen where the pressure dropped off rapidly upon arrival
of the rarefaction from the perimeter. Usually, the pressure did not decrease to zero, rather, to the
stagnation pressure of the fluid in front of the decelerating projectile.(3) Some representative results are
shown in Figure 5. It can be seen that the peak pressure in the emulsion can be increased by the presence
of a 6 mm metal barrier, but the pulse duration is very much diminished. The transmitted energy and p2
are therefore reduced.
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In some shots, especially those with a 6 mm aluminum barrier and FSPs, the impact did not
produce a square pressure pulse in the emulsion and it was unclear what the limit of the integrals (5,6)
should be. In these cases, an estimate was made based on a time interval similar to that of other shots.
These cases are highlighted with italics in Table 1.

4. Results and Discussion

4.1 Critical Projectile Velocities

The experimental V50 data are recorded in Table 1.
Table 1 - Data from projectile impact initiation experiments. Peak transmitted shock pressure, pS, and

particle velocity, u, are from AUTODYN-2D simulation. The p2τ and EC are calculated according to Equations
5 and 6. An asterisk (*) against the V50 value indicates a lower bound, as these emulsions could not be initiated

even at the highest projectile velocities.

No. Explosive Projectile
Type

d
(mm) Barrier T

(˚C)
ρ

(g/cm3)
V50

(m/s)
pS

(GPa)
u

(mm/μs)
p2τ

(GPa2.μs)
EC

(J/mm2)
1 Emulsion B FSP .50 5.7 foil 14-16 1.23 777 1.9 0.70 4.0 1.6
2 Emulsion B FSP .50 5.7 6 mm Al 24-26 1.23 884* 1.2 0.50 0.35 0.16
3 Emulsion B FSP .50 5.7 foil ~90 1.17 488 0.70 0.47 0.70 0.58
4 Emulsion B FSP .30 3.5 foil 22-23 1.23 888* 3.0 0.90 3.2 1.3
5 Emulsion B FSP .30 3.5 foil 75-78 1.17 616 1 0.57 0.79 0.6
6 Emulsion B FSP .30 3.5 6 mm Al 21-23 1.23 884* 0.2 0.15 0.05 0.05
7 Emulsion B FSP .30 3.5 6 mm Al 86-88 1.17 884* 0.2 0.25 0.02 0.03
8 Emulsion B brass RC 12.6 foil 20 1.23 594 1.4 0.55 4.1 1.7
9 Emulsion A brass RC 12.6 foil 20 1.12 549 1.0 0.52 2.1 1.0

10 Emulsion A brass RC 12.6 foil 88-93 1.06 457 0.73 0.44 1.4 0.88
11 Emulsion B (no

microballoons) brass RC 12.6 foil 20 N/A 941*

12 Emulsion B (no
microballoons) brass RC 12.6 foil 92-100 N/A 457

13 Emulsion C brass RC 12.6 foil 20 1.21 941* 3.1 0.85 15 4.3
14 Emulsion C brass RC 12.6 foil 89-95 N/A 671

At 20°C, neither the Emulsion C or Emulsion B without microballoons could be initiated with
velocities attainable by the CERL gun. However the microballoon sensitized Emulsions A and B could
both be initiated with RCs at around 550-600 m/s.

As expected, the measured V50 for .50 cal RCs was less than for .50 cal FSPs. The .30 cal FSPs
could only initiate ‘bare’ Emulsion B, heated to 75-78°C. Emulsion B behind a 6 mm aluminum barrier
(representing a typical emulsion tank wall) could not be initiated reproducibly, even at 90°C with the
highest attainable projectile velocities.

The sensitivity of all products increased with temperature. This is attributed at least in part to
decreased density and increased void size.

4.2 Comparison of the Simple Theory with AUTODYN Simulations

In the simple analytical theory presented in Section 1.2, the shock wave in the emulsion is
approximated by a rectangular pulse. An experiment (8th entry in Table 1) was analyzed using both
methods for comparison. Figure 6 shows the predicted pressure and particle velocity produced in the
emulsion sample from AUTODYN-2D. It can be seen that the pressure and particle velocities are in close
agreement with those predicted from the Hugoniot matching technique. The time of arrival of the
rarefaction is also consistent between the two techniques. However, the assumption that the pressure is
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relieved immediately upon the arrival of the rarefaction is approximate. We see that the tail of the
pressure pulse contributes significantly to the transmitted energy. Hence, the value of EC from the
analytical model will be less than the value from numerical simulation.

Figure 6 – Left: transmitted pressure and particle velocity traces from AUTODYN-2D simulation (8th

experiment in Table 1). Markers indicate values of p, u and τ from the analytical model. Right: integrated
transmitted shock energy, E, and p2τ profiles. Markers indicate values from the analytical model.

Figure 7 - Shock sensitivity data for Emulsion B. Data labels indicate the corresponding experiment number
in Table 1. Blue represents ambient temperature, while red represents elevated temperature (approximately

90°C). Square symbols are for tests with a 6 mm aluminum plate on the impact face of the sample. Large
symbols are for .50 cal projectiles, small ones for .30 cal.

4.3 Results of AUTODYN Simulations
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AUTODYN allows quantitative data to be extracted from experiments where the approximation of
a rectangular shock pulse cannot be made. It also allows the data to be applied to accident scenarios
involving shock initiation. The critical values of p2 and EC were taken from the ‘knee’ of the integrated
pressure-time histories. The results are included in Table 1. The data for Emulsion B is displayed on the
conventional shock sensitivity axes in Figure 7. Full symbols represent critical values while open symbols
represent lower bounds on the critical values. These lower bounds come from experiments with the
maximum attainable projectile velocity, which in that configuration was insufficient to initiate the
emulsion. The shock initiation thresholds for Emulsion B are shown by the dashed lines. At elevated
temperature the critical value of p2τ falls from approximately 4 GPa2.μs to 1 GPa2.μs.

5. Summary and Conclusions
A review of data in the literature on projectile initiation of emulsions was carried out. Projectile

impact sensitivity tests were performed on three ammonium nitrate emulsion mixtures, representing
typical packaged and bulk blasting agents. Tests were performed with .30 and .50 projectiles at different
temperatures to investigate the vulnerability of emulsions in metal vessels at ambient, and process
temperatures. Critical transmitted shock energy was determined for each explosive at each temperature.
Results from AUTODYN simulation of the experiments were compared with a simple analytical model
from the literature.

The sensitivity of the emulsions increased with temperature. Density and void size are known to
strongly affect projectile impact sensitivity, and this may account for much of the observed increase with
temperature. A front plate of 6 mm thick aluminum significantly increased the critical velocity. High-
velocity fragment impact remains a plausible initiation mechanism in accident scenarios involving heated
emulsions.
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Energetic Applications of Porous Silicon Composites
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U.S. Army RDECOM-ARDEC, Picatinny, NJ USA

ABSTRACT

Recently, porous silicon (pSi) has emerged as a highly reactive, safe to handle, and
environmentally benign fuel with potential in a variety of energetic applications ranging from primary
explosive-like initiators to pyrotechnics or insensitive munition possibilities. We have recently
investigated several energetic formulations based on porous silicon powder produced by Vesta Sciences,
Inc. The material consists of hydrogen-terminated, micron-sized particles of silicon which possess 8-10
nm diameter pores, combining the safety of large particles with the high-surface area and reactivity of a
nanomaterial. Our efforts to date have focused on the use of pSi in composites with various oxidizer and
binder systems. The inherent low-visible light emitting quality of silicon can be exploited with the
reactive pSi to provide easy-to-formulate, high reliability first-fire flare mixes with applications in
infrared flares. By employing established IR-emitting oxidizers such as cesium nitrate, we successfully
created several such formulations and proved them to emit substantially reduced visible light while
maintaining high reactivity.

Introduction

In the past, efforts to achieve high-IR, low visible light emitting formulations have often included
the use of silicon (Si).1-5 Silicon melts at 1410 °C and possesses a temperature of vaporization of 3265 °C
which is considerably higher than that of its combustion product, silicon dioxide (2230 °C); as a result,
the combustion reaction takes place largely in the condensed phase as opposed to the gaseous, meaning
the overall luminous intensity is relatively small.5 In contrast, a more typical pyrotechnic fuel such as
magnesium has a melting point of 649 °C and a relatively low boiling point at 1107 °C, meaning that
excess of the metal in a mixture will tend to vaporize and react with oxygen to produce a highly visible
flame.6 Additional benefits of Si include its low thermal conductivity, meaning that mixes containing it
are relatively easy to ignite, as well as its silicon dioxide byproduct which is extremely benign
environmentally. Despite the promise of Si for low-light, IR applications, the reactivity of traditional,
micron-sized Si particles tends to be slow and difficult to alter, rendering them unfeasible to employ in
high percentages in formulations. Over the past decade, research into the area of nanoscale Si
materials—porous silicon in particular—has provided an answer to this issue and begun to open up the
field of silicon based energetics.

Porous silicon came to prominence in the early 1990s, after it was observed to possess
photoluminescent properties attributed to quantum confinement imposed by the nanostructure.7 Although
many researchers hoped to exploit this attribute for use in photovoltaics (e.g. solar cells) and similar
components,8 poor quantum efficiencies of the porous silicon devices prevented further development in
this area. Instead, the mainstream interest into the material has focused most recently on biomedical, fuel
cell, battery, and sensor applications. In terms of uses for energetics, porous silicon was first reported to
show violent reactive behavior in 1991 when McCord, et al inadvertently discovered that adding a drop of
nitric acid to a porous silicon surface resulted in a “flash of light and audible pop.”9 It wasn’t until 10
years later, however, that the reactive properties were reported again, this time with cryogenic liquid
oxygen as the oxidant. From then, many other studies have been published relating to porous silicon
energetics. 5,10-18

Porous silicon is traditionally prepared through electrochemical means on single-crystalline Si
wafers, a method which lends itself well to energetic work based on electronics such as
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microelectromechanical systems (MEMS).15,17,18 For our formulation work, we instead chose to use
porous silicon powder which was prepared through chemical etching of bulk Si powder in a process
developed by Vesta Sciences, Inc.19 This approach is both scalable and inexpensive, and a key point is
that this approach leads to the formation of a surface that is nearly completely hydrogen-terminated (Si-H
bonds) without any additional processing steps. Such a surface is highly stable up to 300 °C, thus
protecting the material from premature oxidation in air. Additionally, the material itself is comprised of
micron-sized particles, which themselves contain the nanoporous channels. Thus, the Vesta PSi has the
same high-surface area advantage as nanoparticles, but minimizes the safety handling concerns.

The high reactivity and energy potential of silicon makes it an appealing target for a number of
energetic applications. Our current efforts are focused on the investigation of pyrotechnic first fire (FF)
mixes, also referred to simply as ignition compositions or primes. FF formulations are intended to
facilitate the smooth initiation of the item are typically employed in small quantity and coated or pressed
on top of the main flare.6 Often, metals such as magnesium are employed as the main fuel in the FF.
Although an effective material, magnesium (as described above) is impractical for IR-emitting flares
where little or no visible light emission is desired. The inherent IR-friendly nature of pSi, coupled with
the reactivity provided by its high surface area, hydrogen-terminated surface made it an ideal candidate to
investigate for application in FF mixes.

Experimental

Solvents and chemicals were obtained from Sigma Aldrich and used as received, with the
exception of cesium nitrate which was first sieved to remove large agglomerates. Porous silicon powder
samples (type 3E) were obtained from Vesta Sciences, Inc. Optical emissive properties of the
formulations were characterized using a single element photopic light detector manufactured by
International Light and is composed of a SED033 silicon detector (33 mm² area silicon detector with
quartz window) coupled to a photopic filter (Y-filter) and a field of view limited hood (H-hood). The
current output of the detector was converted to voltage using a DL Instruments 1211 transimpedance
amplifier. Voltage output was collected and analyzed from the amplifier using a NI-6115 National
Instruments datacard and in-house developed Labview™ based data acquisition and analysis software.
For the optical testing, samples were hand-pressed into pellets; each pellet was made from 4 g of material
pressed to ~2500 psi in two, 2 g increments. The pellet diameter was 12.86 mm and the height was
typically measured to be ~10 mm. Pellets were ignited electrically using a Nichrome hot wire.

To formulate a typical mixture, the oxidizer(s) was added to a stainless steel beaker along with
Viton A binder dissolved in acetone (in general, for every 1 gram of mix to be made, 0.5 mL of solution
was added). The oxidizer and binder solution were thoroughly hand mixed to insure the oxidizer was
thoroughly wetted. Subsequently, the fuel powder(s) was added and the entire mixture stirred by hand
behind a protective shield until a damp crumbly powder was observed. The powder was transferred to a
conductive plastic container and dried in a 60 °C oven for several hours.

Results and Discussion

Luminous intensity data is described in Table 1 below for the 4 g pellets which were initiated by
hot wire. These include a control sample of a standard first fire mix consisting of magnesium and boron
fuel along with traditional pyrotechnic oxidizers barium chromate and potassium perchlorate and Viton A
as the binder. As the mix is based on magnesium, the average luminous intensity is quite substantial at
4835.9 candela (Cd). To reduce this strong visible light output, we investigated several formulations
based on pSi, including common oxidizers such as sodium nitrate, potassium perchlorate, and
nanopowders of Fe2O3, CuO, and Bi2O3. Of these, most were found to be unsuitable; formulations with
sodium nitrate and potassium perchlorate were found to produce excessively high visible light whereas
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the metal oxide nanopowders proved insufficiently reactive with pSi using the desired initiation method
(data not shown). Employing cesium nitrate, an established IR-emitting oxidizer, proved to be far more
successful. Mixes NSC-25, -26, and -29 depicted in Table 1 each contained cesium nitrate in high
percentages. The simplest case, NSC-25, used CsNO3 as the sole oxidizer. In this case, although the
formulation initiated readily and displayed a drastically reduced luminous intensity output of 676.2 Cd,
the combustion left behind a substantial amount of solid residue which suggests the possibility of an
incomplete reaction. To further improve on this result, NSC-26 was formulated to be closer to that of the
standard, incorporating boron and potassium perchlorate (but leaving out the more toxic barium
chromate). In terms of burn-time and lack of residue, NSC-26 performed extremely close to that of the
standard. Most importantly, its average luminous intensity was ~60% lower with a value of 1998.5 Cd.

Table 1: Luminous intensity measurements.

Sample Composition Burn
time (s)

Integrated
Intensity
(Cd*s)

Average
luminous

intensity (Cd)

Peak
luminous

intensity (Cd)

Comments

Standard FF Mg, B,
BaCrO4,

KClO4, Viton

0.693 3343.2 4835.9 11489.6

NSC-25 pSi, CsNO3,

Viton
0.375 245.7 676.2 1190.9 Substantial residue

NSC-26 pSi, B,
CsNO3,

KClO4, Viton

0.777 1557.7 1998.5 4552.9 No residue

NSC-29 pSi, B,
CsNO3,

KNO3, Viton

too dim for detection Only partial ignition

It is noteworthy that because none of the oxidizers employed have significant solubility in the
acetone solvent, it is extremely unlikely that appreciable amounts of oxidizer were incorporated into the
porous structure of the pSi particles themselves. This is preferable as the filling of pSi pores with
oxidizer has previously been shown to produce extremely sensitive composites with explosive behavior,12

which is unacceptable for a pyrotechnic flare application.

Summary and Conclusions

The investigations into the use of porous silicon in pyrotechnic first fire mixes have shown the
applicability of the nanostructured material as a reactive, low visible light producer, and may therefore
strongly benefit infrared-emitting military pyrotechnics. From an environmental perspective, we were
further able to eliminate the use of highly toxic barium chromate from the control FF mix. From here,
subsequent efforts will focus on extended the knowledge gained to investigate the applications of porous
silicon in main flair grains as well the elimination or replacement of the environmentally objectionable
perchlorate salts.
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Initiation and Detonation Physics on Millimeter Scales

D. F. Phillips, J. J. Benterou, C. A. May, Lawrence Livermore National Laboratory, Livermore,
USA

ABSTRACT

The LLNL Detonation Science Project has a major interest in understanding the physics of
detonation on a millimeter scale.  This report summarizes the rate stick experiment results of two high
explosives.  The GO/NO-GO threshold between varying diameters of ultra-fine TATB (ufTATB) and
LX-16 were recorded on an electronic streak camera and analyzed.  This report summarizes the failure
diameters of rate sticks for ufTATB and LX-16. Failure diameter for the ufTATB explosive, with
densities at 1.80 g/cc, begin at 2.34 mm (not maintaining detonation velocity over the entire length of the
rate stick).  ufTATB rate sticks at the larger 3.18 mm diameter maintain a constant detonation velocity
over the complete length.  The PETN based and LLNL developed explosive, LX-16, with densities at 1.7
g/cc, shows detonation failure between 0.318 mm and 0.365 mm.  Additional tests would be required to
narrow this failure diameter further.  Many of the tested rate sticks were machined using a femtosecond
laser focused into a firing tank – in case of accidental detonation.

Introduction

As demands increase for smaller, more versatile weapons systems, it is becoming vital to
understand the physics of initiation and detonation of systems on a millimeter scale or smaller.
Incorporation of micro electromechanical systems (MEMS) technology into fuzes will require drastically
smaller high explosive (HE) components at the beginning of the initiation train.  Simply scaling down
from larger systems will not work at some dimension.  It is necessary to understand this limit and the
behavior of systems at and below this limit.  The desire for more insensitive HE and lower threshold
firing systems make this understanding even more vital.  Important parameters to understand will be the
threshold of initiation, the failure diameter of explosives used, the run-to-detonation distance of these
explosives under various initiation conditions, the effect of cracks and joints and crystal structure in this
small regime.  These data need to be confirmed over a suitable range of operating temperatures.

LLNL has a tool that has proven extremely useful in creating test samples of small dimensions
and geometric shapes necessary to carry out these tests [1].  LLNL has shown that the femtosecond laser
is capable of safely cutting larger pressed samples of HE into desired shapes (in this case, ever smaller
diameters – rate sticks) without altering the morphology of the cut surface.  Leaving a pristine surface is
very important in performing tests on these small samples since the smaller the HE sample, the more
likely any surface variations might affect the outcome of the experiment.  LLNL has shown there is no
melting or other damage to the laser trimmed surface of the explosive.  The laser could be used on
deposited explosive films to form a desired architecture for initiation programmed detonation paths.  An
important advantage in making the samples this way is that larger, more uniformly pressed samples can
be used to cut out the small samples of interest.  This should provide much more uniform density of the
samples as opposed to samples that are initially pressed to these small dimensions.

At LLNL, we have a demonstrated capability to carry out experiments to gather data on the
important parameters listed above.  We have high-speed streak cameras, digitizers and framing cameras,
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fast Fabry-Perot capabilities and optical set-ups to look at these small samples at appropriately high
magnification.

With all the objectives, a major task is to properly produce the very small samples using the
femtosecond laser.  We have a good sense of how to do this for our current objectives and have
successfully laser-cut many samples.  The objectives also require the use of streak camera measurements
of the breakout profiles of the tiny samples.  Careful mounting of the samples, alignment and proper
magnification are necessary to make these millimeter-scale explosive measurements.

Experimental

All of the rate stick experiment data in this report are captured on an electronic streak camera
with relay lenses and notch filters designed to record 532nm (Figure 1).  During each experiment, a
custom designed, doubled Nd:YAG laser with a pulse width of approximately 4 µs is used to illuminate
the side of each high explosive rate stick.  Velocity data is retrieved by analyzing the shot film (with an
optical ‘comb’ providing temporal resolution).  The data signal on the film is generated by illuminating
the side and end of the rate sticks with 532 nm laser light. The reflected light is then relay-imaged onto
the streak camera photocathode.  As the detonation wave travels up the rate stick, the reflection of the
laser light from the high explosive disappears.  Thus, when viewing shot film, the white area represents
laser light reflecting off the high explosive.  Whereas, darkness represents HE that has been consumed.
The high voltage pulse-shaping network on the 532 nm Nd:YAG illumination laser was refurbished this
past year and we now have a brighter, more dependable, light source to illuminate these mm-scale
experiments.

Explosive Rate Stick Test Station

Figure 1.
Diagram of the system used to collect explosive rate stick data

For the rate stick measurements, 6.35 mm diameter, 10 mm long, samples of LX-16 were
femtosecond laser-machined such that we had a 6.35 mm diameter base that was nominally 4.0 mm long
and a “rate stick” section that was nominally 6.0 mm long and varied in diameter from 0.08 mm to 1.0
mm (Figure 2).  A RP-2 detonator initiates the larger diameter section, called the pedestal, below the rate
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Figure 2.
190 µm diameter high explosive rate stick geometry (left).  Laser illuminated rate stick (right) prior to test
firing.

stick. Because ufTATB has a much larger failure diameter than LX-16, we made rate sticks of ufTATB
by stacking miniature pellets of ufTATB on top of each other to give a long enough detonation run
distance up the rate stick.  The diagnostic configuration (laser and streak cameras) for the ufTATB and
LX-16 rate stick tests is the same.  Both explosives were 532nm laser illuminated for these experiments.

Results and Discussion

ufTATB rate stick experiments

While machining high explosives with the femtosecond laser works well, micro-machining
explosives with this system is a costly and time-consuming process.  Our experience with ufTATB
indicates that failure diameters for rate sticks of this material would be significantly larger than rate stick
parts we often experiment with.  Because of the larger diameters involved, the ufTATB rate stick
experiments were conducted by stacking and gluing mini-pellets of pressed ufTATB (Figure 3).  Each
completed rate stick maintained a minimum 6x1 (height vs. diameter) aspect ratio.  This aspect ratio is
similar to high explosive parts machined with our laser.  In addition, to ensure each ufTATB rate stick
began under full detonation, each stack also had an equivalent diameter PBX9407 (RDX based) initiating
booster pellet.  No attempt was made to produce these rate sticks from a single pressing because
experience has shown us that we are unable to press HE pellets beyond a 2x1 aspect ratio without
introduction of significant density gradients within the part – and this is especially problematic at smaller
dimensions.  These stacked rate sticks were then initiated with a commercial RP-2 detonator from the
PBX9407 end.  Figure 3 shows a stack-up of the 0.125” (3.18mm) ufTATB pellets.  The green stripe seen
on the right side of the column is the 532nm alignment laser illumination.
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Figure 3.
0.125 inch (3.18 mm) diameter ufTATB pellets with the doubled Nd:YAG illumination laser shining against
the stack.  This was the smallest diameter tested where detonation maintained consistent speed up the entire
length of the rate stick.

Figure 4.
This graph shows two 0.125” (3.18 mm) ufTATB rate stick shots.  Both of these shots seem to indicate a
sustained detonation velocity of approximately 6.65 mm/us over the entire length of the rate stick.

Figure 4 is the digitization of the raw film data and is the measured critical diameter for ufTATB.
The smallest diameter that exhibited constant (albeit, somewhat reduced) detonation velocity was 0.125”
(3.18mm).  Smaller, 0.092” (2.34mm), diameter ufTATB showed detonation velocity in decline while
traveling up the two tested rate-sticks.  Table 1 shows data from additional shots with diameters both
above and below these dimensions.  Table 1 also shows that larger diameter ufTATB rate-sticks detonate
at faster constant velocities.  This faster, constant, detonation velocity seemed to peak when unconfined
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rate-stick diameters approached approximately 0.25” (6.35mm). Knowing the detonation velocity in
these small scales is important in order to determine momentum and pressure from the velocity Hugoniot
equation [2].

Diameter Density Velocity – no
confinement

1 ea. 0.080” (2.03mm) 1.81 Unstable and
deteriorating

2 ea. 0.092” (2.34mm) ~1.77 Unstable and
deteriorating

2 ea. 0.125” (3.18mm) 1.80 6.61 mm/us
6.69 mm/us

2 ea. 0.200” (5.08mm) 1.80 7.09 mm/us
7.14 mm/us

Table 1.
Table shows the lowest 4 dimensions that were part of the experiment series.  Constant detonation velocity
could not be maintained with ufTATB on part diameters below 0.125” (3.18mm).

LX-16 rate stick experiments

0.280 mm diameter 0.318 mm diameter 0.365 mm diameter

(failed to propagate) (near failure)      (successful detonation)

Figure 5.
Three test-shots of LX-16 rate sticks showing the raw position vs. time data.  These data are for 0.280 mm,
0.318 mm, and 0.365 mm diameter rate sticks.  Timing marks on the left of each record are at 250ns intervals.
The time direction is downward.
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For the LX-16 rate-stick experiments (required smaller diameters), we returned to femtosecond
laser machining 6mm diameter by 10 mm tall pellets pressed to 1.70 g/cc.  The needed rate stick
diameters with LX-16 are much smaller than ufTATB and, therefore, femtosecond machining was
required. Raw data from the side-view camera (Figure 5) is shown for three diameters of rate sticks.  The
image on the far right of figure 5 shows detonation propagating to the end of the stick.  By knowing the
spatial and temporal calibration, we can find the slope of this distance versus time record and get the
detonation velocity along the edge of the rate stick. As with ufTATB, with decreasing rate stick diameter,
the detonation velocity falls off.  This will continue in some manner until the detonation fails to propagate
to the end of the rate stick.

Beginning with the LX-16 tests, we attempted a new method for controlling pedestal by-products
(seen in the far left image of figure 5) from obscuring the detonation wave data traveling up the rate stick.
Figure 6 shows our latest, simplified, version.  Initially, the 4 mm tall base of LX-16 was set into position
within the acrylic holder such that the top of this pedestal was depressed within the acrylic by 2 mm.  This
2 mm depression – well – was then filled with photo-flo® treated water (allowing for ease of flow around
the rate-stick).  This method worked nicely.  However, it reduced the visible portion of the rate-stick to be
imaged onto the data-capturing streak camera by the depth of the water well.  Because we wanted to
maximize the length of the rate-stick seen by the streak camera, we tried the same test except with a 1 mm
deep well of water over the pedestal and surrounding the rate stick.  This 1 mm well seems sufficient to
slow down the by-products from the pedestal while still recording the detonation wave.  In Figure 7, any
velocity data that is lower than 5 mm/µs is, in fact, the recorded velocity of the detonation products from
the pedestal (including the water well) – not the LX-16 rate stick.

Figure  6.
0.280 mm LX-16, density at 1.701 g/cc with a 1 mm deep water well over the pedestal.

Laser machining LX-16 rate sticks with exactly specified rate stick diameters produced some
technical challenges.  With the limited number of rate-stick tests completed (and not damaged in process),
we are able to establish critical diameter of LX-16 at between 0.318 mm and 0.365 mm (figure 7).
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Figure 7.
The graph on the left indicates failure diameter for LX-16 to be somewhere between 0.318mm and
0.365mm.  The table on the right shows all the LX-16 rate-stick shots.  The two rows highlighted in
red indicate the dimension where detonation extinguishes (0.318mm) in LX-16.  Numbers followed
by an asterisk indicate pedestal detonation product velocity – not actual LX-16 detonation velocity.

Summary and Conclusions

LLNL has successfully measured the detonation velocity of ufTATB rate-sticks made from
stacking mini-pellets pressed to a density of approximately 1.8 g/cc.  The ufTATB tests indicate failure in
detonation at diameters of 0.092” (2.34mm).  While, the larger 0.125” (3.18 mm ) rate-sticks maintained a
constant detonation velocity up the entire length of the rate-stick.  Lastly, we’ve recently finished a
preliminary series of tests on LX-16.  These tests have indicated failure diameter for LX-16 to be between
0.318 mm and 0.365 mm.  Additional measurements in the region of expected failure by refining our laser
machining could be made to further narrow failure diameter for LX-16.

LLNL pioneered the use of femtosecond laser high explosive machining.  This technology has
been invaluable in our pursuit of ever smaller, precision-machined, HE parts of all sorts of shapes and
dimensions.
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ABSTRACT

The search for environment-friendly high-energy materials with effective performance to replace
traditional energetic materials has led to discovery of polynitropyrazoles, which comprise a five-
membered heterocyclic ring with two neighboring nitrogen atoms substituting the carbon atoms and at
least two nitro groups. This class of energetic compounds has optimal set of energetic properties (density,
oxygen balance, enthalpy of formation) and satisfactory safety. Recently, several polynitropyrazoles have
been successfully synthesized, for example, 3,4-, 3,5-dinitropyrazoles; 3,4,5-trinitropyrazole; 3,3’,5,5’-
tetranitrobipyrazole-4,4’; 3,3’,4,4’-tetranitrobipyrazole-5,5’; 3,5-dinitro-4-(3,4-dinitropyrazol-1-
yl)pyrazole. In this study for the first time, the thermal stability data of these compounds obtained by
thermogravimetry (TG) and differential scanning calorimetry (DSC) are reported. Kinetic parameters of
thermolysis were evaluated by model-free and model-fitting methods using TG-data. Theoretical
predictions of mechanisms for thermal decomposition of synthesized compounds have been performed
based on the results of activation energy (Ea) calculations (ab initio and DFT B3LYP/6-31G* methods)
for computer-generated pathways. The results of calculations and experimental data are analyzed to
evaluate the structure-thermal stability relationships for polynitropyrazoles.

1 Introduction

C-Nitrated five-member nitrogen-containing heterocycles (nitroazoles) including imidazoles,
pyrazoles, triazoles and tetrazoles with high density and heat of formation are promising precursor of the
new energetic materials with balanced detonation performance and sensitivities, and have attracted
considerable attention1. The high energy content of nitroazoles stems from the presence of adjacent
nitrogen atoms poised to form nitrogen gas (N2). The decomposition of these compounds in a greater
extent compared to that traditional explosives (TNT, RDX, HMX) results in the generation of dinitrogen
makes them very promising candidates for environmentally friendly (green) energetic compounds1d.
Among them, polynitropyrazoles have been extensively investigated2-26.

Recently G. Hervé synthesized all-carbon nitrated high energy pyrazole compound – 3,4,5-
trinitropyrazole and some its derivatives2,7.

3,4,5-trinitropyrazole does posses the promising energetic performance [(P = 38.66 GPa, D =
9253 ms-1)2,7; (P = 35.9 GPa, D = 8651 ms-1)16] that is closed to HMX and RDX (RDX: P = 35.5 GPa,
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D = 9000 ms-1; HMX: P = 39.6 GPa, D = 9320 ms-1)7, low TNT-like impact sensitivity (TNP 17 J7; TNT
15 J 11, HMX-RDX 3-4 J7) and spark-sensitivity (> 784 mJ)7, as compared to RDX and HMX (> 726
mJ)7.

It is well known that thermo stability is one of the main characteristics of energetic compounds.
In this paper we report about experimental and computer study of thermostability structure-properties
relationships of 3,4,5-trinitropyrazole (3)2,7 and its only nitro group containing analogues, i.e., mono- 3,4-
dinitropyrazole (1)19, 3,5-dinitropyrazole (2)19 and bicyclic dinitro-analogues – 3,3’,5,5’-
tetranitrobipyrazole-4,4’ (4)20,21, 3,3’,4,4’-tetranitrobipyrazole-5,5’ (5)20,21, 3,5-dinitro-4-(3,4-
dinitropyrazol-1-yl)pyrazole (6)27.

2 Experimental, Results and Discussion

In Figure 1 the structures, molecular formulas, and molecular weights of synthesized and
investigated compounds are presented.
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Figure 1. Synthesized compounds
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2.1 X-ray determination

XRD experiments were performed with Bruker SMART 1000 CCD diffractometer for 1, 2 and 4
at RT and Bruker SMART APEX2 CCD one for 6 at 100K [(MoK) = 0.71072 Å]. Table 1 shows the
obtained crystallographic data, i.e, crystal system, space group, unit cell dimensions, packing index and
calculated density. The structures were solved by direct method and refined by the full-matrix least-
squares technique against F2 in the anisotropic-isotropic approximation. For 1 and 2, the refinement
converged to wR2 = 0.1137 and 0.0842, GOF = 1.002 and 1.003, R1 = 0.0411 and 0.0418, respectively.
For 4 and 6, the refinement converged to wR2 = 0.0882 and 0.1411, GOF = 1.001 and 1.004, R1 = 0.0352
and 0.0484, respectively. All calculations were performed using SHELXTL PLUS 5.0.

Table 1. Crystallographic data for compounds 1-3, 4, 6.

Unit cell dimensionsCrystal
system

Space
group a, Å b, Å c, Å , 

Packing
index

dcalc,

gcm–3

1 monoclinic P21/c 10.019(3) 12.021(4) 9.759(3) 94.166(7) 8 1.792

2 Ortho-
rhombic

Pca21 10.369(5) 10.617(6) 10.652(5) 90 8 1.791

3 monoclinic P21/c 15.0080(5) 8.1732(3) 17.1160(5) 92.2510(10) 12 1.876

4* monoclinic Cc 11.1368(8) 14.0790(11) 8.2390(6) 110.609(1) 4 1.825

6* monoclinic C2/c 24.7908(17) 11.6828(8) 9.4204(6) 94.997(1) 4 1.756

* - crystallohydrates.

According to the XRD data, the compounds 1 and 2 crystallize with two independent molecules
(Fig. 2); in a crystal of 3 there are three of them.

Figure 2. General views of the two independent molecules in crystals of 1 (left) and 2 (right) in
representation of atoms via thermal ellipsoids at 30% probability level
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The overall geometry of these molecules is rather typical for this class of compounds with the
most pronounced difference between the independent species being the twist angle of the NO2 groups. In
1, this value for the two NO2 groups in the two molecules is 69.9(2) and 5.5(2)° (the molecule O) and
81.1(2) and 8.9(2)° (the molecule A). In 2, the molecules O and A are characterized by the corresponding
twist angles equal to 11.5(3) and 4.4(3)° (O) and 6.9(3) and 5.1(3)° (A). For comparison, the same values
in the case of the compound 3 are 0.89(8), 82.47(2), 2.76(8)° (O), 14.76(6), 63.76(4), 7.47(7)° (A) and
9.71(6), 69.53(4), 7.74(6)° (B), respectively8.

The compounds 4 and 6 are crystallohydrates (Fig. 3) with one molecule and two and a half
molecules of H2O, respectively. In the case of the former, the twist angles of NO2 groups respective to the
heterocyclic core are 5.5(2) and 5.3(2)° (core 1) and 6.8(2) and 2.6(2)° (core 2). Those values in 6 are
equal to 8.7(1) and 7.1(1)° (core 1) and 39.7(1) and 10.3(1)° (core 2); the angle between the two pyrazole
cores being 79.9(2) and 62.9(1)° in 4 and 6, respectively.

Figure 3. General views of the hydrates 4 (left) and 6 (right) in representation of atoms via
thermal ellipsoids at 30% (4) and 50% (6) probability level

The analysis of the crystal packing for these compounds has revealed that in all cases the
molecules are assembled by a network of H-bonds, including those with the water molecules in 4 and 6.
In the crystals of monopyrazole compounds, they are the N-H…N hydrogen bonds (N…N 3.031(2) –
3.070(2), 3.074(3) – 3.180(3) and 3.058(2) – 3.084(2) Å; NHO 122(1) – 124(1), 154(1) – 170(1) and
162(1) – 168(1)° for 1, 2 and 3 at RT, respectively). The latter are the strongest in the trinitropyrazole
compound and of comparable strength in dinitro-derivatives, if judging by the average N…N and NHO
values (3.051(2), 3.128(3) and 3.068(2) Å; 123(1), 162(1) and 164(1)°).

In the case of the monohydrate 4, the analogous H-bonds (N…N 2.921(2) Å, NHN 161(1)°) are
even stronger. At the same time, its water molecule is involved in the extremely short N-H…O hydrogen
bond (N…O 2.659(2) Å, NHO 164(1)°) and the O-H…N one (O…N 3.074(2) Å, OHN 158(1)°) with the
target moieties. The presence of additional water molecules in 6 caused the bipyrazole species to form H-
bonds with them only: N-H…Owater (N…O 2.5185(18) Å, NHO 177(1)°) and O-Hwater…N (O…N
2.9686(17) Å, OHN 167(1)°), with the O-H…O bonds between water molecules (O…O 2.7059(17) –
2.9472(18) Å, OHO 160(1) – 176(1)°) being present as well.
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In addition, in all the crystals studied there are also numerous contacts involving nitro groups: not
only with NH (N…O 2.963(2) – 3.071(2), 3.408(4) and 3.157(3) Å; NHO 149(1), 140(1) and 128(1)° in
1, 2 and 4, respectively) or OH (as in 4 and 6, with O…O 2.951(2) – 2.964(2) and 3.0711(13) Å; NHO
120(1) – 128(1) and 124(1)°) functionality, but also with each other. The latter do not allow making any
unambiguous conclusion about the relative stability of these compounds from the XRD data. As it was
demonstrated for 3, such interactions (although each being rather weak) together contribute to the
cohesion in a crystal to the greater extent than hydrogen bonds of intermediate strength do8.

As a result, we have calculated the packing energies using the Gavezzotti’s approach28 for 1, 2
and 3 at RT; the same values for bipyrazole compounds 4 and 6 are inconclusive due to them being
crystallohydrates. The total packing energies for the crystals 1, 2 and 3, all containing several independent
species (see above), were -212.8, -219.7 and -336.3 kJ/mol. Per one independent molecule in each case
these give the values of -106.4, -109.9 and -112.1 kJ/mol, with the most and least energetically stable
arrangement of pyrazole species in the crystals of 3 and 1, respectively.

2.2 Computer simulation of decomposition mechanisms

Computer modeling of decomposition mechanisms for 1-3 has been carried out on the base of
generation of hypotheses about thermolysis processes of compounds concerned. It was taken into account
the structures of compounds only, i.e. without “phase state binding” of the processes29. After procedure of
generation, the hypotheses discrimination was fulfilled by the estimation of the most preferable pathways
for decomposition using the results of calculations of energy activation (Еа) for the corresponding
reactions of the reactants thermolysis in gas-phase. The necessary calculations were made on the base of
density functional theory (DFT) with  B3LYP hybrid functional30 and the conventional 6-311++ G** split-
valence basis set31 using GAUSSIAN-98 program package32 at the Computational Center of Zelinskii
Institute of Organic Chemistry, Russian Academy of Sciences.

The computer estimations of the structural isomers (of compound 1) stability, which are formally
possible during the decomposition process, are evidence the opportunity of 10 tautomeric forms existence
including rotational isomers (aci-forms). Their relative thermodynamic stability was computed using the
methodology33 and the modeling of decomposition process for all these forms was elaborated. Next, as it
was mentioned above, the calculations of energetically the most favorable pathways were carried out. In
Fig. 4 there are presented the most preferable pathways of decomposition for 1 (a) - 3,4-dinitropyrazole, 2
(b) - 3,5-dinitropyrazole and 3 (c) - 3,4,5-trinitropyrazole.

As follows from Fig. 4, the mechanism of the compound 2 decomposition is similar to that one of
compound 1 and that is thermal decomposition via the regrouping into aci-nitro-form with subsequent
destruction and the homolytic elimination of hydroxyl radical for both compounds.

As for estimation of the energy activation for the corresponding reactions under decomposition, it
should be taken into account that if activation energy barriers of the secondary reactions are noticeably
higher than that ones of the initial reactions, the inverse reactions are possible. Therefore to get the
objective data of the thermal decomposition it is necessary to estimate the energetic effects of reactions
not only at the initial step of decay but at the subsequent steps in the same way. Our quantum-chemical
calculations of the activation energy for reaction at the initial step (I in Fig. 3a) of compound 1 (a) results
in Еа  = 138.14 kJ/mol. As it is a relatively low activation barrier for decomposition, we analyzed the
energy activation of the reactions at the subsequent steps of compound 1 decay. From all possible
reactions at these steps our calculations reveal the most energetically preferable channel for
decomposition and that is the pathway via the homolytic elimination of hydroxyl radical (the pathway II
in Fig. 4a) with Еа = 147.87 kJ/mol. This value can be considered as the activation barrier of
decomposition process of compound 1.
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Figure 4. The meachanism of the initial steps decomposition (I, II) of compounds 1 (a), 2 (b), and
3 (c): pathways I - regrouping into aci-nitro-form, and II - homolytic elimination of hydroxyl radical

The minimal value of the activation barrier for isomerization of compound 2 into aci-form is
144.47 kJ/mol. Next step of decomposition with homolytic elimination of hydroxyl radical requires
153.60 kJ/mol and that is only for 5.53 kJ/mol higher than the activation barrier of the limitative stage of
the thermo degradation of compound 1 (Еа=147.87 kJ/mol).

Computer simulation of compound 3 decomposition has been presented earlier13. It was shown
that at the initial stage the following reactions are formally possible for compound 3 decay: homolytic
elimination of NO2, destruction of heterocycle and regrouping with formation of aci-nitropyrazole.
According to quantum-chemical calculations13 at the initial stage the most probable mechanism of
thermolysis is the intramolecular regrouping with formation of aci-nitropyrazole (Еа= 112.95 kJ/mol). At
this stage the formation of six aci-nitro tautomeric forms are formally possible. But only one of them
needs the minimal value (183.10 kJ/mol) in comparison with other ones and is accompanied by
subsequent destruction (Fig. 4c) with the homolytic elimination of hydroxyl radical. Correspondingly, the
activation barrier of the compound 3 decomposition is equal to the barrier of this secondary reaction, i.e.,
to 183.10 kJ/mol.

Thus, the results of computer modeling for mechanisms of decomposition for compounds 1-3 and
subsequent calculations of activation barriers for corresponding reactions in gas-phase are evidence of
energetic preference for mechanism via the regrouping into aci-nitro-form with subsequent destruction
and homolytic elimination of hydroxyl radical.

Compound 3 is found to be thermodynamically more stable relatively 1 and 2, as the energy
activation for its thermolysis is higher by 35.23 kJ/mol in comparison with compound 1 and by 29.50
kJ/mol higher than that one for compound 2.
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2.3 Simultaneous thermal analysis

Simultaneous thermal analysis (TG/DSC) of synthesized compounds was carried out using STA
449 F3 Netzsch (Germany) at scanning rates 1, 2, 5 and 10 K/min.  Pinhole hermetic alumina pans were
used to insure that the pinhole size allows the generated gases to escape slowly during decomposition.
Samples in the form of crystal powder were limited to 3 mg and a purge gas flow of 70 cm3/min of high
purity argon was used. Netzsch Proteus® and Netzsch Thermokinetics® software were employed to
obtain thermal curves and to perform kinetic analysis. The temperature range was selected from 30 to
500°C.

2.3.1 TG/DSC

Figures 5-7 show DSC/TG curves for monocyclic investigated compounds behavior with
different scanning rates.

Our study shows that 1 having closed positioned nitro-groups melts at 87C and exhibits intense
two-stage mass loss from 286C accompanied by two weak exotherms starting from 305C and 390C at
heating rate 10 K/min.

Compound 2, having mutual distant nitro-group, has much higher melting point at 168C,
immediately followed by intense one-step mass-loss with endotherm, indicating pure evaporation.

In case of 3, having three located in a row nitro-groups, the melting point at 186C is higher than
that one of both compounds with two nitro-groups, followed by intense mass-loss starting from 271C
and accompanied by well-defined exotherm with heat release of 411 J/g (at heating rate 10 K/min). The
exothermic character of DSC-peak accompanied by the mass loss reveals that observed process is a
thermal decomposition of the 3 melt. Results of TG/DSC examination are presented in Table 2, were Tm –
the melting temperature, ∆Hm – the amount of energy released in condensed phase during melting, Tonset –
onset temperature of the mass-loss (TG) and heat release (DSC) processes.

Figure 5. TG (dotted lines) and DSC-curves (solid lines) obtained for compound 1 with different
heating rate
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DSC, mW/mgTG, %

Temperature, °C

485



Figure 6. TG (dotted lines) and DSC-curves (solid lines) obtained for compound 2

Figure 7. TG (dotted lines) and DSC-curves (solid lines) obtained for compound 3

The heating of bicyclic compounds 4-6 (Fig. 9-10) reveals that 4 melts at 291C to be
immediately decomposed with integral effect of two well-defined overlapping heat release processes
about 1400 J/g (at 10 K/min). Compound 5 shows the melting point at 187C followed by the two-step
mass loss process. Each step starts at 238C and 310C, respectively, and is accompanied by well-defined
exotherm, which are partially overlaps.  Compound 6 also demonstrates two-step mass loss with two
subsequent exotherms (enthalpy of the first peak is 1380 J/g), but without melting point. Results of
TG/DSC examination are presented in Table 2. In case of bicyclic compounds 4-6 we observe a well-
defined mass-loss in about 4% in the temperature range 100-150C (compound 4), and at 80-120C (5,6).
This effect is accompanied by corresponding endotherms, indicating the loss of crystal water, and proving
the XRD-result for compounds 4-6 to be crystallohydrates.
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Figure 8. TG (dotted lines) and DSC-curves (solid lines) obtained for compound 4

Figure 9. TG (dotted lines) and DSC-curves (solid lines) obtained for compound 5

Figure 10. TG (dotted lines) and DSC-curves (solid lines) obtained for compound
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Table 2. Parameters of the mass-loss during non-isothermal heating (10 K/min).

Compound Hm, J/g Hm, kJ/mol Tm,°C Tonset, °С
(TG)

Tonset, °С
(DSC)

1 93 14,70 87 286 305

2 64 10,12 168 237 237

3 95 19,29 186 271 267

4 33 10,37 291 291 291

5 23 7,22 187 238 271

6 - - - 301 289

Figure 11. Melting point (experimental) versus packing energy (calculated) for compounds 1, 2,
and 3.

Obtained data show that the replacement of nitro-group from the position in compound 1 to that
one in 2 results in the considerable increase of the melting point from 87°C to 168°C, whereas the
introduction of third nitro-group into pyrazole ring leads to further melting point increase so that the
measured value for compound 3 is 186°C. The packing energy values, calculated on the base of X-ray
analysis, agree well with the meting points of these substances, as shown in Fig. 11.

1

2
3
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Figure 12: Curves of mass-loss process: solid lines – TG, dotted lines – DTG signals for
investigated compounds. Heating rate 10 K/min. Compound indexes are indicated above the graphs.
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2.3.2 Activation Barriers

The thermokinetic modeling based on experimental mass loss data was performed to reveal the
reaction mechanism and evaluate the kinetic parameters. Reaction mechanism can be established by
selecting an appropriate kinetic model on a base of comparative analysis of the spectra of reaction
models. In this study, the first stage of the mass-loss is considered as one-step reactions, and the multiple
linear regression (linear model-fitting method) is applied for determination of the kinetic triplet
calculation, i.e., activation energy (Ea), pre-exponential factor (A), and reaction model34.

Table 3. Results of thermokinetic modeling for the first stage of mass-loss process.

Compound Ea, kJ/mol Log A, s-1 R

1 1061 7.40.1 0.993

2 861 6.20.1 0.975

3 1211 9.60.1 0.995

4 2322 18.00.1 0.993

5 1191 9.50.1 0.998

6 1351 9,60.1 0.997

HMX35 2052 17.00.1 0.991

Table 3 presents the results of thermokinetics modeling; the reaction model for compounds 1-6 is
found to be autocatalytic. Among the monocyclic compounds the highest activation energy is obtained for
compound 3 (121 kJ/mol), whereas the lowest activation energy - for 2 with Ea = 86 kJ/mol, and logA =
6,2 c-1.  The overall mass-loss process of compound 2 is a result of pure evaporation, as it was revealed by
TG/DSC-curves. Considering the activation energy value for compound 1 (106 kJ/mol) along with the
above-mentioned primarily evaporation, the first stage of the mass-loss of 1 is the melt evaporation,
followed by the decomposition.  The additional research is to be applied to find the “pure” activation
energy of 1 and 2 decomposition processes, i.e., high-pressure DSC to suppress the evaporation.

As to bicyclic compounds 4-6, the observed mass-loss is attributed to decomposition process,
considering TG/DSC data. Among these compounds, the most thermally stable one is 4, as having the
highest activation barrier, whereas the compound 5 has a lowest Ea and A values.

The rate constant (k) for the mass-loss process could be calculated by following equation:

RTEAk a 3.2/loglog 
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Figure 13. Comparison of the mass-loss rate constants obtained for HMX35 and
compounds 1-6. P=0.1 MPa.

The results obtained (Fig. 13) show that for compounds 1 and 2 with two nitro groups the
replacement of the second nitro group from 4 to 5 position decreases the mass stability due to increased
role of evaporation, whereas all-carbon nitrated pyrazole shows the “pure” decomposition, which starts at
lower temperature and proceeds with the rather high mass-loss rate than that one for dinitropyrazoles. For
bicyclic compounds, the thermal stability of 6 is close to that one of HMX, whereas compound 4
decomposes with lower reaction rate, having about the same onset temperature as compound 6.

3 Summary

Polynitropyrazoles, i.e., monocyclic 3,4-, 3,5-dinitropyrazoles; 3,4,5-trinitropyrazole; and bicyclic
3,3’,5,5’-tetranitrobipyrazole-4,4’; 3,3’,4,4’-tetranitrobipyrazole-5,5’; 3,5-dinitro-4-(3,4-dinitropyrazol-1-
yl)pyrazole compounds have been synthesized and investigated by computer modeling, quantum-
chemistry calculations, and thermal analysis. Obtained data reveal the structure-properties (including
thermal stability) relationships that depend, to a great extent, on number and mutual arrangement of
nitrogroups in pyrazole core.

It was shown that the energetically preferable pathway of decomposition for monocyclic
compounds is the pathway via regrouping into aci-nitro-form with subsequent destruction and homolytic
elimination of hydroxyl radical. All-carbon nitrated pyrazole is found to be thermodynamically more
stable relatively to dinitropyrazoles, as the calculated energy activation for its gas-phase thermolysis is
higher by 35.23 kJ/mol in comparison with 3,4-dinitropyrazole and by 29.50 kJ/mol higher than that one
for 3,5-dinitropyrazole.

XRD-analysis reveals that both compounds 3,4-, and 3,5-dinitropyrazoles crystallize with two
independent molecules, whereas crystal of 3,4,5-trinitropyrazole contains three ones. It was found that the
twist angle of the NO2 groups differs considerably for the investigated compounds. Bicyclic 3,3’,5,5’-
tetranitrobipyrazole-4,4’ and 3,5-dinitro-4-(3,4-dinitropyrazol-1-yl)pyrazole are found to be
crystallohydrates, as it was also evidenced by TG/DSC-analysis. Calculated packing energies of
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monocyclic compounds show that the most and least energetically stable arrangement of pyrazole species
in the crystals are  3,4,5-trinitropyrazole and 3,4-dinitropyrazole, respectively. This fact agrees well with
the experimental melting points of these substances.

Experimental results obtained via simultaneous thermal analysis under non-isothermal heating in
argon flow show that all investigated compounds have two-step decomposition process (for 3,4-
dinitropyrazole – superposition of evaporation and decomposition) accompanied by exothermic effects,
except 3,5-dinitropyrazoles, which evaporates endo-thermically in one step. Kinetics modeling shows the
reaction model for investigated compounds is autocatalytic. Among the monocyclic compounds the
highest activation energy (121 kJ/mol) is obtained for 3,4,5-trinitropyrazole, whereas the lowest one  (86
kJ/mol) - for 3,5-dinitropyrazole.  Among investigated bicyclic compounds, the most thermally stable is
3,3’,5,5’-tetranitrobipyrazole-4,4’ having the highest activation barrier (232 kJ/mol), whereas 3,5-dinitro-
4-(3,4-dinitropyrazol-1-yl)pyrazole has lowest Ea (119 kJ/mol) .

For monocyclic dinitropyrazoles the replacement of the second nitro group from 4 to 5 position
decreases the mass stability due to increased role of evaporation, i.e., due to changing of the mass-loss
mechanism from decomposition/vaporization to vaporization in general, with the considerable increase of
the melting point from 87°C to 168°C for 3,4- and 3,5-dinitropyrazoles, respectively. The introduction of
the third nitrogroup in pyrazole core results in further rise of the melting point (186°C for 3,4,5-
trinitropyrazole), and in the mass-loss mechanism conversion due to basic decomposition process.

As for bicyclic compounds, the thermal stability of 3,5-dinitro-4-(3,4-dinitropyrazol-1-yl)pyrazole
is close to that one of HMX, whereas 3,3’,5,5’-tetranitrobipyrazole-4,4’decomposes with lower reaction
rate, having about the same onset temperature.
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ABSTRACT 

 

Pyrotechnic delays are used in commercial and military items requiring a time delay between two 

energetic events. For example, US Army hand-held signals (HHS) use a delay element to properly 

sequence the expulsion of illuminating rounds at the rockets’ apex. Many military delay formulations 

contain barium, lead, chromates, and perchlorates. The US Army is reformulating pyrotechnic items to 

remove environmentally hazardous materials. In this paper, new environmentally benign formulations are 

described. The delay time of the new system is easily tunable. These compositions will consistently 

function in aluminum housings which is generally difficult for delay compositions due to extreme thermal 

losses that can cause quenching. 

 

 

Introduction 

 

 Pyrotechnic delays have long been used by the military to provide a reproducible time interval 

between two energetic events. For example, in the M125A1 hand-held signal, the soldier activates the 

rocket by striking the primer which ignites the propellant that propels the rocket. The delay column is 

simultaneously lit, thus providing a timed interval allowing the rocket to reach apogee before the 

expulsion charge expels green light-emitting pyrotechnic clusters. Until the mid-20
th
 century, black 

powder was the material of choice for delays [1, 2]. Black powder delays can provide very reproducible 

intervals, but they must be vented due to the large amount of permanent gas generated during combustion. 

The development of gasless delays (generating 5-10 mL/g of gas or less) enabled sealed fuzes and more 

sophisticated munitions. 

 Modern pyrotechnic delays are composed of a metallic or semi-metallic fuel, chromate and/or 

perchlorate-based oxidizers, and a diluent or binder. The traditional tungsten delay, MIL-T-23132A, 

contains tungsten (fuel), barium chromate (main oxidizer), potassium perchlorate (secondary oxidizer), 

and diatomaceous earth (diluent). The variant used in the hand-held signal delay element contains VAAR, 

and no diluent. The chromate and perchlorate oxidizers are being targeted by the United States 

Department of Defense for removal from pyrotechnic formulations due to environmental regulation. In 

1997, the Army National Guard in Massachusetts halted use of the M115/116 flash bang simulator at 

Camp Edwards due to ground water contamination attributed to perchlorate residue from these items. The 

Pyrotechnics Division of the US Army Armaments Research, Development, and Engineering Center 

(ARDEC) reformulated these devices and in 2010 the M115/116 was used at Camp Edwards for the first 

time in 13 years [3]. The Pyrotechnics Division is now developing environmentally benign delay 

formulations, which may be used in many different munitions, to help ensure that the Nation’s 

warfighters will be able to effectively train with these items. 

 What makes a good delay formulation? Delays need to be reliable, easy to manufacture, able to 

function in different housings, and easy to ignite. Ideally, they should be gasless, and the system should 

be tunable. Gasless delays benefit from minimal changes in performance as altitude varies, and may also 
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be used in sealed housings. A tunable system allows the same base components to be used for a variety of 

desired burn rates. In this study, a novel gasless ternary system consisting of silicon, bismuth(III) oxide, 

and antimony(III) oxide is described. The compositions give reliable time intervals, are readily prepared 

by simple dry mixing techniques, and are able to function in aluminum or stainless steel housings. They 

are also easily ignited by black powder, a relatively low-temperature igniter which is especially 

convenient for testing purposes. The effect of changing the oxide ratio and the housing material on burn 

rates is discussed. 

 

 

Experimental 

 

 Materials: Silicon (MIL-S-230, grade 2, class C) was obtained from AEE. Bismuth(III) oxide 

(Bi2O3) and antimony(III) oxide (Sb2O3) were obtained from Alfa Aesar. A Malvern Morphologi G3S 

optical microscopy particle size analyzer was used to determine number-based CE (circle-equivalent) 

diameter distributions. Volume-based distributions were calculated. The data are presented in Table 1. 

 

Table 1. Particle size data (μm). 

 

Material Data 
CE Diameter 

Mean 
D[n, 0.1] D[n, 0.5] D[n, 0.9] 

Si number-based 3.82 0.98 2.74 7.80 

Bi2O3 number-based 6.59 2.36 5.60 11.73 

Sb2O3 number-based 5.39 1.68 4.17 10.05 

      
Material Data D[4,3] D[v, 0.1] D[v, 0.5] D[v, 0.9] 

Si volume-based 25.46 6.27 15.69 49.69 

Bi2O3 volume-based 36.37 7.45 15.71 87.65 

Sb2O3 volume-based 57.86 9.15 35.47 126.90 

      
D[4,3] is the volume mean diameter. 

D[n, 0.1] is the diameter at which 10% of the number distribution is below. 

D[v, 0.1] is the diameter at which 10% of the volume distribution is below. 

 

 Mixing: The compositions are dry mixtures of two or three components. To prepare each 

composition, the materials were combined in a small conductive container and the following procedure 

was followed: 
 

1.  vibrational mixing for one minute 

2.  pass through 50 mesh screen 

3.  vibrational mixing for one minute 

4.  pass through 50 mesh screen 

5.  vibrational mixing for one minute 
 

 A Scientific Industries Vortex-Genie was used for the vibrational mixing steps. The screening 

steps were necessary to break up clumps. The procedure gave delay mixes with reliable and reproducible 

performance. 

 Loading: Aluminum (2024-T3) or stainless steel (304L) tubes were used as delay housings. 

These tubes had an inner diameter, outer diameter, and length of 0.48 cm, 0.95 cm, and 1.52 cm, 
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respectively. Black powder (class 7, 40-100 mesh) was used for the input and output charges. Pressing 

was performed with a Carver hydraulic press. Each housing was placed in a tooling die and then the 

following procedure was followed: 
 

1.  add 0.050 grams black powder and lightly tamp 

2.  add 0.250 grams delay composition 

3.  press 

4.  add 0.250 grams delay composition and lightly tamp 

5.  add 0.050 grams black powder 

6.  press 
 

 The pressing steps were done at 340 kg dead load with a 10 second dwell time. This corresponds 

to 188 MPa. Pressed in this way, the input and output charges (the black powder) collectively occupied 

approximately 0.30 cm. Depending on the composition density, the total column length varied from 1.09 

cm to 1.20 cm. The tooling die was configured so that there was a fixed 0.16 cm indentation from one end 

of the tube to the start of the column. This centered the longer columns in the tubes, while the shorter ones 

were slightly offset. 

 Measurements: The delay columns were ignited with a 2.5 cm V-shaped piece of 20-gauge 

nichrome wire, heated by a TDK Lambda GEN 750 power supply. The burn times were measured with a 

Vision Research V7 high speed video camera with a Nikon 20-80 mm camera lens at a frame rate of 100 

frames per second. The camera was manually triggered prior to igniting the column. The burn time was 

determined by calculating the time difference between the second frame of visible ignition that occurred 

at the top (input) and bottom (output) of the column. For each composition and housing combination, five 

tubes were tested and the results were averaged. Inverse burn rates (s/cm) were calculated by dividing the 

burn times by the length of the delay columns. The entire column length (including the black powder 

input and output charges) was used in these calculations. 

 

 

Results and Discussion 

 

 Table 2 and Figure 1 show the inverse burn rates in both 2024-T3 aluminum and 304L stainless 

steel tubes. In this study, the silicon fuel level was held constant at 30% while the Bi2O3/Sb2O3 ratio was 

varied. Sb2O3 was varied from 0-25% as Bi2O3 varied from 70-45%. As the Sb2O3 content increased, the 

inverse burn rates increased over 3-fold, from 0.54 to 1.82 s/cm in aluminum tubes and from 0.68 to 2.25 

s/cm in stainless steel tubes. Partial propagation was observed for the composition containing 25% Sb2O3. 

In this case, 3/5 aluminum tube items functioned properly, allowing an average time to be determined. All 

five stainless steel tubes containing this composition failed to propagate completely. 

 

Table 2. Average inverse burn rate for each composition in aluminum and stainless steel tubes. 

Note that PP indicates partial propagation. (Standard deviations in parentheses.) 

 

Formulation Aluminum Tubes Stainless Steel Tubes 

(Si / Bi2O3 / Sb2O3) (s/cm) (s/cm) 

         30 / 70 / 0       0.54 (0.0061)        0.68 (0.073) 

         30 / 65 / 5       0.74 (0.053)        0.92 (0.077) 

         30 / 60 / 10       0.91 (0.012)        1.12 (0.079) 

         30 / 55 / 15       1.04 (0.051)        1.51 (0.10) 

         30 / 50 / 20       1.41 (0.12)        2.25 (0.13) 

         30 / 45 / 25       1.82 (0.22)        PP 
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Figure 1. Average inverse burn rate vs. weight percent of Sb2O3. 

Note that the error bars represent a total of two standard deviations for each point. 
 

 In Figure 2, a series of images is shown from the video file of a 30% Si, 55% Bi2O3, 15% Sb2O3 

composition tested in an aluminum tube. Frame (a) shows the nichrome wire glowing as current is 

applied, just prior to igniting the black powder input (frame b). As the black powder ignites, it produces a 

bright flame indicating the start of the burn time (frame c). Flame is emitted as the black powder input is 

consumed (frame d). As the column continues to burn, a thin visible smoke emanates from the top of the 

tube (frames e, f). This shows the nearly gasless combustion of the mixed-oxide formulation. Finally, the 

burning composition ignites the black powder charge on the opposite end of the tube and a flame is seen 

exiting the bottom (frames g, h).  The final time is taken from the second frame of flame emitted from the 

bottom of the delay column (frame h). 
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Figure 2. A series of images taken from video of the 30% Si, 55% Bi2O3, 15% Sb2O3 composition 

tested in an aluminum tube. The burn time starts at frame c and ends at frame h. 
 

 Several authors have reported data for the burn times of binary Si/Bi2O3 and Si/Sb2O3 systems. 

Brammer reported an inverse rate of 0.26 s/cm for a 30/70 Si/Bi2O3 composition in lead tubes [4]. For 

30/70 Si/Sb2O3, Rugunanan and coworkers measured an inverse rate of 1.59 s/cm for mixes pressed in 

stainless steel tubes [5]. It is clear from the literature that Si/Bi2O3 and Si/Sb2O3 mixtures have very 

different burn rates. Work reported by Rugunanan [6] demonstrated that ternary systems, such as 

Si/Sb2O3/KNO3, could be used as slow-burning delay compositions. The preliminary data we report in 

this study shows that it is possible to tune burn rate by varying the Bi2O3/Sb2O3 ratio in the 

Si/Bi2O3/Sb2O3 ternary system. The compositions emit little gas as evidenced by minimal smoke observed 

during delay time measurements. When one considers the possible combustion products of this ternary 

system it is easy to reason that permanent gases are unlikely to form. 
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 The delay housing material also plays a major role in controlling the burn rate of a mix. Several 

studies describe the effect of different tube materials (e.g. aluminum and lead) on the observed burn rates. 

Two parameters that greatly influence the heat transfer from the mix to the tube are the thermal effusivity 

(e) and thermal diffusivity (). The equations for both the thermal effusivity and thermal diffusivity are 

calculated from the density (ρ), specific heat capacity (cp), and thermal conductivity (λ), and are given 

below: 

 

        
 

  
 

   
 

 

 The thermal effusivity is a measure of a material’s ability to exchange thermal energy with its 

surrounds, while the thermal diffusivity is a measure of how fast the material’s temperature adapts to its 

surroundings. Table 3 shows the values of thermal effusivity and thermal diffusivity for different metals 

and the tube materials used in this study. 

 

Table 3.  Densities and thermal properties of materials. 

 

Material ρ cp λ e  

 
kg·m

−3
 J·kg

−1
·K

−1
 W·m

−1
·K

−1
 W·s

1/2
·m

−2
·K

−1
 m

2
·s

−1
 

Cu (pure) 8930 385 398 36991 1.16 × 10
−4

 

Al (pure) 2700 900 210 22590 8.64 × 10
−5

 

Si (pure) 2329 713 124 14350 7.47 × 10
−5

 

Pb (pure) 11350 129 33 6951 2.25 × 10
−5

 

Al alloy 2024-T3 2780 875 121 17156 4.97 × 10
−5

 

stainless steel 304L 8030 500 16 8015 3.99 × 10
−6

 

 
Data obtained from MatWeb (www.matweb.com).  

 

In this study, the compositions pressed in stainless steel tubes had significantly longer burn times 

than those pressed in aluminum tubes, which is contrary to findings reported by other groups. Swanepoel 

and coworkers studied Mn as a fuel with various oxidizers in lead and aluminum tubes. Several of their 

systems were quenched in aluminum tubes, and only Mn/Cu2O propagated reliably at slow rates in this 

tube material [7]. Kalombo and coworkers observed that Si/Bi2O3 and Si/Sb6O13 mixtures burned faster in 

lead tubes than in aluminum tubes [8]. They attributed this effect to the higher thermal conductivity of 

aluminum compared to lead. Aluminum’s thermal conductivity is six times greater than that of lead. Heat 

transfer from the mix to the tube is greater with the aluminum tubes, leading to a reduction in reaction 

temperature and a reduction in burn rate. In addition to tube material, the tube length, inner diameter, and 

outer diameter can have a large effect on delay performance. Changes in the surface/volume ratio of the 

tubes can influence burn rate, or even quench the reactions in some cases. 

 So the question remains: Why did the compositions in this study show faster rates in aluminum 

tubes than in stainless steel tubes? Since aluminum has both higher thermal effusivity and thermal 

diffusivity than stainless steel, the heat generated by the reaction, and consequently transferred to the 

inner walls of the tube, is transmitted more rapidly down the walls in the aluminum tubes. It is 

hypothesized that the compositions inside the aluminum tubes experience more preheating than those in 

stainless steel tubes, therefore enhancing reactivity by transmitting heat to unburned layers more 

effectively. In the stainless steel tubes, more of the thermal energy is confined to the composition, with 

less propagating through the tube walls. The burn times in these tubes are therefore longer. It is also 
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possible that the rapid heating of the aluminum tubes, in contrast to the stainless steel tubes, may have 

contributed to the black powder output charges igniting earlier. It is very clear that more work needs to be 

done to understand the mechanism(s) of how these particular delays function and understand the thermal 

heat flow characteristics of different tube configurations. Additional experiments are planned that will 

evaluate the effect of different input and output charges, different tube geometries (with different lengths 

and wall thicknesses), and different tube materials. 

 

 

Conclusions 

 

 Altering the Bi2O3/Sb2O3 ratio in the Si/Bi2O3/Sb2O3 system has been demonstrated as a viable 

means of varying burn rate. Inverse burn rates ranging from 0.54-1.82 s/cm (in aluminum) and 0.68-2.25 

s/cm (in stainless steel) were measured in small tubes. Major differences in burn rates were observed 

between samples pressed in aluminum and stainless steel tubes. This was attributed to differences in the 

thermal effusivity and thermal diffusivity of aluminum and stainless steel, which changed the reaction 

front heat loss and ultimately influenced the degree of sample preheating. It is reasoned that the columns 

pressed in aluminum tubes were preheated to a greater degree than those in stainless steel, which 

enhanced the reactivity and resulted in faster burn rates. 
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ABSTRACT 

The dynamic online analysis system composed of focused beam reflectance 
measurement (FBRM) and automated lab reactor (Labmax) was used to determine the solubility 
of HMX in DMF, butyrolactone and cyclohexanone. The experimental solubility data were 
correlated with Apelblat model and polynomial empirical equation, respectively. The results 
show that the average relative deviations and the correlation coefficients of HMX solubility in 
DMF, butyrolactone and cyclohexanone are 0.004435, 0.005204, 0.009582 and 0.99857, 
0.99689 and 0.99565 for Apelblat model, and 0.019919, 0.013156, 0.033673 and 0.99948, 
0.99758, 0.99768 for polynomial empirical equation, showing that the solubility of HMX is 
well-fitted by the Apelblat model. 

 
Keywords: physical chemistry; HMX; solubility; FBRM; Labmax; Dynamic method 

 
 

Introduction 

 

Recently, with the extensive application of high explosives, higher requirements of the 
particle size and crystal form is also demanded. The performance of high explosives is closely 
related to crystal morphology, particle size and purity. HMX is an elemental explosive with 
high energy and density which is used in rocket and missile warhead in spite of the high 
mechanical sensitivity of HMX. Recent studies show the preparation of higher crystal density 
[1], spherical [2], fluidity [3] HMX particles by recrystallization techniques increases the solid 
content of HMX in the PBX and reduce the mechanical sensitivity of HMX [4]. However, these 
methods are usually off-line monitoring means and can not study the crystallization process of 
HMX based on the crystallization mechanism. 

   In recent years, as process analytical technology (PAT) is widely used in the 
crystallization process, the crystallization process is well controlled [5-7]. The PAT is 
advantageous in real-time monitoring of the reaction process, effective control of product 
quality and converting test quality control (QBT) into the Design Quality Control (QBD). PAT 
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can track real-time crystalline, over-saturation changes, particle breakage or aggregation 
during crystallizing process which conventional off-line monitoring means can not achieve. 
The focused beam reflectance measurement (FBRM) is an in situ real-time monitoring tool to 
detect particle distribution of the reaction process and is supposed to be a powerful mean for 
determining solubility and super-saturated solubility in the crystallization process. In addition, 
changes of crystal particles during the crystallization process can be obtained by the means of 
weighting process on particle distribution  

There are two methods to determine solubility, static method and dynamic method. 
Results obtained by the static method often display poor reproducibility and accuracy, while 
the dynamic measurement is efficient, accurate with good reproducibility. The static method is 
often used for the determination of solubility in the explosives field [8]. Dynamic determination 
of the solubility curve of HMX in cyclohexanone, DMF, 1, 4–butyrolactone have not been 
reported yet. This paper studied the dynamic method to determine the solubility of HMX in 
DMF, butyrolactone and cyclohexanone. In this paper, by means of PAT, automatic synthesis 
reactor (Labmax) and FBRM, through strict control of temperature changes, the solubility of 
HMX in cyclohexanone, DMF and 1, 4-butyrolactone were measured and the solubility curve 
models were established which provide a theoretical basis for the development of HMX 
crystallization process. 

 
 

Experimental 

 
Materials 

HMX crystalline products, reserve after 100 mesh sieve;  
cyclohexanone, AR, Shanghai Ling Feng Chemical Reagent Co., Ltd.;  
1,4 - butyrolactone, chemically pure, Sinopharm Chemical Reagent Co., Ltd.;  
DMF, AR,Sinopharm Chemical Reagent Co., Ltd.. 

Apparatus 
Mettler FBRM D600 on-line particle size instrument;  
Mettler fully automated reactor Labmax;  
Mettler electronic balance AL2004. 

Experimental method 
FBRM is a real-time technology monitoring the particle distribution in solutions. As is 

shown in Fig. 1, the FBRM probe and thermometer were inserted in the 0.6L reactor and were 
2 cm away from the mixing paddle. HMX and 200mL solvent were added to 0.6L reactor.  

For strict control of temperature, Labmax and FBRM were connected via the serial line. 
The number of FBRM particles monitored was delivered to Labmax which adjusted the 
corresponding heating rate, so that the solution achieved balance. At the beginning of the 
experiment, Labmax heated up at 0.5 K/min until detected FBRM particles number was 200 
which was close to balance, then Labmax heated up at 0.1 K/min until the total number of 
particles no longer changed with the constantly increasing temperature. The first point of the 0 
value of the first derivatives of the FBRM trend line corresponds to the temperature balance of 
the system.  
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Fig. 1 Diagram of experimental apparatus 

 
As the temperature increased, the total number of FBRM particles gradually decreased. 

When solute was completely dissolved, the total number of particles reached to equilibrium 
and no longer changed (the ideal state, the total number of particles is 0 when solute is 
completely dissolved), as is shown in Fig. 2. 

The same test method was adopted for the following experiments. 

 
Fig. 2 The model of measuring the solubility by FBRM 

 
 

Results and discussions 

 
The solubility of HMX in different solvents 

The solubility of HMX was measured in different solvents at temperatures ranging 
from 20℃ to 90℃ (Fig. 3). Fig. 3 and Table 1 indicate that the solubility of HMX in various 
solvents increase as the temperature raises. The solubility changes of HMX in DMF and 
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1.4-butyrolactone were more evident than that in cyclohexanone. So HMX is more suitable to 
cooling-crystallization in DMF and 1.4-butyrolactone. 

 
Fig. 3 The solubility of HMX in DMF, 1,4-butyrolactone and cyclohexanone 

 
Table 1 The solubility data of HMX in DMF, 1,4-butyrolactone and cyclohexanone 

T/℃ S/g.100g-1 T/℃ S/g.100g-1 T/℃ S/g.100g-1 
DMF 1.4-butyrolactone cyclohexanone 

32.86 3.61(3.40[1]) 30.39 12.01（12,30℃[9]） 21.05 1.60 
47.46 5.60(5.46[1]) 46.49 14.69 34.56 3.25 
59.04 7.76(7.69[1]) 62.47 16.95 49.61 4.89 
65.36 9.58(9.13[1]) 77.47 23.67（21,60℃[9]） 76.58 8.10 
73.43 11.43(11.22[1]) 90.37 29.00 84.80 9.74 

 
Regression results of different models 
(a) Apelblat model 

Apelblat solubility model assumes that the solution enthalpy varies linearly with 
temperature. The equation deduced from Clausius-Clapeyron equation describes the 
relationship between solubility and temperature: 

Tc
T
BAx lnln ++=                                (1) 

where x is the solubility of solute (mole fraction), T is the absolute temperature, A, B and C are 
the model parameters. 

The experimental data were regressed based on Apelblat model and A, B, C parameters 
were calculated. Regression results, the average relative deviation and correlation coefficient R 
were listed in Table 2.  

The average relative deviation was defined as: 

∑
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Table 2 Results based on Apelblat model 
 DMF 1,4- butyrolactone cyclohexanone 

A -143.432 -107.145 318.710 
B 4032.147 3799.812 -17796.871 
C 21.932 15.963 -46.342 

δ/% 0.4435 0.5204 0.9582 
R 0.99857 0.99689 0.99565 

 
It can be seen from the data listed in Table 2 that the correlation coefficients R of the 

three systems are greater than 0.995 and the mean relative deviations are less than 1% 
according to equation (1) which indicates Apelblat solubility model is applicable in the three 
systems. It also shows that the average relative deviation of cyclohexanone system is larger 
due to the poor solubility of HMX in it. The reason is that HMX is not evenly suspended in the 
solution of cyclohexanone which could interfere the monitoring of FBRM. 
 
(b) Empirical polynomial model 

Empirical polynomial equation is the relationship between temperature and solubility 
at certain pressure, solute and solvent. The relationship is: 

2CTBTAs ++=                                            (3) 

where s is solubility(g·100g-1), T is centigrade temperature(℃), A,B and C are the model 
parameters. 

Experimental data were processed by the empirical polynomial regression model. The 
regression results, the average relative error and correlation coefficients were listed in Table 3. 

As can be seen from Table 3 that correlation coefficients are greater than 0.997 and the 
average relative deviation is less than 4% based on empirical polynomial equation. Results 
show that empirical polynomial equation can describe the solubility of HMX in the three 
systems but the relative deviation and fluctuation are relatively large which indicates poor 
accuracy. 

 
Table 3 Results based on polynomial model 

solvents A B C δ/% R 
DMF 6.215 -0.206 0.004 1.9919 0.99948 

1,4-butyrolactone 12.266 -0.0991 -0.0031 1.3156 0.99758 
cyclohexanone -0.1604 0.0785 0.00042 3.3673 0.99768 

 
 

Summary and Conclusions 

 
The solubility curves of HMX in DMF, 1,4 - butyrolactone and cyclohexanone were 

determined at temperatures ranging from 20℃ to 90℃ using the dynamic method combined 
with Labmax and FBRM in this paper. The experimental data differs little from those reported 
in literatures. The FBRM determination of solubility showed high efficiencies and accuracy. 
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The solubility of HMX in DMF, 1,4 - butyrolactone and cyclohexanone can be correlated both 
with the Apelblat model and Empirical polynomial model. Correlation coefficients are greater 
than 0.995. The Apelbalt solubility model is in better agreement with the solubility curve of 
HMX in three systems with the average relative deviation less than 1%. 

According to the crystallization kinetics, the rate of crystal nucleation and crystal 
growth rate is proportional to the exponents of cross-saturation. The degree of super saturation 
is the driving force of the explosive crystallization of elemental polymorphs. Controlling the 
crystal form of explosives is closely related to the degree of super saturation. In this paper, the 
determination of HMX in three systems provides a theoretical basis for HMX crystallization 
process study. 
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Thermochemical Modeling of Classical Arsenic-based White Firework
Flames.

Clifford J. Rotz, 104 Farmingdale Lane, Dunbar, West Virginia, USA 25064

Abstract

This paper describes the addition of arsenic compounds to a personal copy of the longstanding
CEA2 (Chemical Equilibrium with Applications)1 program database2 supplied by NASA, and the
subsequent simulations of archaic white fire fireworks compositions, mainly from the 19 th and early 20th

centuries. These compositions are seen to typically be formulated in a fuel-rich region, and some of the
equilibrium products of their combustion are predicted to burn in air with a significant temperature rise,
enhancing radiative output. Possible contributors to the overall perception of white light are diatomic
sulfur gas and sulfur dioxide gas, both known to emit partially in the blue/violet region of the spectrum,
and several solid and liquid species, emitting gray body radiation in the reddish portion, and perhaps
emitting in other regions due to candoluminescence. These gaseous and condensed product species are
found in many of the modeled cases. Comparison is made with modeling results from other formulations
that exclude arsenic. Those formulations are mostly predicted to burn at higher temperature than the
arsenic compositions and are also, like most of the arsenic compositions, usually predicted to undergo a
temperature rise upon subsequent burning of combustion products in air.

Introduction

Low-intensity white firework flames are useful when the white fire must not overwhelm other
colors, especially blue, which is not as intense as other pyrotechnically generated flame colors. Modern
white flame compositions based on magnesium or aluminum, for example, are far too bright for use in the
red/white/blue star shells or in American flag lancework popular for American patriotic July 4th displays.
Historically, arsenic and/or antimony compounds were used in such effects. However, arsenic compounds
have not been used in domestic fireworks in decades, largely because of concerns about toxicity and their
consequent unavailability. There are other white flame compositions, both ancient and modern, that
contain neither arsenic nor antimony. This paper investigates a range of white flame compositions, and
attempts to explain, at least to some degree, how they function. This could serve as the first step in
designing new formulations that could yield advantages in effect and/or cost. Antimony compounds, also
common in white fire applications, have not, however, been specifically studied here.

Background

Computer modeling of the combustion of pyrotechnic mixtures began in the 1950’s as a tool for
the development of solid-fuel rockets. The historically most popular computer code was developed by the
United States National Aeronautics and Space Administration (NASA); the current version is named the
CEA2 (Chemical Equilibrium with Applications) program. Many different codes that can be applied to
modeling pyrotechnic combustion are now available commercially.

The simplest case of pyrotechnic flame modeling assumes chemical equilibrium in the flame. The
technique conceptually breaks the reactants down into component atoms, then “reassembles” them,
producing species consistent with the minimization of Gibbs free energy, thus identifying the species, and
their concentrations, expected to be present at chemical equilibrium. This assumption of equilibrium is
usually a good approximation to reality at the high temperatures typical of combustion calculations.
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The CEA2 program uses the above technique in conjunction with an assumption of ideal gas
behavior and activities of unity for solid and liquid phases. The latter assumption is equivalent to
considering each condensed component to be an immiscible phase. The program also assumes the volume
of condensed phases is negligible compared to the vapor phase. All of these assumptions are substantially
incorrect under certain conditions, and the range of applicability must be carefully considered when
evaluating calculated results.

Fitting of Thermodynamic Data

The compilation of Barin3 was the main source of data upon which the curve fitting was
performed. A program available from the same source as the CEA2 program, referred to as PAC
(Computer Program for Calculating and Fitting Thermodynamic Functions),4 was used for the fitting of
the data from Barin’s tables. The curve fit polynomials for the following species were added to the
database (literally as appearing in the data file): AS, AS2, AS3, AS4, ASCL3, ASO, AS4O6, ASS,
AS4S4, AS(cr), ASCL3(L), AS2O3(a), AS2O3(b), AS2O3(L), AS2O5(cr), AS2S2(cr), AS2S2(L),
AS2S3(a), AS2S3(b), AS2S3(L), K3ASO4(cr) and K3ASO4(L). Items with no parentheses are gases;
those labeled (L) are liquids. Those denoted (cr) are solid phase, and those with (a) or (b) are different
crystal structures of a solid phase. Despite the above labeling, it should be noted that the modern accepted
chemical formula for realgar, the mineral also known as “red arsenic,” is As4S4, not As2S2.

 Barin’s compilation was incomplete, missing heat (enthalpy) of fusion and liquid specific heat
data, for potassium arsenate (K3AsO4). The melting point was found in the CRC Handbook5; the entropy
of fusion (from which the enthalpy of fusion is calculated) was estimated from the analogous potassium
phosphate value, and the liquid specific heat was estimated with Kopp’s rule6. The ultimate simulation
results were found to be quite insensitive to the choice of these values.

The curve-fitted results from the PAC program were found to match Barin’s tabular data very
well.

The complementary program CAP (Coefficients And Properties)7, also from NASA, was found
useful in checking the curve fits, especially for small extrapolations outside the initial temperature range.

Charcoal Composition

It was decided to attempt to find a representative chemical formula and heat of formation for
charcoal, since it is a component of the black power included in a few of the formulations for white fire.
The “synthetic” charcoal ultimately chosen was “Roseville C” in Freedman8, who references Rose’s
analysis of many charcoals that were used in specific Black Powders by the U.S. Military.9 Modeling the
measured ash, which actually had a complex composition, in the formula as added calcium carbonate, the
ultimate charcoal formula is: C 8.06; H  4.38; O  1.14; N  0.03; Ca 0.05.

The heat of formation of the chosen charcoal, calculated from heat of combustion data, is taken
directly from Freedman8 as -273.2 kJ/mol (-65.3 kcal/mol). The “mole” in this case refers to the formula
weight of the above “synthetic” charcoal.

This composition is taken to be representative of the charcoals listed. Since charcoal is such a
variable product, there will always be uncertainty in the actual composition and heat of formation.
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However, since the charcoal component (introduced as Black Powder) was so small in most of the
compositions, this choice makes very little difference in the calculated results.

Heats of Formation of Other Reactants

Only the heats of formation are necessary input data in CEA2 for components that are
decomposed in the equilibrium reactions. These were automatically retrieved from the CEA2 database
where possible. Other values were taken directly from the CRC Handbook5, or calculated from heat of
combustion values10. The empirical chemical formula and heat of formation value for red acaroid resin
were chosen as representative from among several red gum constituents listed by Meyerreicks11. These
were C6H5.95O2.63N0.01 and –470 kJ/mol. The red gum, a natural product, is of variable composition, so the
uncertainties in the composition and heat of formation are fairly high. This leads to larger uncertainty in
modeling results with it as a constituent than for those formulations with well-characterized components.
Data for rosin and for starch (dextrin) were taken from Meyerreicks12 as C6H8.952O0.6; –191.6 kJ/mol and
C6H9.96O4.96; –948.4 kJ/mol, respectively.

White Fire Formulations

Some of the earliest white fire formulations were mixtures of potassium nitrate, sulfur and
charcoal. I will refer to them as “Black Powder” type formulations. Examples of these are listed in Table
1. The first two are from Bate,13 the earliest firework book in the English language, published in 1635.

Tables 2-1 and 2-2 present a range of formulations containing arsenic sulfides, along with sulfur
and potassium nitrate. I will refer to them as “Arsenic” type formulations. This is not meant to be an
exhaustive list, but rather a typical sampling. Many other arsenic-containing formulations with several
extra components exist in the firework literature, but it was decided to focus on the aforementioned
ternary mixtures. In the case of star formulations, a small percentage of binder such as dextrin (or gum
Arabic, which I have chosen to model as dextrin) may also be included. Meal powder (fine Black
Powder) also appeared in some formulations.  Tables 1, 2-1, and 2-2 show the Black Powder combined
with the other components. The Black Powder has been broken down into its most commonly utilized
percentage of ingredients: 75% potassium nitrate, 15% charcoal, and 10% sulfur, for purposes of
modeling.

It appears charcoal itself is rarely added to such mixtures, probably because of its tendency
towards incomplete combustion in the flame, leading to an unwanted spark trail in white fire
formulations. The compositions modeled are denoted in Figure 1 (ternary mixtures of KNO3, S, and
charcoal) and Figures 2-1 and 2-2 (mixtures of KNO3, S, and an arsenic sulfide).

Table 3 lists more (mostly) modern white fire formulations without arsenic or antimony. The first
two are nominally roughly stoichiometric aluminum and magnesium-based white illumination mixtures
from Shidlovskiy,14 that yield very high temperatures. The remaining are from various sources and use
different oxidizers and/or fuels in an apparent attempt to increase the brilliancy above that of ordinary
“Black Powder” type compositions. Most, but not all, of them yield significantly higher temperature than
can be obtained with such a ternary mixture, thus presumably increasing radiant intensity.

509



Calculations with Published Formulations

A CEA2 equilibrium (combustion) calculation was performed at 1 bar pressure and 298.15 K
initial temperature for each formulation (given in weight fractions) in Tables 1, 2-1, 2-2 and 3.
Temperature results are given in the respective tables.

Tables 4 through 7, which show CEA2 output results, both with and without added air, from four
of the simulations of published formulations--number (1) in Table 1 and numbers (6), (7) and (8) in Table
2-1--are included for illustration purposes. Table 4 shows a mixture of gaseous products along with liquid
potassium sulfate and a little liquid potassium sulfide. Tables 5 through 7 also show a mixture of gaseous
products along with liquid products of potassium arsenate and potassium sulfate. The products in the four
tables are typical of the output from equilibrium calculations for the “Black Powder” and “Arsenic” type
formulations.

Diagrams showing isotherms for various temperatures were created by generating a series of data
points with the CEA2 program for mixtures of KNO3/S/Charcoal, KNO3/S/As2S2, and KNO3/S/As2S3.
Each point used in generating the curves was calculated for adiabatic equilibrium (combustion) at 1 bar
pressure and with an initial reactant temperature of 298.15 K. These diagrams are presented as Figures 1,
2 and 3, and are in weight fraction. Curves on the diagrams are isotherms at the labeled temperatures.

The three figures can be considered to be partial ternary diagrams with the origin corresponding
to 100% KNO3. The other two apexes correspond to pure sulfur and a pure third component of charcoal
(Figure 1) or an arsenic sulfide (Figures 2 and 3). These two extremes are unnecessary here and are not
shown. A ternary point can be most easily read from the graphs as (x, y, 1-x-y), where the ordinate (y
value) is always sulfur, the abscissa (x value) varies by diagram, and the third component (1-x-y) is
always KNO3. Thus, it is never necessary to read the KNO3 value from the diagram; it is instead simply
determined as a difference.

The composition data points from the firework literature (Tables 1, 2-1 and 2-2) were placed on
Figures 1, 2 and 3. Each point is shown as a large square dot on the graph. For simplicity in placement of
individual composition points, the occasional small percentage of binder or charcoal in the compositions
was lumped in with the sulfur (with the exception of formula 8 in Figure 1, where the dextrin was
combined with the charcoal). The calculated temperatures listed in Tables 1, 2-1 and 2-2 fit well visually
with the isotherm curves in the three figures.

Calculations with Added Air

The analysis of a flame plume often requires an understanding of the interaction of the hot
reaction products and the surrounding air. Some insight can be obtained with air addition to the original
composition being modeled. Physically, in fuel-rich compositions, an increased temperature is usually
obtained as the excess fuel burns in the adjoining air. This effect is correctly shown, at least qualitatively,
by computer simulation.

Thus, another set of simulations was made with varying amounts of added air for each of the
compositions shown in the first four tables. The bottom of each table lists the maximum temperature
obtained by sequentially adding more air. It also lists the percent of air by weight (to the nearest percent),
in the overall mixture, corresponding to this maximum. This temperature corresponds to the highest value
possible in the mixture at equilibrium, but the temperature achieved in the actual flame will be lower due
to radiation and convection heat losses15. Some formulations are already high in oxidizer and show no
temperature increase with added air.
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Finally, sample calculations were tested in CEA2 by turning on the “ions” option. This option
allows gaseous ions to be considered in the Gibbs free energy equilibrium calculation. The temperature
results were changed insignificantly, as the maximum temperature change was a decrease of two degrees
for case (1) in Table 3 (containing aluminum). Other decreases were on the order of tenths of a degree.
This demonstrated that the “ions” option was not necessary in modeling the combustion temperatures.

Interpretation of Modeling Results

The task now is to try to elucidate the functioning of the various white fire formulations based on
the computer results. The addition of the arsenic compounds is expected to contribute some advantage
over yet-earlier classical formulations not containing them.

Light emission can occur by several mechanisms.15 Incandescent continuous spectra, line spectra,
band spectra and continuous spectra from chemiluminescent recombination can all be contributors. Much
of the following discussion of emission can be considered speculative, based on the computer modeling
only, as no experimental data was personally taken.

Possible reasons for the past use of arsenic compounds (and also antimony compounds) in white
fire may be the improved ignitibility they impart, additional spectra from combustion products serving to
shift the overall emission favorably, and/or the increased amount of condensed phase particles produced
in the combustion flame, which may act to increase gray-body radiation.

The three isotherm diagrams, Figures 1, 2 and 3, are more similar than first expected. The
maximum temperatures modeled from binary arsenic sulfides as fuels (along the bottom edge of the
diagram) with potassium nitrate are only moderately higher than that with charcoal (1880 K and 2009 K
for the sulfides, respectively, and 1821 K for the charcoal, compared to 2211 K for sulfur, along the left
edge of the diagram).

The three figures show that reasonably high temperatures are already possible in this type of
mixture, if the composition can be chosen close to the KNO3/S binary edge on the left of one of the
diagrams. It is known that KNO3 and S burn poorly as a binary mixture16, so an additive must be included
to improve the inflammability. The approach used historically in “Black Powder” white flame mixtures
was to add a modest amount of meal powder. But there is a tradeoff between such ignitibility and
combustion temperature, which can be seen in Figure 1 as one moves to the right from the nitrate/sulfur
edge, into the body of the diagram. The “white” color purity is also probably adversely affected with the
addition.

It is also known that these arsenic compounds make the compositions more ignitable17. Given that
fact, a small percentage of an arsenic sulfide can be added to a KNO3/S mixture, yielding a flammable
composition that still burns at fairly high temperature. Several of the compositions in Tables 2-1 and 2-2
apparently use this method, employing only a modest amount of an arsenic sulfide.

The high temperature obtained by keeping the sulfur percentage large would tend to improve all
mechanisms of emission, but especially the continuous emission from K2SO4 and K3AsO4 liquids, both of
which are predicted to have substantial equilibrium concentrations in the combustion products.

Regarding other mechanisms, the CEA2 product species in Figures 4 through 7 can be examined
to identify emission candidates. Among atomic emitters, only potassium is noted on the CEA2 output. It
has been shown that in pyrotechnic flames line-broadening can increase the visible light emitted by
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potassium, producing pink to lilac flames. These emissions would contribute to the color of the flames,
but other emitters would also have to be present to change the color to white.15 It is also notable that no
atomic (or molecular) elemental arsenic is shown to be produced.

Among molecular emitters, AsO is of significant concentration (AsS is also in the simulation
output, but it is of very low concentration). Herzberg18 shows low level transition spectra with heads
occurring only in the ultraviolet. However, it is known that AsO also has weak molecular emissions
across the visible spectrum,19 and it is therefore expected to contribute to the color of the flame. Given the
similarity in appearance of the colors of the flames with and without arsenic, however, its effect must be
rather small.20 Diatomic sulfur gas, S2, the emitter responsible for the color of the flame of burning sulfur,
is modeled to be present in high concentrations in the equilibrium combustion products of most, but not
all, formulations. It emits intense molecular bands in the violet and blue regions of the spectrum21 and,
when present, is likely to contribute significantly to the flame color.22 Further, sulfur dioxide gas is
present in high concentrations for all the product mixtures. It has been found to provide a continuous
ultraviolet emission extending into the violet23 in certain flames, and is also a probable contributor.

Finally, the likelihood of chemiluminescence is also significant; For example, KOH is a major
gaseous species in the CEA2 output. It would give continuous emission upon its formation by
recombination of K and OH species.15 This would be expected to contribute a whitish continuum. Many
of the simulations, especially those for Table 3, predict condensed oxide products, which could contribute
to candoluminescence24, also tending to whiten the flames.

Another observation comes from the simulations with added air. Almost all of the simulations
with the “Black Powder” and “Arsenic” compositions (Tables 1, 2-1 and 2-2) are modeled as having
increased temperature upon air addition. This agrees with the fact that almost all of them occur in the
upper fuel-rich portion of Figures 1, 2 and 3. This is unlikely to simply be a coincidence; these
formulations were probably historically created by trial-and-error to produce the “best” white flame, and
this is achieved when the primary combustion products react with entrained air. The same thing happens
with modern magnesium-containing flares.25

Among the modern “Other” white fire formulations in Table 3, the aluminum and magnesium
mixtures listed in Table 3 are roughly stoichiometric and generate temperatures calculated as 3746 K and
3222 K, respectively. This type of formulation is far too hot, and the resulting flames are excessively
bright for use in combination with low-intensity color formulations.

The calcium disilicide formulas in Table 3 are interesting in that they produce temperatures
higher than the rest of the alternative white flames that also do not include metal. They probably produce
flames with condensed gray-body emitters of high, but not dazzling, intensity. Computer simulation
indicates the possibility that such recipes could be modified to have a reduced amount of silicide, perhaps
in a Black Powder mixture, and still provide the requisite brightness achieved by the alternative
formulations. Among other applications, calcium disilicide has been used to produce bright sparks in
fireworks.26 The silicon-containing formula in Table 3 is also of interest, yielding a high temperature with
a relatively small percentage of silicon.

The formulations with a barium component may rely partially on the molecular emission of BaO
gas, which is known to have bands across a broad range in the visible spectrum.27,28 This would
supplement any gray body radiation from condensed species. One barium-containing composition adds a
small amount of strontium carbonate to balance the tendency for such formulations to shift towards green
emission, likely due to the presence of barium monohydroxide. Ellern lists a formulation, with only
potassium perchlorate, red gum and dextrin, that doesn’t appear to provide effective gray body or even
gaseous emitters, although the temperature is relatively elevated. He does characterize the composition as
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only a “mild white light source.”29 A few of the formulations yield a fairly low temperature upon
simulation, and they may be assumed to be somewhat ineffective white light emitters, unless
chemiluminescent15 or candoluminescent24 effects are involved in the production of the light.

Specific contributors to the gray body radiation in the Table 3 compositions are the various
condensed phases. These are presumably more effective the higher the temperature. The specific
condensed phase emitters vary with the formulation. The various simulations find significant
concentrations of BaO(S), BaO(L), BaS(S), BaSO4(L), CaO(S), CaS(S), K2SO4(L), K2Si2O5(L), and/or
SiO2(L), depending on formulation. The condensed phases for the two metal-based illuminating
formulations are predicted to be Al2O3(L) and MgO(L) at combustion temperature. Some of these oxides
cool and solidify upon mixing with air near the edge of a flame, possibly contributing to emission by
candoluminescence.

There are, no doubt, additional facets to the light emission from the “modern” white formulations.
Specific investigations into the mechanisms of light emission of the formulations, beyond the conjecture
already discussed, are beyond the scope of this paper.

An alternative approach to white light emission in firework formulations, which has been alluded
to only briefly here, employs metallic antimony or an antimony compound, normally antimony(III)
sulfide, as partial or total replacement in formulas containing arsenic. The firework literature indicates
these have been popular since the late 18th century and remain so in modern times. Although many
thermochemical data for antimony species could be found in the literature, the data appear to be
incomplete for purposes of white fire modeling. Accurate results can only be expected when no
significant species are missing from the database. Although a modeling attempt was made, the results
were deemed unsatisfactory.

There is a likelihood that the historical reason for inclusion of antimony or antimony sulfide into
white fire formulas is similar to that for the arsenic sulfides, i.e., improvement in ignition, allowing for a
high-sulfur composition (yielding reasonably high temperature), and thus providing broad net emission in
the visible region. Antimony(II) oxide gas is also known to exhibit several bands in the visible region.18 If
a significant amount of the gaseous oxide is formed from antimony-bearing white fire formulations, these
bands could be beneficial in producing a perceived “pure” white light, along with the assumed emissions
from sulfur-containing species. Another possible effect of inclusion could be an increase in condensed
product species, adding to gray body emission and perhaps even candoluminescence.

Summary

Arsenic species were added to a copy of the CEA2 database. Thermochemical modeling of both
traditional arsenic-based and some non-arsenic based white fires was accomplished for purposes of
comparison. The better ignitibility of the arsenic component may allow mixtures to be practically
compounded in the high-sulfur, high temperature region. Diatomic sulfur gas and sulfur dioxide gas
appear to be significant molecular emitters in the blue to violet region of the spectrum. A condensed
liquid byproduct from the combustion may contribute to the reddish gray-body emission, thus improving
illuminating power. The perception of white light may be obtained from a combination of these bluish
and reddish emitters.

The more recent alternative white fire compositions that are designed to achieve the same goals
as the traditional ones, tend to burn at somewhat higher temperatures, They produce gray body continuous
emitters and also contain sulfur to generate diatomic sulfur and sulfur dioxide emitter molecules, or
contain barium compounds to produce barium oxide gas that generates a wide multiband type of
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molecular emission. This barium oxide emission may also create the perception of a white flame. The
various solid oxides produced in some formulations may also be involved in candoluminescence, which
could be an additional contributing mechanism in overall “white” light emission.

An understanding of the various emission mechanisms contributing to “white” light can also
ultimately be beneficial in the production of colored light. Adjustment of chemical formulations to
suppress formation of certain gray body, atomic, molecular, chemiluminescent and candoluminescent
emitters would tend to improve the color purity of such light.
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Table 1
Computed Isobaric Combustion Temperatures of  “Black Powder” White Fire Formulas

  (1)   (2)   (3)   (4)   (5)   (6)   (7)   (8)

Original Formulation
Meal Powder (Black Powder)     4    8 0.75 1.5   3  11    8
KNO3   16  16  3.5   4 14  59  60  75
Sulfur     8    8  1.5   2   4  30  23
Charcoal    8    2
Dextrin    8

Recalculated Formulation
KNO3 67.9 68.7 70.6 68.3 77.4 67.2 78.6 75
Sulfur 30.0 27.5 27.4 28.7 20.5 31.1   1.0 23
Charcoal   2.1   3.8   2.0   3.0   2.1   1.7 10.9  2
Dextrin   9.5

Results
Pressure, bar 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Temperature, K 1852 1829 1886 1839 2173 1855 1632 1982

Results with Added Air
Pressure, bar 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Maximum Temperature, K 2060 2050 2085 2054 2173 2061 1719 2135
Percent Air by Weight  36  37  28  36   0  36  22  11

(1) Bate, p. 101
(2)  Bate, p. 101
(3)  Mortimer, p. 131
(4) Mortimer, p. 134
(5)  Kentish p. 207
(6)  Izzo p.216
(7)  Izzo p.216
(8)  Izzo p.218
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Table 2-1
Computed Isobaric Combustion Temperatures of  “Arsenic” White Fire Formulas

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Original
Formulation
Meal Powder (Black
Powder)

  1   1

KNO3   5   6   8   7  50   8   6   4  14  20
Sulfur   2   2   1   1  15   2   2   2    4    6
Charcoal
As2S2 (Realgar)   1   1   1  1.5  15   1   1    5    6
As2S3 (Orpiment)   1
Dextrin    3    1

Recalculated
Formulation
KNO3 63.9 67.5  80 73.7 60.2 72.7 66.7 57.1 60.9 60.6
Sulfur 23.3 21.0  10 10.5 18.1 18.2 22.2 28.6 17.4 18.2
Charcoal   1.7   1.5
As2S2 (Realgar) 11.1 10.0  10 15.8 18.1   9.1 11.1 21.7 18.2
As2S3 (Orpiment) 14.3
Dextrin   3.6   3.0

Results
Pressure, bar 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Temperature, K 1831 1880 1811 2003 1768 2179 1909 1747 1835 1778

Results with Added
Air
Pressure, bar 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Maximum Temperature,
K

2033 2068 1811 2003 1974 2179 2087 2001 2027 1978

Percent Air by Weight  33  24   0   0  32   0  21  44  25  31

(1) Kentish, p. 207 (6) Weingart, p. 146
(2) Kentish, p. 207 (7) Browne, p. 77
(3) Weingart, p. 60 (8) Browne, p. 77
(4) Weingart, p. 60 (9) Davis, p. 64
(5) Weingart, p. 132 (10) Davis, p. 83
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Table 2-2
Computed Isobaric Combustion Temperatures of  “Arsenic” White Fire Formulas

(11) (12) (13) (14) (15) (16) (17) (18) (19) (20)
Original
Formulation
Meal Powder (Black
Powder)
KNO3  28  12  74  60  54  71  72 14 14 14
Sulfur    8    4    8  18  16  23  18   3   4   5
Charcoal  11
As2S2 (Realgar)    3    1  18  16    6  10
As2S3 (Orpiment)  18    1   1   1
Dextrin    4

Recalculated
Formulation
KNO3 71.8 70.6  74  60 55.7  71  72 77.8 73.6 70.0
Sulfur 20.5 23.5    8  18 16.5  23  18 16.6 21.1 25.0
Charcoal 11.3
As2S2 (Realgar)   7.7   5.9  18 16.5    6  10   5.6   5.3   5.0
As2S3 (Orpiment)  18
Dextrin    4

Results
Pressure, bar 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Temperature, K 2151 1958 1973 1761 1522 1973 2174 2148 2187 1936

Results with
Added Air
Pressure, bar 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Maximum
Temperature, K

2161 2132 1973 1973 2000 2139 2174 2148 2187 2119

Percent Air by
Weight

  2  13   0  33  57  11   0   0   0 18

(11) Moore, p. 138 (16) Izzo p.218
(12) Faber, p. 169 (17) Izzo p.218
(13) Lancaster, p. 222 (18) Bloxam, p. 232
(14) Izzo p.216 (19) Bloxam, p. 232
(15) Izzo p.217 (20) Bloxam, p. 232
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Table 3
Computed Isobaric Combustion Temperatures of  “Other” White Fire Formulas

  (1)   (2)   (3) (4) (5) (6) (7) (8) (9) (10)
KNO3  48  15   33  40 18.2
Ba(NO3)2  74  68  13   45  40  13
KClO3 54.5
KClO4  55  66  70  73
BaCO3  4.55
SrCO3    1

Silicon  7.5
Aluminum  26
Magnesium  32
Calcium Disilicide  38  20
Sulfur  10  11
Charcoal    2    5
Acaroid Resin (Red
Gum)

 11  11  20    5  21

Stearic Acid  4.55
Dextrin    4    4    5    6
Sucrose
Lactose 18.2
Rosin   7.5

Results
Pressure, bar 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Temperature, K 3746 3222 2636 2134 1875 2787 2042 2519 2575 2591

Results with
Added Air
Pressure, bar  1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00
Maximum
Temperature, K

3746 3222 2783 2134 2089 2787 2160 2519 2672 2591

Percent Air by Weight     0     0   48     0   21     0   12     0   34     0

(1) Shidlovski , p. 130 (6) Izzo, p. 218
(2) Shidlovskiy, p. 130 (7) Websky, p. 146
(3) Hardt, p. 144 (8) Hardt, p. 122
(4) Hardt, p. 144 (9) Knighton, p. 3
(5) Izzo, p. 218 (10) Ellern, p. 358
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Table 4
Formula (1) of Table 1

No Air Max. T - 36% Air by Weight

 P, BAR            1.0000  P, BAR            1.0000
 T, K             1851.54  T, K             2059.69
 RHO, KG/CU M    5.5796-1  RHO, KG/CU M    3.1250-1
 H, KJ/KG -3363.68  H, KJ/KG -2154.31
 U, KJ/KG -3542.90  U, KJ/KG -2474.31
 G, KJ/KG -12476.0  G, KJ/KG -15082.1
 S, KJ/(KG)(K)     4.9215  S, KJ/(KG)(K)     6.2766

 M, (1/n)          85.897  M, (1/n)          53.517
 MW, MOL WT      70.377  MW, MOL WT        49.904
 (dLV/dLP)t -1.27487  (dLV/dLP)t -1.09867
 (dLV/dLT)p        5.2408  (dLV/dLT)p        2.6056
 Cp, KJ/(KG)(K)    7.4725  Cp, KJ/(KG)(K)    5.2516
 GAMMAs            1.0880  GAMMAs      1.1138
 SON VEL,M/SEC      441.6  SON VEL,M/SEC      597.0

 MOLE FRACTIONS  MOLE FRACTIONS

 *CO               .03656  *Ar               .00581
 COS               .00052  *CO               .00083
 *CO2       .06250  *CO2              .04457
 *H                .00002  *H                .00001
 *H2               .00104  *H2               .00001
 H2O               .00715  H2O               .00177
 H2S               .00035  *K       .02104
 *K                .06790  KNO2              .00002
 KH                .00001  KO                .00076
 KO                .00001  KOH               .02080
 KOH               .03649  K2O               .00001
 K2        .00002  K2SO4             .01864
 K2CO3             .00002  *NO               .00189
 K2O2H2            .00004  *N2               .59062
 K2SO4             .00384  *O                .00011
 *N2               .23637  *OH        .00020
 *OH               .00001  *O2               .01246
 *S                .00032  SO                .00048
 SH                .00043  SO2               .21237
 SO                .01483  SO3               .00012
 SO2         .24465  CaO(cr)           .00028
 S2                .10161  K2SO4(L)          .06722
 S2O               .00431
 S3                .00033
 CaS(cr)           .00062
 K2S(L)            .00468
 K2SO4(L)          .17538
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Table 5
Formula (6) of Table 2-1

No Air Max. T - 0% Air by Weight

 P, BAR            1.0000  P, BAR            1.0000
 T, K             2178.83  T, K             2178.83
 RHO, KG/CU M    5.8697-1  RHO, KG/CU M    5.8697-1
 H, KJ/KG -3614.09  H, KJ/KG -3614.09
 U, KJ/KG -3784.46  U, KJ/KG -3784.46
 G, KJ/KG -13652.0  G, KJ/KG -13652.0
 S, KJ/(KG)(K)     4.6070  S, KJ/(KG)(K)     4.6070

 M, (1/n)         106.335  M, (1/n)         106.335
 MW, MOL WT        83.408  MW, MOL WT        83.408
 (dLV/dLP)t -1.26788  (dLV/dLP)t -1.26788
 (dLV/dLT)p        5.0907  (dLV/dLT)p        5.0907
 Cp, KJ/(KG)(K)    6.0128  Cp, KJ/(KG)(K)    6.0128
 GAMMAs            1.0743  GAMMAs            1.0743
 SON VEL,M/SEC      427.8  SON VEL,M/SEC      427.8

 MOLE FRACTIONS  MOLE FRACTIONS

 ASO               .00770  ASO               .00770
 *K                .04083  *K                .04083
 KNO2              .00005  KNO2              .00005
 KO                .00265  KO                .00265
 K2O               .00003  K2O               .00003
 K2SO4             .03101  K2SO4             .03101
 *NO               .00322  *NO               .00322
 *N2               .29836  *N2               .29836
 *O                .00042  *O                .00042
 *O2 .03979  *O2               .03979
 SO                .00108  SO                .00108
 SO2               .35895  SO2               .35895
 SO3               .00029  SO3               .00029
 K3ASO4(L)         .06316  K3ASO4(L) .06316
 K2SO4(L)          .15245  K2SO4(L)          .15245
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Table 6
Formula (7) of Table 2-1

         No Air Max. T - 21% Air by Weight

 P, BAR            1.0000  P, BAR            1.0000
 T, K             1908.69  T, K             2082.43
 RHO, KG/CU M    6.0880-1  RHO, KG/CU M    4.1062-1
 H, KJ/KG -3331.42  H, KJ/KG -2699.28
 U, KJ/KG -3495.68  U, KJ/KG -2942.81
 G, KJ/KG -11975.8  G, KJ/KG -13771.9
 S, KJ/(KG)(K)     4.5290  S, KJ/(KG)(K)     5.3172

 M, (1/n)          96.615  M, (1/n)          71.097
 MW, MOL WT        79.160  MW, MOL WT        63.360
 (dLV/dLP)t -1.30384  (dLV/dLP)t -1.09907
 (dLV/dLT)p        5.4490  (dLV/dLT)p        2.5438
 Cp, KJ/(KG)(K)    6.6385  Cp, KJ/(KG)(K)    3.9311
 GAMMAs            1.0882  GAMMAs            1.1031
 SON VEL,M/SEC      422.8  SON VEL,M/SEC      518.3

MOLE FRACTIONS  MOLE FRACTIONS

 ASO               .01077  *Ar               .00389
 ASS               .00002  ASO               .00666
 *K                .07730  *CO2              .00013
 KO                .00003  *K          .03243
 K2                .00002  KNO2              .00001
 K2SO4             .00594  KO                .00082
 *NO               .00001  K2O               .00001
 *N2               .26100  K2SO4             .02044
 *S           .00033  *NO               .00127
 SO                .01971  *N2               .49310
 SO2               .39299  *O                .00009
 S2                .04802  *O2               .00600
 S2O               .00309  SO           .00124
 S3                .00010  SO2               .32495
 K3ASO4(L)         .07141  SO3               .00012
 K2SO4(L)          .10925  K3ASO4(L)         .04663

 K2SO4(L)          .06219
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Table 7
Formula (8) of Table 2-1

         No Air Max. T - 44% Air by Weight

 P, BAR            1.0000  P, BAR            1.0000
 T, K             1747.16  T, K             2001.25
 RHO, KG/CU M    6.9952-1  RHO, KG/CU M  3.0595-1
 H, KJ/KG -2889.12  H, KJ/KG -1619.81
 U, KJ/KG -3032.07  U, KJ/KG -1946.66
 G, KJ/KG -10407.2  G, KJ/KG -14128.6
 S, KJ/(KG)(K)     4.3030  S, KJ/(KG)(K)     6.2505

 M, (1/n)       101.618  M, (1/n)          50.909
 MW, MOL WT        83.007  MW, MOL WT        48.602
 (dLV/dLP)t -1.05485  (dLV/dLP)t -1.04843
 (dLV/dLT)p        1.8660  (dLV/dLT)p        1.7774
 Cp, KJ/(KG)(K)    2.1101  Cp, KJ/(KG)(K)    3.1770
 GAMMAs            1.0872  GAMMAs            1.1286
 SON VEL,M/SEC      394.2  SON VEL,M/SEC      607.4

 MOLE FRACTIONS  MOLE FRACTIONS

 ASO               .00948  *Ar               .00691
 ASS               .00007  ASO               .00485
 *K                .01280  *CO2              .00023
 K2SO4             .00158  *K                .00980
 *N2               .23456  KNO2              .00001
 *S                .00020  KO                .00027
 SO                .01278  K2SO4             .01317
 SO2               .31869  *NO               .00129
 S2                .21662  *N2               .65275
 S2O               .00882  *O                .00006
 S3                .00124  *O2               .00713
 K3ASO4(L)         .08687  SO                .00046
 K2SO4(L)          .09628  SO2               .25761

 SO3               .00012
 K3ASO4(L)         .02676
 K2SO4(L)          .01856
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Figure 2
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Figure 3
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ABSTRACT

The development of ecologically friendly energetic materials is nowadays of high relevance. Therefore
both nitrogen-rich compounds as well as boron-containing compounds, especially for green-light emitting
pyrotechnics, are of significant interest due to their smoke-reduced combustion and less toxic
decomposition products. The syntheses and characterization of selected alkali and alkaline earth metal
salts of trinitroimidazole and di- and trinitropyrazole are presented. In addition, promising boron
derivatives of nitro-heterocycles are reported. Their potential use as colorants in pyrotechnic
compositions has been investigated.

Introduction

The creation of environmentally friendly pyrotechnics for military and civilian application is
intended by many research groups.1 The major requirements for such pyrotechnics are less or no smoke
generation during the combustion and less toxic decomposition products. Suitable candidates are
therefore nitrogen-rich compounds because of the formation of molecular nitrogen as main decomposition
product.2-5 Besides the ecological aspect a high performance of the compounds as well as thermal stability
and low impact and friction sensitivity are desired.
3,5-Dinitropyrazole as well as salts of 3,4,5-trinitropyrazole and 2,4,5-trinitroimidazole with nitrogen-rich
cations are reported to be insensitive and reveal good oxygen balance, high thermal stability and high
positive molar enthalpies of formation.6-7 Although metal 3,4,5-trinitropyrazolate salts are mentioned in
patents8, their characterization and properties are not described. For these reasons alkali and earth alkali
salts of 3,5-dinitropyrazolate (3,5-DNP), 3,4,5-trinitropyrazole (TNP) and 2,4,5-trinitroimidazole (TNI)
are interesting compounds for the use in pyrotechnic compositions as coloring agents since high thermal
stability and safe handling of pyrotechnic components is required. Therefore alkali and earth alkali salts
of 3,5-DNP, TNP and TNI were synthesized and characterized and additionally investigated in
pyrotechnic compositions with regard to color performance and smoke generation.
Mostly barium compounds are used in green-light-emitting pyrotechnics. But many of these barium
compounds are toxic and environmentally harmful. Thus, the development of barium-free green burning
compounds is of importance. Boron containing compounds are therefore promising compounds because
of their green-burning character and less toxic decomposition product B2O3. The synthesis and
investigation of nitrogen-rich azolylborate salts is therefore focused. 5-aminotetrazolylborates, 1,2,4-
triazolyl- and 3-nitro-1,2,4-triazolylborates as well as 3,5-dinitropyrazolylborates and 2,4-
dinitroimidazolylborates are synthesized and investigated. Especially the metal-free azolylborates are of
high interest with regard to their suitability as green coloring agents in pyrotechnics.
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Experimental

All reagents and solvents were used as received (Sigma-Aldrich, Fluka, Acros Organics) if not
stated otherwise. 1H, 13C, 11B and 14N NMR spectra were measured with a JEOL instrument. All chemical
shifts are quoted in ppm relative to TMS (1H, 13C), BF3·Et2O (11B) or nitromethane (14N). Infrared spectra
were measured with a PERKIN ELMER Spectrum BX-59343 FT-IR instrument. For detection a Smiths
Detection DuraSamplIR II Diamond ATR sensor was used. Elemental analyses (EA) were performed with
a Netsch STA 429 simultaneous thermal analyzer. Mass spectra were recorded on JEOL JMS-700,
Finnigan MAT 95Q and Finnigan Mat 90 instruments.

Metal-3,5-dinitropyrazolates

The synthesis of 3,5-dinitropyrazole was performed according to literature (9)(10). All salts were
synthesized by the same procedure. To a solution of 3,5-dinitropyrazole in ethanol (LiDNP, NaDNP,
KDNP) or water (Ca(DNP)2, Sr(DNP)2, Ba(DNP)2) the corresponding metal carbonate or metal hydroxide
in stoichiometric amount was added. The reaction mixture was stirred at room temperature for 24 hours
and then filtered off. After removing the solvent and recrystallization from water yellow solids as
products were obtained.

Lithium-3,5-dinitropyrazolate trihydrate (Li_1)

Yield: 97%
IR: [cm−1] = 3156 (w), 1738 (m), 1641 (m), 1531 (m), 1470 (m), 1443 (s), 1353 (s), 1318 (m), 1273 (m),
1171 (m), 1016 (m), 997 (m), 821 (m), 749 (m), 681 (w). 1H-NMR (acetone-d6) δ: 4.07 (s, H2O), 7.26 (s,
1H, CH) ppm. 13C-NMR (acetone-d6) δ: 97.60 (CH), 156.41 (CNO2) ppm. 14N-NMR (acetone-d6) δ: 
−17.95 (CNO2) ppm. EA: LiC3HN4O4∙(H2O)3 (218.05): calculated: C, 16.53; H, 3.24; 25.69; found: C,
16.97; H, 3.01; N, 25.84. M/z (FAB-): 156.9 (anion), (FAB+): 7.0 (cation).

Sodium-3,5-dinitropyrazolate dehydrate (Na_1)

Yield: 99%
IR: [cm−1] = 3570 (m), 3156 (m), 2362 (m), 2337 (m), 1683 (m), 1645 (m), 1560 (w), 1532 (m), 1507
(m), 1472 (s), 1443 (s), 1355 (s), 1316 (s), 1272 (m), 1166 (m), 1072 (w), 1012 (m), 994 (m), 837 (s), 820
(s), 750 (s), 686 (w). 1H-NMR (acetone-d6) δ: 3.42 (s, H2O), 7.30 (s, 1H, CH) ppm. 13C-NMR (acetone-
d6) δ: 97.84 (CH), 156.36 (CNO2) ppm. 14N-NMR (acetone-d6) δ: −18.17 (CNO2) ppm. EA:
NaC3HN4O4∙(H2O)2 (216.09): calculated: C, 16.67; H, 2.33; N, 25.92; found: C, 16.51; H, 2.77; N, 25.23.
M/z (FAB-): 157.0 (anion), (FAB+): 23.0 (cation).

Potassium-3,5-dinitropyrazolate dihydrate (K_1)

Yield: 99%
IR: [cm−1] = 3156 (w), 2596 (w), 2294 (w), 1738 (w), 1539 (m), 1476 (s), 1443 (s), 1378 (m), 1353 (s),
1338 (s), 1310 (s), 1270 (m), 1151 (m), 1064 (w), 1003 (s), 993 (m), 830 (s), 754 (s). 1H-NMR (acetone-
d6) δ: 7.21 (s, 1H, CH) ppm. 13C-NMR (acetone-d6) δ: 97.80 (CH), 156.89 (br, CNO2) ppm. 14N-NMR
(acetone-d6) δ: −49.54, −16.04 (CNO2) ppm. EA: KC3HN4O4 (196.16): calculated: C, 18.37; H, 0.51; N,
28.56; found: C, 18.52; H, 0.62; N, 27.76. M/z (FAB-): 156.9 (anion), (FAB+): 39.0 (cation).

Calcium-bis(3,5-dinitropyrazolate) tetrahydrate (Ca_1)

Yield: 77%
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IR: [cm−1] = 3638 (m), 3549 (m), 3166 (m), 1636 (m), 1540 (m), 1511 (m), 1483 (s), 1450 (m), 1344 (s),
1318 (s), 1280 (m), 1204 (w), 1175 (m), 1017 (s), 998 (m), 842 (s), 818 (w), 748 (s). 1H-NMR (acetone-
d6) δ: 3.91 (s, H2O), 7.29 (s, 1H, CH) ppm. 13C-NMR (acetone-d6) δ: 97.63 (CH), 156.29 (CNO2) ppm.
14N-NMR (acetone-d6) δ: −17.95 (CNO2) ppm. EA: CaC6H2N8O8∙(H2O)4 (426.27): calculated: C, 16.91;
H, 2.36; N, 26.29; found: C, 17.05; H, 2.34; N, 25.72. M/z (FAB-): 157.0 (anion), (FAB+): 197.0
(CaC3HN4O4

+).

Strontium- bis(3,5-dinitropyrazolate) hexahydrate (Sr_1)

Yield: 98%
IR: [cm−1] = 2971 (w), 2170 (w), 1739 (s), 1618 (m), 1540 (m), 1475 (m), 1443 (m), 1354 (s), 1322 (m),
1279 (w), 1229 (m), 1217 (m), 1073 (w), 1017 (m), 999 (w), 835 (m), 826 (m), 749 (m). 1H-NMR
(acetone-d6) δ: 3.68 (s, H2O), 7.27 (s, 1H, CH) ppm. 13C-NMR (acetone-d6) δ: 98.33 (CH), 156.98 
(CNO2) ppm. 14N-NMR (acetone-d6) δ: −18.17 (CNO2) ppm. EA: SrC6H2N8O8∙(H2O)6 (509.84):
calculated: C, 14.14; H, 2.77; N, 21.98; found: C, 14.43; H, 2.68; N, 21.71. MS/z (FAB-): 157.0 (anion),
(FAB+): 245.0 (SrC3HN4O4

+).

Barium- bis(3,5-dinitropyrazolate) hydrate (Ba_1)

Yield: 29%
IR: [cm−1] = 3610 (w), 3156 (w), 2361 (w), 1739 (m), 1611 (m), 1548 (s), 1494 (s), 1444 (m), 1369 (m),
1342 (s), 1321 (s), 1230 (w), 1172 (m), 1070 (w), 1010 (m), 1000 (w), 840 (s), 821 (w), 744 (s), 669 (w).
1H-NMR (acetone-d6) δ: 2.88 (s, H2O), 7.28 (s, 1H, CH) ppm. 13C-NMR (acetone-d6) δ: 98.63 (CH) ppm. 
14N-NMR (acetone-d6) δ: −18.63 (CNO2) ppm. EA: BaC6H2N8O8∙(H2O) (487.49): calculated: C, 15.32;
H, 0.86; N, 23.84; found: C, 15.08; H, 1.01; N, 22.66. M/z (FAB-): 157.0 (anion), (FAB+): 448.0
(BaC6H2N8O8

+).

Metal-3,4,5-trinitropyrazolates

According to literature (11) 3,4,5-Trinitropyrazole was synthesized. All metal salts were synthesized by
the same procedure. An ethanolic solution of 3,4,5-Trinitropyrazole and the corresponding metal
carbonates was stirred at room temperature for 24 hours. After the removal of the solvent and
recrystallization in ethanol yellow solids as products were obtained.

Lithium-3,4,5-trinitropyrazolate tetrahydrate (Li_2)

Yield: 86%
IR: [cm−1] = 3620 (m), 3582 (w), 3512 (m), 3343 (w), 3209 (w), 2628 (w), 1668 (m), 1630 (w), 1540 (m),
1522 (s) 1456 (s), 1351 (s), 1325 (s), 1299 (s), 1172 (w), 1133 (m), 1024 (m), 850 (s), 806 (m), 763 (m),
731 (m), 680 (m). 1H-NMR (acetone-d6) δ: 3.30 (H2O) ppm. 13C-NMR (acetone-d6): no signals could be
observed. 14N-NMR (acetone-d6) δ: -22.45 (CNO2) ppm. EA: LiC3N5O6∙(H2O)4 (281.06): calculated: C
12.82, N 24.92, H 2.87; found: C 13.24, N 24.41, H 2.72. M/z (FAB-): 201.9 (anion), (FAB+): 7.0
(cation).

Sodium-3,4,5-trinitropyrazolate (Na_2)

Yield: 96%
IR: [cm−1] = 3638 (w), 1605 (w), 1560 (w), 1546 (m), 1512 (s), 1456 (m), 1357 (m), 1319 (s), 1296 (w),
1170 (w), 1132 (w), 1024 (w), 850 (s), 808 (m), 762 (w), 682 (w). 13C-NMR (acetone-d6): no signals
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could be observed. 14N-NMR (acetone-d6) δ: -21.92 (CNO2) ppm. EA: NaC3N5O6 (225.05): calculated: C
16.01, N 31.12; found: C 16.15, N 30.22. M/z (FAB-): 202.0 (anion), (FAB+): 32.0 (cation).

Strontium-bis(3,4,5)-trinitropyrazolate (Sr_2)

Yield: 74%
IR: [cm−1] = 3616 (w), 3139 (m), 2924 (m), 1596 (w), 1518 (s), 1493 (m), 1454 (m), 1358 (m) 1328 (s),
1131 (m), 1025 (s), 841 (m), 787 (w), 760 (m), 672 (w). 13C-NMR (acetone-d6) δ: 146.93 (CNO2) ppm.
14N-NMR (acetone-d6) δ: -22.37 (CNO2) ppm. EA: SrC6N10O12 (491.75): calculated: C 14.65, N 28.48;
found: C 14.13, N 27.96. M/z (FAB-): 202.0 (anion).

Barium-bis(3,4,5)-trinitropyrazolate trihydrate (Ba_2)

Yield: 96%
IR: [cm−1] = 3582 (m), 1619 (m), 1540 (s), 1514 (s), 1457 (m), 1354 (m), 1322 (s), 1303 (m), 1132 (m),
1028 (w), 850 (s), 806 (m), 766 (w). 1H-NMR (acetone-d6) δ: 2.99 (s, H2O) ppm. 13C-NMR (acetone-d6):
no signals could be observed. 14N-NMR (acetone-d6) δ: -23.02 (CNO2) ppm. EA: BaC6N10O12∙(H2O)3

(595.50): calculated: C 12.10, H 1.02, N 23.52; found: C 12.13, H 1.04, N 22.58. M/z (FAB-): 202.1
(anion).

Metal-2,4,5-trinitroimidazolates

2,4,5-Trinitroimidazole and potassium 2,4,5-trinitroimidazolate were synthesized according to (12). All

other 2,4,5-trinitroimidazolate salts were obtained by adding saturated aqueous solutions of metal

carbonates/metal hydroxides to a solution of 2,4,5-trinitroimidazole until the pH=7 was achieved. After

stirring at room temperature for 24 hours the reaction mixture was filtered and the products were

extracted with ethylacetate. After removing the solvent orange solids as products were gained.

Lithium-2,4,5-trinitroimidazolate trihydrate (Li_3)

Yield: 76%
IR: [cm−1] = 3563 (m), 3321 (w), 1648 (m), 1538 (s), 1467 (s), 1426 (m), 1328 (s), 1301 (s), 1111 (m),
868 (s), 832 (m), 812 (s), 755 (w). 650 (m). 1H-NMR (DMSO-d6) δ: 3.37 (s, H2O) ppm. 13C-NMR
(DMSO-d6) δ: no signals detectable. 14N-NMR (DMSO-d6) δ: -21.27 (NO2) ppm. EA: LiC3N5O6∙(H2O)3

(263.05): calculated: C 13.70, H 2.30, N 26.62; found: C 14.49, H 2.18, N 26.67. M/z (FAB-): 201.9
(anion), (FAB+): 7.0 (cation).

Sodium-2,4,5-trinitroimidazolate (Na_3)

Yield: 86%
EA: NaC3N5O6 (225.05): calculated: C 16.01, N 31.11 found: C 17.27, N 30.34. M/z (FAB-): berechnet
202 (anion), (FAB+): 23 (cation).

Calcium-bis(2,4,5-trinitroimidazolate)∙(C4H8O2)2 dihydrate (Ca_3)

Yield: 78%
IR: [cm−1] = 3582 (m), 3347 (w), 1643 (w), 1619 (m), 1535 (s), 1468 (s), 1422 (w), 1327 (s), 1304 (s),
1109 (m) 865 (s), 830 (w), 808 (s), 752 (m), 672 (m) 13C-NMR (DMSO-d6) δ: no signals detectable. 14N-
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NMR (DMSO-d6) δ: -19.24 (CNO2) ppm. EA: CaC6N10O12∙(C4H8O2)2∙(H2O)2 (656.44): calculated: C
25.62, H 3.07, N 21.34; found: C 25.48, H 3.21, N 21.23. M/z (FAB-): 202.0 (anion).

Strontium-bis(2,4,5-trinitroimidazolate)∙(C4H8O2)1.5 hydrate (Sr_3)

Yield: 78%
IR: [cm−1] = 3616 (w), 2988 (w), 1693 (s), 1545 (s), 1470 (s), 1425 (m), 1378 (m), 1321 (s), 1297 (s),
1189 (w), 1111 (s), 1041 (s), 867 (s), 833 (m), 810 (s), 753 (m), 650 (m) 13C-NMR (DMSO-d6) δ: 14.06 
(CH2CH3) 20.73 (CH3), 59.73 (OCH2), 170.31 (CO) ppm. 14N-NMR (DMSO-d6) δ: -20.13 (NO2) ppm.
EA: SrC6N10O12∙(C4H8O2)1.5∙H2O (641.92): calculated: C 22.45, H 2.20, N 21.82; found: C 20.98, H 2.43,
N 21.66. M/z (FAB-): 202.0 (anion).

Copper-bis(2,4,5-trinitroimidazolate) tetrahydrate (Cu_3)

Yield: 85%
1H-NMR (DMSO- d6) δ: 3.35 (H2O) ppm. 13C-NMR (DMSO- d6) δ: no signals detectable. 14N-NMR
(DMSO- d6) δ: -20.24 (CNO2), -359.27 ppm. EA: CuC6N10O12∙(H2O)4 (539.73) calculated: C 13.35, H
1.49, N 25.95 found: C 13.49, H 1.49, N 25.95. M/z (FAB-): 201.9 (anion).

Salts of dihydrobis(5-aminotetrazol-1-yl)borate

The synthesis of potassium dihydrobis(5-aminotetrazol-1-yl)borate and (5-amino-1-H-
tetrazole)dihydro(5-aminotetrazol-1-yl)borane was performed according to literature (13). Barium
dihydrobis(5-aminotetrazol-1-yl)borate was synthesized by stirring H_4 with bariumhydroxide in
stoichiometric amount in water for 4 hours. After filtration and removal of the solvent a colorless solid
was obtained. The metal-free borate salts were synthesized by mixing Ba_4 with the corresponding
sulfates in stoichiometric amount in water, stirring 5 minutes, followed by filtration and removal of the
solvent. The obtained colorless solids were air-dried.

Ammonium dihydrobis(5-aminotetrazol-1-yl)borate hydrate (NH4_4)

Yield: 64%
1H-NMR (DMSO-d6) δ: 3.39 (s, 2H, BH2), 5.62 (s, 4H, NH4), 7.13 (s, 4H, C-NH2) ppm. 13C-NMR
(DMSO-d6) δ: 159.69 (s, 2C, Cring) ppm. 11B-NMR (DMSO-d6) δ: - 14.40 (s, BH2) ppm. EA:
C2H10BN11∙H2O (217.00): calculated: C, 11.07; H, 5.57; N, 71.00 found: C, 11.46; H, 5.27; N, 69.21. M/z
(FAB-): 181.2 (anion), (FAB+): 18.1 (cation).

Aminoguanidinium dihydrobis(5-aminotetrazol-1-yl)borate (AG_4)

Yield: 60%
1H-NMR (DMSO-d6) δ: 3.51 (s, 2H, BH2), 4.68 (s, 2H, N-NH2), 5.59 (s, 4H, Cring-NH2), 7.23 (s, 4H,
CAG-NH2), 8.60 (s, 1H, NH-N) ppm. 13C-NMR (DMSO-d6) δ: 159.31 (2C, Cring), 159.69 (1C, CAG)
ppm. 11B-NMR (DMSO-d6) δ: -14.31 (1B, BH2) ppm. EA: C3N14H13B (256.15): calculated: C, 14.07; H,
5.12; N, 76.59. found: C, 14.69; H, 4.80; N, 74.03. M/z (FAB-): 181.2 (C2H6N10B

-), (FAB+): 75.1
(CH7N4

+).
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Diaminoguanidinium dihydrobis(5-aminotetrazol-1-yl)borate (DAG_4)

Yield: 92 %
1H-NMR (DMSO-d6) δ: 3.34 (s, 2H, BH2), 4.65 (s, 4H, N-NH2), 5.58 (s, 4H, Cring-NH2), 7.17 (s, 2H,
CDAG-NH2), 8.60 (s, 2H, NH-N) ppm. 13C-NMR (DMSO-d6) δ: 159.16 (2C, Cring), 159.71 (1C, CDAG)
ppm. 11B-NMR (DMSO-d6): δ: -15.56 (s, 1B, BH2). EA: C3N15H14B (271.06): calculated: C, 13.29; H,
5.21; N, 77.51. found: C, 13.74; H, 4.92; N, 75.10. M/z (FAB-): 181.1 (C2H6N10B

-), (FAB+): 90.1
(CH8N5

+).

N-Guanylurea dihydrobis(5-aminotetrazol-1-yl)borate (NGU_4)

Yield: 88%
IR: [cm-1] = 3458.8 (w), 3295.5 (s), 3129.0 (s), 3009.9 (m), 2477.8 (w), 2422.0 (w), 2356.8 (w), 2200.2
(w), 1718.1 (vs), 1702.1 (vs), 1601.0 (vs), 1548.5 (s), 1462.3 (s), 1376.3 (m), 1353.1 (vs), 1300.9 (m),
1293.6 (s), 1228.3 (m), 1191.6 (m), 1156.2 (m), 1124.4 (vs), 1099.1 (vs), 1079.3 (vs), 1048.4 (s), 1025.8
(m), 976.4 (m), 933.0 (m), 868.9 (m), 781.5 (s), 749.2 (vs), 730.8 (vs), 702.5 (vs). 1H-NMR (DMSO-d6):
δ: 5.55 (s, 4H, NH2), 3.30 (s, 2H, BH2).

13C-NMR (DMSO-d6): δ: 159.12 (2C, C-NH2), 155.58 (1C,
C=N), 154.85 (1C, C=O). 11B-NMR (DMSO-d6): δ: -14.64 (s, 1B, BH2). EA: C4H13BN14O (284.05);
calculated: N: 69.03; C: 16.91; H: 4.61; found: N: 66.51; C: 17.27; H: 4.46. M/z (FAB-): 181 (C2H6BN10

-

), (FAB+): 103.0 (C2H7N4O
+): 103.1.

5-Aminotetrazolium dihydrobis(5-aminotetrazol-1-yl)borate dihydrate (5At_4)

Yield: 90%
IR: (cm-1) = 3472.1 (m), 3374.0 (m), 3190.7 (m), 2360.6 (s), 1782.1 (w), 1638.6 (vs), 1450.5 (m), 1297.1
(m), 1156.4 (m), 1057.3 (vs), 994.7 (s), 907.7 (s), 755.7 (s), 740.1 (s), 668.0 (s). 1H-NMR (DMSO-d6): δ: 
6.45 (br, 6H, NH2).

13C-NMR (DMSO-d6): δ: 156.69 (3C, C-NH2).
11B-NMR (DMSO-d6): δ: -7.29 (s, 

1B, BH2). EA: C3H14BN15O2 (303.05); calculated: N: 69.32; C: 11.89; H: 4.65; found: N: 63.34; C: 11.50;
H: 4.47. M/z (ESI): 181.09 (C2H6BN10

-).

Salts of dihydrobis(1,2,4-triazolyl)borate

Potassium dihydrobis(1,2,4-triazolyl)borate and barium dihydrobis(1,2,4-triazolyl)borate were

synthesized according to literature (14). All metal-free borate salts were obtained by stirring the barium

salt with the corresponding sulfates in stoichiometric amount in water for 1 minute. After filtration and

removing the water colorless solids as products were obtained.

Ammonium dihydrobis(1,2,4-triazolyl)borate (NH4_5)

Yield: 80%
1H-NMR (DMSO-d6) δ: 3.49 (2H, BH2), 4.61 (4H, NH4), 8.26 (2H, C-H), 8.80 (2H, C-H) ppm. 13C-
NMR (DMSO-d6) δ: 146.11 (1C, CH), 148.09 (1C, CH) ppm.  11B-NMR (DMSO-d6) δ: -9.12 (1B, BH2)
ppm. EA: C4H10BN7 (166.98): calculated: C, 28.77; H, 6.04; N, 58.72; found: C, 28.98; H, 4.37; N,
51.13. M/z (FAB-): 149.1 (C4H6BN6

-).
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Aminoguanidinium dihydrobis(1,2,4-triazolyl)borate hydrate (AG_5)

Yield: 64%
1H-NMR (DMSO-d6) δ: 3.35 (s, 2H, BH2), 4.68 (s, 2H, N-NH2), 7.28 (s, 4H, C-NH2), 7.66 (s, 2H, CH),
7.97 (s, 2H, CH), 8.28 (s, 1H, C-NH) ppm. 13C-NMR (DMSO-d6) δ: 147.99 (2C, CH), 151.61 (2C, CH), 
159.34 (1C, AG+) ppm. 11B-NMR (DMSO-d6) δ: -9.85 (1B) ppm. EA: C5H13BN10∙H2O (242.05):
calculated: C, 24.81; H, 6.25; N, 57.87; found: C, 25.32; H, 5.58; N, 55.97. M/z (FAB-): 149.1 (C4H6BN6

-

), (FAB+): 75.1 (CH7N4
+).

Diaminoguanidinium dihydrobis(1,2,4-triazolyl)borate trihydrate (DAG_5)

Yield: 88%
1H-NMR (DMSO-d6) δ: 3.48 (s, 2H, BH2), 4.59 (s, 4H, N-NH2), 7.15 (s, 2H, C-NH2), 7.70 (s, 2H, CH),
8.03 (s, 2H, CH), 8.57 (s, 2H, NH-N) ppm. 13C-NMR (DMSO-d6) δ: 147.80 (2C, CH), 151.29 (2C, CH), 
160.21 (1C, DAG+) ppm. 11B-NMR (DMSO-d6) δ: - 9.91 (1B) ppm. EA: C5H14BN11∙3H2O (293.10):
calculated: C, 20.49; H, 6.88; N, 52.57; found: C, 16.63; H, 5.36; N, 54.51. M/z (FAB-): 149.1
(C4H6N6B

-), (FAB+): 90.1 (CH8N5
+).

Salts of dihydrobis(3-nitro-1,2,4-triazolyl)borate

The starting material potassium dihydrobis(3-nitro-1,2,4-triazolyl)borate was synthesized according to

literature (15). To a solution of potassium dihydrobis(3-nitro-1,2,4-triazolyl)borate in water barium

perchlorate was added in stoichiometric amount. The mixture was stirred at room temperature for 24

hours, then filtrated. After evaporation of the solvent barium dihydrobis(3-nitro-1,2,4-triazolyl)borate as

slight yellow solid was obtained. The metal-free compounds were synthesized by stirring Ba_6 with the

corresponding sulfates (1:1) in water for a few minutes. The products as slight yellow solids were gained

after filtration and evaporation of the solvent.

Barium dihydrobis(3-nitro-1,2,4-triazolyl)borate (Ba_6)

Yield: 65%
IR: [cm-1] = 3354.7 (w), 2435.8 (w), 2358.7 (w), 1738.3 (w), 1548.4 (s), 1502.2 (vs), 1427.8 (m), 1397.3
(m), 1361.8 (w), 1335.8 (w), 1305.2 (s), 1213.5 (w), 1163.9 (s), 1142.1 (vs), 1042.5 (m), 1026.5 (s), 878.2
(w), 838.0 (vs), 725.0 (m). 1H-NMR (DMSO-d6,): δ: 8.42 (s, 4H, CH), 3.76 (br, 4H, BH2).

13C-NMR
(DMSO-d6,): δ = 164.18 (4C, C-NO2); 150.22 (4C, CH). 11B-NMR (DMSO-d6,):  δ: -9.85 (s, 2B, BH2).
14N-NMR (DMSO-d6,): δ: -21.99 (s, 4N, NO2), -131.82 (s, 8N, C=N). EA: C8H8B2BaN16O8 (615.20);
calculated: N: 36.43; C: 15.62; H: 1.31; found: N: 28.82; C: 15.45; H: 2.10. M/z (FAB-):
239.0(C4H4BN8O4

-) 239.0, (FAB+): 376.8 (C4H4BBaN8O4
+): 376.3.

Ammonium dihydrobis(3-nitro-1,2,4-triazolyl)borate (NH4_6)

Yield: 65%
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IR: [cm-1] = 3592.0 (w), 3112.0 (w), 2901.3 (w), 2431.7 (w), 1548.8 (s), 1507.1 (s), 1457.6 (m), 1423.7
(s), 1393.8 (m), 1304.8 (s), 1221.0 (w), 1161.2 (s), 1149.4 (vs), 1046.2 (m), 1026.0 (m), 896.0 (w), 879.8
(w), 719.8 (s), 657.3 (vs). 1H-NMR (DMSO-d6): δ: 8.45 (s, 2H, CH), 7.09 (br, 4H, NH2), 3.46 (br, 2H,
BH2).

13C-NMR (DMSO-d6): δ: 150.14 (2C, CH). 11B-NMR (DMSO-d6): δ:  -9.51 (s, 1B, BH2).
14N-

NMR (DMSO-d6): δ: -21.69 (s, 2N, NO2). EA: C4H8BN9O4 (256.98); calculated: N: 49.06; C: 18.70; H:
3.14; found: N: 38.73; C: 15.09; H: 3.47. M/z (ESI): 239.0 (C4H4BN8O4

-).

N-Guanylurea dihydrobis(3-nitro-1,2,4-triazolyl)borate (NGU_6)

Yield: 70%
IR: [cm-1] = 3575.0 (w), 3149.4 (w), 2477.7 (w), 2436.5 (w), 2360.2 (w), 1751.1 (m), 1694.7 (m), 1659.8
(w), 1602.6 (m) 1538.0 (m), 1499.1 (s), 1423.8 (m), 1395.1 (m), 1339.8 (m), 1306.3 (s), 1214.3 (m),
1154.1 (s), 1074.7 (m), 1038.2 (m), 1028.0 (m), 882.0 (w), 835.7 (vs), 722.6 (m), 657.8 (vs). 1H-NMR
(DMSO-d6): δ = 8.42 (s, 2H, CH), 8.01 (s, 2H, NH2), 3.30 (br, 2H, BH2).

13C-NMR (DMSO-d6):  δ: 
155.44 (1C, C=N), 154.56 (1C, C=O), 150.14 (2C, CH). 11B-NMR (DMSO-d6): δ:  -9.94 (s, 1B, BH2).
14N-NMR (DMSO-d6): δ: -23.52 (s, 2N, NO2). EA: C6H11BN12O5 (342.04); calculated: N: 49.14; C:
21.07; H: 3.24; found: N: 40.71; C: 17.77; H: 3.68. M/z (ESI): 239.0 (C4H4BN8O4

-).

5-Aminotetrazolium dihydrobis(3-nitro-1,2,4-triazolyl)borate (5At_6)

Yield: 62%
IR: [cm-1] = 3394.6 (w), 3162.0 (w), 2471.8 (w), 2438.5 (w), 2282.9 (w), 1697.8 (w), 1548.5 (m), 1503.5
(s), 1424.0 (m), 1399.3 (w), 1380.1 (w), 1306.5 (s), 1269.7 (w), 1216.8 (w), 1164.0 (m), 1149.2 (s),
1106.8 (w), 1028.0 (m), 981.7 (w), 877.1 (m), 836.0 (vs), 722.6 (m). 1H-NMR (DMSO-d6): δ: 8.45 (s, 
2H, CH), 6.63 (s, 2H, NH2), 3.47 (br, 2H, BH2).

13C-NMR (DMSO-d6): δ: 164.18 (2C, C-NO2), 150.18
(2C, CH), 146.19 (1C, C-NH2).

11B-NMR (DMSO-d6): δ: -9.14 (s, 1B, BH2).
14N-NMR (DMSO-d6):  δ: -

28.16 (s, 2N, NO2). EA: C5H8BN13O4 (325.02); calculated: N: 56.02; C: 18.48; H: 2.48; found: N: 47.44;
C: 16.05; H: 2.40. M/z (ESI): 239.0 (C4H4BN8O4

-).

Salts of dihydrobis(3,5-dinitropyrazolyl)borate

Potassium dihydrobis(3,5-dinitropyrazolyl)borate (K_7)

A suspension of KBH4 (8.16 mmol) and 3,5- dinitropyrazole9-10 (16.3 mmol) in benzonitrile was heated

up to 120 °C and stirred at this temperature for 5 hours. After cooling to room temperature, filtration and

drying at 60 °C for 2 days the product as colorless solid was obtained.

Yield: 65%

IR: [cm−1] = 3320 (w), 3156 (w), 2923 (w), 2853 (w), 2595 (w), 2296 (w), 1792 (w), 1706 (w), 1666 (w),

1619 (w), 1580 (w), 1536 (m), 1469 (m), 1440 (s), 1377 (m), 1335 (s), 1307 (s), 1269 (m), 1249 (m),

1149 (m), 1063 (w), 1001 (m), 992 (m), 829 (s), 749 (s), 696 (w), 672 (w). 1H-NMR (DMSO-d6) δ: 3.32 

(s, 2H, BH2), 7.26 (d, 1H, 5J=0.8 Hz, CH) ppm. 13C-NMR (DMSO-d6) δ: 98.36 (CH), 156.45 (CNO2)

ppm. 14N-NMR (DMSO-d6) δ: −15.43 (CNO2) ppm. 11B-NMR (acetone-d6) δ: −0.96. EA: KBC6H4N8O8

(366.06): calculated: C, 19.69; H, 1.10; N, 30.61; found: C, 18.69; H, 0.63; N, 28.33. M/z (FAB-): 352.9

(KC6H2N8O8
-), (FAB+): 39.0 (cation).
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Barium dihydrobis(3,5-dinitropyrazolyl)borate (Ba_7)

To a solution of K_7 (3.19 mmol) in methanol Ba(ClO4)2 (1.60 mmol) was added and the mixture was

stirred for 24 hours at room temperature. After filtration the solvent was evaporated and the product as

yellow solid was obtained.

Yield: 79%

IR: [cm−1] = 3568 (w), 3140 (m), 2884 (w), 1680 (w), 1627 (w) 1518 (m), 1506 (m), 1479 (m), 1443 (w),
1385 (w), 1357 (m), 1288 (s), 1148 (w), 1003 (m), 864 (w), 836 (m), 821 (s), 757 (m), 680 (m). 1H-NMR
(DMSO-d6) δ: 7.70 (CH), 3.31 (H2B) ppm. 13C-NMR (DMSO-d6) δ: 129.89 (CH) ppm. 14N-NMR
(DMSO-d6) δ: -17.25 (NO2), -137.01 (CNC) ppm. 11B-NMR (DMSO-d6) δ: not observable. EA:
BaH4B2(C3HN4O4)4: calculated: C 16.03, H 2.24, N 24.92; found: C 16.14, H 2.21, N 23.04. M/z (FAB-):
157.0 (C3HN4O4

-).

Salts of dihydrobis(2,4-dinitroimidazolyl)borate

Potassium dihydrobis(2,4-dinitroimidazolyl)borate (K_8)

A solution of KBH4 (8.16 mmol) and 3,5- dinitroimidazole16 (16.3 mmol) in acetonitrile was stirred at 82

°C for 24 hours. Evaporation of the solvent led to the formation of a yellow solid.

Yield: 80%
IR: [cm−1] = 3378 (w), 2454 (w), 1498 (m), 1473 (m), 1432 (m), 1283 (s), 1223 (w), 1098 (m), 1000 (m),
923 (w), 872 (w), 837 (m), 818 (s), 782 (w), 757 (s), 695 (m), 662 (m). 1H-NMR (DMSO-d6) δ: 7.72 
(CH), 3.47 (br, H2B) ppm. 13C-NMR (DMSO-d6) δ: 39.50 (m, CH), 129.70 (CNO2) ppm. 14N-NMR
(DMSO-d6) δ: -16.80 (CNO2), -359.28 (NH) ppm. 11B-NMR (DMSO-d6) δ: -10.03 (br, H2B), 18.74 ppm.
EA: KBC6H4N8O8 (366.06) calculated: C 19.69, H 1.10, N 30.61; found: C 22.51, H 2.12, N 29.11 M/z
(FAB-): 156.09 (C3HN4O4-), 326.8 (BC6H4N8O8

-), (FAB+): 38.9.

Barium dihydrobis(2,4-dinitroimidazolyl)borate (Ba_8)

To a solution of K_8 (3.19 mmol) in methanol Ba(ClO4)2 (1.60 mmol) was added and the mixture was

stirred for 24 hours at room temperature. After filtration the solvent was evaporated and the product as

yellow solid was obtained.

Yield: 60%
IR: [cm−1] = 3568 (w), 3140 (m), 2884 (w), 1680 (w), 1627 (w) 1518 (m), 1506 (m), 1479 (m), 1443 (w),
1385 (w), 1357 (m), 1288 (s), 1148 (w), 1003 (m), 864 (w), 836 (m), 821 (s), 757 (m), 680 (m). 1H-NMR
(DMSO-d6) δ: 7.70 (CH), 3.31 (H2B) ppm. 13C-NMR (DMSO-d6) δ: 129.89 (CH) ppm. 14N-NMR
(DMSO-d6) δ: -17.25 (NO2), -137.01 (CNC) ppm. 11B-NMR (DMSO-d6) δ: signal not observable. EA:
BaH4B2(C3HN4O4)4*(H2O)6 (791.24): calculated: C 18.21, H 1.02, N 28.32; found: C 16.14, H 2.21, N
23.04. M/z (FAB-): 157.0 (C3HN4O4

-), (FAB+): 137.1 (cation).
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Results and Discussion

1 Synthesis

1.1 Metal Salts of di-, trinitropyrazole and trinitroimidazole

The synthesis of 3,5-Dinitropyrazole was performed according to literature by successive nitration of
commercially available Pyrazole followed by isomerisation in benzonitrile.9-10 The alkali and earth alkali
salts of 3,5-Dinitropyrazole were synthesized by deprotonation with corresponding metal carbonates in
ethanol and metal hydroxides in water, respectively (Scheme 1). The products were obtained in high
yields.

M = Li x = 2 y = 1 z = 3 LiDNP·3H2O Li_1

M = Na x = 2 y = 1 z = 2 NaDNP·2H2O Na_1

M = K x = 2 y = 1 z = 0 KDNP K_1

M = Ca x = 2 y = 2 z = 4 Ca(DNP)2·4H2O Ca_1

M = Sr x = 2 y = 2 z = 6 Sr(DNP)2·6H2O Sr_1

M = Ba x = 2 y = 2 z = 1 Ba(DNP)2·H2O Ba_1

Scheme 1: Synthesis of 3,5-dinitropyrazolate salts.

All salts crystallize as hydrates and were characterized by NMR spectroscopy, mass spectrometry,
elemental analysis and IR spectroscopy (see Experimental).

According to literature 3,4,5-trinitropyrazole was synthesized by nitration of 3,5-dinitropyrazole with
concentrated sulfuric and nitric acid.11 The deprotonation of 3,4,5-trinitropyrazole with metal carbonates
in ethanol at room temperature led to the formation of the corresponding metal salts in high yields
(Scheme 2).
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M = Li x = 2 y = 1 z = 3 LiTNP·4H2O Li_2

M = Na x = 2 y = 1 z = 3 NaTNP Na_2

M = Sr x = 1 y = 2 z = 3 Sr(TNP)2 Sr_2

M = Ba x = 1 y = 2 z = 3 Ba(TNP)2·3H2O Ba_2

Scheme 2: Synthesis of 3,4,5-trinitropyrazolate salts.

All salts were analyzed by NMR spectroscopy, mass spectrometry, elemental analysis and IR
spectroscopy (see Experimental).

The nitration of 2,4-dinitroimidazole with glacial acetic acid, nitric acid and acetic anhydride led to the
formation of 2,4,5-trinitroimidazole.16 The alkali metal salts and the copper salt were synthesized by
deprotonating 2,4,5-trinitroimidazole with the corresponding metal carbonates, whereas the earth alkali
salts were obtained by the deprotonation with the corresponding metal hydroxides (Scheme 3).
Recrystallization from ethylacetate gave the products in high yields.

M = Li x = 2 y = 1 z = 3 LiTNI·3H2O Li_3

M = Na x = 2 y = 1 z = 0 NaTNI Na_3

M = K x = 2 y = 1 z = 0 KTNI K_3

M = Ca x = 2 y = 2 z = 4 Ca(TNI)2·2H2O/2C4H8O2 Ca_3

M = Sr x = 2 y = 2 z = 2.5 Sr(TNI)2·H2O/1.5C4H8O2 Sr_3

M = Cu x = 2 y = 2 z = 4 Cu(TNI)2·4H2O Cu_3

Scheme 3: Synthesis of 3,4,5-trinitropyrazolate salts.
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All salts were analyzed by NMR spectroscopy, mass spectrometry, elemental analysis and IR
spectroscopy (see Experimental). The elemental analysis of the strontium and calcium salt led to the
assumption that these salts contain coordinated ethylacetate, which could not be removed by drying the
salts at 60 °C.

1.2 Nitrogen-rich azolylborate salts

All potassium azolylborate salts were synthesized by the reaction of potassium borohydride with the
corresponding azole at different reaction conditions. K_4, K_6, K_7 and K_8 were obtained by stirring
the reaction mixture at elevated temperatures in acetonitrile and dimethylacetamide, respectively, whereas
K_5 was synthesized in a solid-solid reaction of the starting components, also at high temperature of 120
°C (Scheme 4 left). The acidification of K_4 and K_5 with glacial acetic acid (Scheme 4 right) led to the
formation of the protonated forms, which served as starting materials for the synthesis of the
corresponding barium salts Ba_4 and Ba_5 (Scheme 5).

Scheme 4: Synthesis of potassium azolylborate salts (left) and the protonated forms (right).

The barium salts Ba_4 and Ba_5 were obtained by deprotonation of H_4 and H_5 with barium hydroxide
in water at room temperature. The salts Ba_6, Ba_7 and Ba_8 were synthesized by the reaction of the
corresponding potassium salts with barium perchlorate whereat hardly soluble potassium perchlorate
precipitated (Scheme 5).

(15)(14)(13)

(13) (14)
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Scheme 5: Synthesis of barium azolylborate salts.

All salts were characterized by NMR spectroscopy, mass spectrometry, elemental analysis and IR
spectroscopy (see Experimental).

The synthesis of the metal-free azolylborate salts was performed by the reaction of the barium salts with
selected nitrogen-rich sulfates in water or methanol at room temperature, whereat barium sulfate
precipitated and was removed. The isolated products were obtained as solids and in high yields. As
nitrogen-rich cations ammonium, aminoguanidinium, diaminoguanidinium, N-guanylurea and 5-
aminotetrazolium were selected (Scheme 6).

(13) (14)
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Scheme 6: Synthesis of metal-free azolylborate salts.

All salts were characterized by NMR spectroscopy, mass spectrometry, and elemental analysis (see
Experimental).
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2 Crystal Structures

Suitable single crystals of the described compounds (DAG_4, K_1, Ba_1 and Ba_5) were picked from
the crystallization mixture and mounted in Kel-F oil, transferred to the N2 stream of an Oxford Xcalibur3
diffractometer with a Spellman generator (voltage 50 kV, current 40 mA) and a KappaCCD detector
using a λMoKα radiation wavelength of 0.71073 Å. All structures were measured at -100 °C. The data
collection and data reduction was carried out with the CRYSALISPRO software.17 The structures were
solved with SIR-9218 refined with SHELXL-9719 and finally checked using the PLATON software20

integrated in the WINGX software suite.21 The non-hydrogen atoms were refined anisotropically and the
hydrogen atoms were located and freely refined. The absorptions were corrected by a SCALE3
ABSPACK multi-scan method.22 Further data and parameters of the X-ray measurements and refinements
are included in Table 1. Further information regarding the crystal-structure determination have been
deposited as cif files with the Cambridge Crystallographic Data Centre 23 as supplementary publications.

Table 1: XRD data and parameters.

DAG_4 K_1 Ba_1·MeOH·Et2O Ba_5·3H2O
Formula C3H14BLiN14 C3HKN4O4 C11H16BaN8O10 C8H18B2BaN12O3

FW [g mol–1] 271.10 196.18 557.65 489.30
Crystal system Monoclinic Triclinic Monoclinic Orthorhombic
Space Group P21/c P-1 P21/c C2221

Color / Habit colorless rods yellow blocks yellow plates colorless blocks
Size [mm] 0.12 x 0.18 x

0.28
0.10 x 0.20 x
0.25

0.09 x 0.18 x 0.34 0.35 x 0.30 x 0.25

a [Å]
b [Å]
c [Å]
α [°]
 [°]
γ [°] 

9.2353(3)
13.3916(5)
9.3994(3)
90
92.738(3)
90

4.7304(5)
8.0724(9)
9.1070(12)
105.521(11)
102.423(10)
97.273(9)

10.1288(3)
9.4139(2)
21.4156(8)
90
103.197(3)
90

7.0683(2)
13.6825(3)
18.0720(4)
90
90
90

V [Å3] 1161.15(7) 320.90(7) 1988.08(11) 1747.78(7)
Z 4 2 4 4
calc. [g cm–3] 1.551 2.030 1.863 1.860

 [mm–1] 0.118 0.806 2.066 2.311
F(000) 568 196 1096 960
λMoKα [Å] 0.71073 0.71073 0.71073 0.71073
T [K] 173 173 173 173
 Min–Max [°] 4.3, 26.5 4.5, 26.0 4.2, 26.0 4.5, 26.0
Dataset -11:11; -16:16; -

11:11
-5:5; -9:8; -
10:11

-12:12; -11:11; -26:26 -8:8; -16:16; -22:22

Reflections
collected

18224 1660 19502 8824

Independent
refl.

2400 1245 3892 1716

Rint 0.037 0.014 0.048 0.030

Observed
reflections

1809 1129 3283 1676

Parameters 228 114 283 155
R1 (obs) 0.0296 0.0283 0.0254 0.0138
wR2 (all data) 0.0743 0.0710 0.0580 0.0303
Sc 0.96 1.05 1.03 1.07
Resd. Dens. [e
Å–3]

-0.17, 0.17 -0.28, 0.27 -0.41, 0.61 -0.32, 0.71

Device type Oxford
Xcalibur3
CCD

Oxford
Xcalibur3
CCD

Oxford Xcalibur3
CCD

Oxford Xcalibur3
CCD

Solution SIR-92 SIR-92 SIR-92 SIR-92
Refinement SHELXL-97 SHELXL-97 SHELXL-97 SHELXL-97
Absorption
correction

multi-scan multi-scan multi-scan multi-scan
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CCDC

Diaminoguanidinium dihydrobis(5-aminotetrazolyl)borate (DAG_4) crystallizes in the monoclinic space
group P21/c with four formula units in the unit cell and a density of 1.551 g cm-3. One anion/cation pair is
shown in Figure 1.

Figure 1: Molecular unit of diaminoguanidinium dihydrobis(5-aminotetrazolyl)borate (DAG_4). Thermal ellipsoids
represent the 50 % probability level. Selected bond distances [Å]: N1–B 1.5593(17), C1–N1 1.3395(14), C1–N5
1.3499(16), N4–C1 1.3273(15), N4–N3 1.3572(14), N12–C3 1.3304(15), N8–N7 1.2905(14), N8–N9 1.3651(15),
N10–C2 1.3602(17), N7–N6 1.3663(14), N1–N2 1.3630(13), N9–C2 1.3298(16), N2–N3 1.2937(14), N6–C2
1.3414(15), N6–B 1.5541(17), N12–C3 1.3304(15), N14–C3 1.3175(15), N15–N14 1.4077(14), N13–C3
1.3237(16), N12–N11 1.4095(15); selected bond angle [°]: N6–B–N1 106.51(9).

Potassium 3,5-dinitropyrazolate, shown in Figure 2, with a density of 2.030 g cm-3 crystallizes within the
triclinic space group P-1. Up to now, no 3,5-dinitropyrazole structure can be found in the CCDC
database. The aromatic pyrazole ring is planar. The nitro groups are slightly twisted out of the ring plane
(torsion angles O3–N4–C3–C2 5.9(3)° and O2–N3–C1–C2 4.6(3)°.

Figure 2: Asymmetric unit of potassium 3,5-dinitropyrazolate (K_1). Thermal ellipsoids represent the 50 %
probability level. Selected bond and coordination distances [Å]: O1–N3 1.235(2), O2–N3 1.2314(19), N2–
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K2.942(12), O2–K 3.0152(14), O3–N4 1.2297(19), O4–N4 1.2396(19), N1–N2 1.343(2), N1–C1 1.357(2), N2–C3
1.356(2), N3–C1 1.439(2), N4–C3 1.429(2), C1–C2 1.381(3), C2–C3 1.383(2).

Barium 3,5-dinitropyrazolate (Ba_1) could only obtained crystalline with the inclusion of one methanol
and one diethyl ether molecule. The diethyl ether is fixed by the strong hydrogen bond O9–H9 ··O10
(d(D–A): 2.772(5) Å) to the barium coordinated methanol molecule. Complex Ba_1 crystallizes in the
monoclinic space group P21/c with four formula units in the unit cell and a density of 1.863 g cm-3. In
agreement to the corresponding potassium structure K_1 the 3,5-dinitropyrazolate anions are nearly
planar.

Figure 3: Asymmetric unit of barium 3,5-dinitropyrazolate (Ba_1). Thermal ellipsoids represent the 50 %
probability level. Selected bond and coordination distances [Å]: O1–N3 1.238(3), O2–N3 1.227(3), O3–N4
1.224(4), O4–N4 1.242(4), O4–Ba 2.956(3), N1–C3 1.347(4), N1–N2 1.355(3), N2–C1 1.352(4), N2–Ba 2.961(3),
N3–C3 1.439(4), N4–C1 1.431(4), C1–C2 1.373(5), C2–C3 1.372(4), O5–N7 1.243(3), O6–N7 1.236(3), O7–N8
1.225(3), O8–N8 1.237(3), O8–Ba 2.943(2), N5–N6 1.340(3), N5–C4 1.355(4), N5–Ba 2.909(2), N6–C6 1.350(4),
N7–C6 1.425(4), N8–C4 1.437(4), C4–C5 1.393(4), C5–C6 1.366(4), O10–C7 1.424(5), O10–C9 1.431(5), C8–C7
1.508(7), C9–C10 1.470(7), O9–C12 1.411(4), O9–Ba 2.784(3).

The molecular unit of barium dihydrobis(1,2,4-triazolyl)borate trihydrate (Ba_5), which crystallizes in the
monoclinic space group C2/c is depicted in Figure 4.
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Figure 4: Molecular unit of barium dihydrobis(1,2,4-triazolyl)borate trihydrate (Ba_5). Thermal ellipsoids
represent the 50 % probability level. Selected bond and coordination distances [Å]: N2–C1 1.330(3), N2–N1
1.375(2), N2–B1 1.543(3), N4–C4 1.323(3), N4–N5 1.380(3), N5–C3 1.335(3), N5–B1 1.559(3), N3–C1 1.335(3),
N3–C2 1.354(3), N6–C3 1.332(3), N6–C4 1.361(3), N1–C2 1.321(3), N1–Ba 3.0001(18), Ba–N4 3.0058(19), Ba–
N6 3.070(2), O1–Ba 2.723(2), O2–Ba 2.7863(18), Ba–N1 3.0001(18), Ba–N4 3.0058(19).

3 Thermal and Energetic Properties

Melting and decomposition points were measured with a Linseis PT10 DSC using heating rates of 5 °C

min-1, which were checked with a Büchi Melting Point B-450 apparatus. The sensitivity data were

performed using BAM methods.24 The following tables indicate the results obtained from submitting the

compounds to shock and friction stimuli as well as to electrostatic discharge (ESD). Furthermore, the

melting (Tm) and decomposition (Tdec) temperatures are listed below (Tables 2-8).

Table 2: Thermal and energetic properties of 3,5-dinitropyrazolate salts.

Li_1 Na_1 K_1 Ca_1 Sr_1 Ba_1

Tm (°C) (onseta) 145 295 - - - 150

Tdec (°C) (onseta) 325 324 306 >400 400 361

Frictionb (N) 360 360 216 360 360 72

Impactb (J) >40 >40 20 8 >40 30

grain size (µm) <100 <100 100-500 100-500 100-500 500-1000
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)

All salts are with temperatures higher than 200 °C thermally very stable. Except the Ba_1 all salts are less
friction sensitive. Li_1 and Na_1 are impact insensitive, all other salts are sensitive24 (Table 2). Therefore
Li_1 and Sr_1 are suitable candidates for the use as coloring agents in pyrotechnics.
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Table 3: Thermal and energetic properties of 3,4,5-trinitropyrazolate salts.

Li_2 Na_2 Sr_2 Ba_2

Tm (°C) (onseta) - - - 158

Tdec (°C) (onseta) 274 254 193 302

Frictionb (N) 96 80 80 144

Impactb (J) 40 25 40 5

grain size (µm) 100-500 100-500 100-500 100-500
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)

The 3,4,5-trinitropyrazolate salts are also thermally stable but with an additional nitro group friction

sensitive.24 Toward impact the lithium and strontium salts are less sensitive and the sodium and barium

salt sensitive (Table 3).24

Table 4: Thermal and energetic properties of 2,4,5-trinitroimidazolate salts.

Li_3 K_3 Ca_3 Cu_3

Tm (°C) (onseta) 152 - - -

Tdec (°C) (onseta) 252 231 188 170

Frictionb (N) 360 120 360 80

Impactb (J) 40 25 40 3

grain size (µm) 100-500 100-500 100-500 100-500
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)

In contrast to lithium trinitropyrazolate lithium trinitroimidazolate is less sensitive towards impact and

friction. 24 In addition the decomposition temperature is higher than 200 °C. These properties make Li_3

an interesting compound for red burning pyrotechnics (Table 4).

All metal-free nitrogen-rich salts of 5-aminotetrazolylborate and 1,2,4-triazolylborate as well as barium

dihydrobis(1,2,4-triazolyl)borate are not or less sensitive towards impact, friction and electrostatic

discharge24 and thermally stable (Table 5-6).
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Table 5: Thermal and energetic properties of dihydrobis(5-aminotetrazolyl)borate salts.

NH4_4 AG_4 DAG_4 NGU_4 5At_4

Tm (°C) (onseta) 157 143 153 n.d. n.d.

Tdec (°C) (onseta) 201 193 165 n.d. n.d.

Frictionb (N) >360 >360 324 >360 >360

Impactb (J) >40 >40 >40 >40 >40

ESDb (J) 0.5 1 0.3 n.d. n.d.

grain size (µm) <100 100-500 100-500 <100 <100
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)
n.d. (not determined)

Table 6: Thermal and energetic properties of dihydrobis(1,2,4-triazolyl)borate salts.

NH4_5 AG_5 DAG_5 Ba_5

Tm (°C) (onseta) 154 - 143 -

Tdec (°C) (onseta) 285 164 212 348

Frictionb (N) 288 >360 >360 >360

Impactb (J) 40 >40 >40 >40

ESDb (J) 0.7 1 1 0.8

grain size (µm) 100-500 100-500 100-500 100-500
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)

Compounds NH4_6 and NGU_6 reveal insensitivity toward impact and friction and are therefore

promising compounds for metal-free green-burning pyrotechnics (Table 7).

Table 7: Thermal and energetic properties of dihydrobis(3-nitro-1,2,4-triazolyl)borate salts.

NH4_6 NGU_6 5At_6 Ba_6

Tm (°C) (onseta) 163 154 n.d. -

Tdec (°C) (onseta) 207 220 n.d. 224

Frictionb (N) >360 >360 288 360

Impactb (J) >40 >40 10 5

grain size (µm) 100-500 100-500 100-500 100-500
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)
n.d. (not determined)
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The potassium and barium dihydrobis(3,5-dinitropyrazolyl)borate is impact and friction sensitive in

contrast to potassium and barium dihydrobis(2,4-dinitroimidazolyl)borate, which are both insensitive. All

salts reveal high thermal stability (Table 8).

Table 8: Thermal and energetic properties of dihydrobis(3,5-dinitropyrazolyl)borate (7) and

dihydrobis(2,4-dinitroimidazolyl)borate (8) salts.

K_7 Ba_7 K_8 Ba_8

Tm (°C) (onseta) - 298 - -

Tdec (°C) (onseta) 316 342 165 349

Frictionb (N) 216 180 360 360

Impactb (J) 3 5 40 40

grain size (µm) 100-500 100-500 100-500 100-500
a Differential Scanning Calorimetry (DSC)
b according to BAM standards (www.bam.de)

4 Investigation of Pyrotechnic Compositions

Compounds Ba_1, Sr_1, AG_4, DAG_4 and AG_5 were investigated in pyrotechnic mixtures.
The pyrotechnic mixtures were prepared by mixing all substances (given in weight percent), except the
binder, in a mortar. Then the binder, a solution of 25 % vinyl alcohol acetate resin (VAAR), was added.
The mixture was formed by hand and dried under high vacuum for three hours. The controlled burn down
was filmed with a digital video camera recorder (SONY, DCR-HC37E). The performance of each
composition has been evaluated with respect to color emission, smoke generation and the amount of solid
residues.

Table 9: Pyrotechnic compositions.

compound oxidizer fuel binder

composition 1 Ba_1 NH4NO3 B VAARa

25% 60% 8% 7%

composition 2 Ba_1 NH4NO3 B/Mg VAARa

35% 50% 3%/5% 7%

composition 3 Ba_1 NH4NO3 B/Mg VAARa

35% 50% 4%/4% 7%

composition 4 Sr_1 NH4NO3 Mg VAARa

25% 60% 8% 7%

composition 5 Sr_1 NH4NO3 Mg VAARa

40% 45% 8% 7%

composition 6 Sr_1 KMnO4 Mg VAARa

40% 45% 8% 7%

composition 7 DAG_4 NH4NO3 B VAARa

35% 40% 18% 7%

composition 8 AG_4 NH4NO3 B VAARa
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35% 40% 18% 7%

composition 9 AG_5 NH4NO3 B VAARa

25% 60% 8% 7%
a vinyl alcohol acetate resin

Composition 1 and 3 burned fast with a deep green flame color. No smoke was observable and almost no
residues remained. In contrast composition 2 burned fast with a slight green flame color without smoke
but some residues could be observed (Figure 5).
Composition 4 and 5 burned with an intense red flame color, whereas composition 6 showed a less
intensive red flame color (Figure 6). The combustion velocity of composition 4 and 5 was moderate and
of composition 6 very fast. All three compositions burned without smoke generation. No residues were
observable for composition 6, some residues remained in the case of composition 4 and 5.
The burn down of the borate salts in compositions 7-9 showed green flame colors without smoke
generation and almost no residues (Figure 7). The combustion velocities of all three compositions were
fast.

Figure 5: Burn down of compositions 1 (left), 2 (middle) and 3 (right).

Figure 6: Burn down of compositions 4 (left), 5 (middle) and 6 (right).
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Figure 7: Burn down of compositions 7 (left), 8 (middle) and 9 (right).

Summary and Conclusions

The synthesis, characterization and the investigation of thermal and energetic properties of new
alkali and earth alkali salts of 3,5-dinitropyrazole as well as of selected alkali and earth alkali salts of
3,4,5-trinitropyrazole and 2,4,5-trinitroimidazole were performed. All salts are thermally stable. Except
barium 3,5-dinitropyrazolate (Ba_1), potassium 2,4,5-trinitroimidazolate (K_3) and the 3,4,5-
trinitropyrazolates, all salts are friction insensitive, which is an important requirement for their use in
pyrotechnic compositions.
Dihydrobisazolylborate salts with nitrogen-rich cations were synthesized and characterized. The borate
salts are no or less sensitive (Impact, Friction, ESD) and show high thermal stability.
Crystal structures of the compounds Ba_1, K_1, DAG_4 and Ba_5 were determined by single crystal
diffraction.
Pyrotechnic compositions of selected compounds Ba_1, Sr_1, AG_4, DAG_4 and AG_5 were
investigated. Good color performance and smokeless combustion could be observed.
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ABSTRACT

Perchlorate-free pyrotechnic formulations for the US Army’s M195 green-light-emitting hand-held signal
battlefield illuminant have been developed and they exhibited superior performance and reduced
sensitivity of external stimuli compared to the perchlorate-containing control.  For the most successful
illuminants, high-nitrogen compounds served as the perchlorate replacement, single-point-of-failure
concerns were mitigated by replacing Laminac 4116/Lupersol binder system with the widely available
Epon 813/Versamid 140 binder system, and the chlorine donor dechlorane plus was replaced with
poly(vinyl) chloride over fears associated with bioaccumulation of the former material.  The influences
that the high-nitrogen compounds, the choice of binder system and the chlorine donor had on the
performance of the formulations are discussed in detail.

Introduction
Over the past several years, there has been an interest in the development of environmentally friendly

pyrotechnics for military and civilian applications[1].  Toward obtaining these goals, one area that is of
utmost concern is the “perchlorate issue.”  Potassium perchlorate and ammonium perchlorate oxidizers,
once believed to be amongst the ideal oxidizers due to their inherent reactivity, stability, low cost, low
hygroscopicity, and large positive oxygen balances, have now been identified as an environmental and
human health hazard[2].  Perchlorates have high water solubilities and are a suspected groundwater
contaminant, thus posing a potential risk to drinking supplies.  Perchlorates are believed to be teratogenic,
and the anion competes with iodide anion in binding with the thyroid gland, interfering with production
and regulation of thyroid hormones.  This binding effect, according to Conkling and Mocella, appears to
be reversible, as the intake of iodide-containing food and beverages appears to lead to the replacement of
perchlorate anion with iodide anion[3].  Nonetheless, the US Environmental Protection Agency has set the
federal permissible perchlorate limit in groundwater to 15 parts per billion (ppb)[4], while the states of
California and Massachusetts have set their respective permissible levels to 6 ppb and 2 ppb [5].  Because
of these low permissible levels, US military personnel have not been allowed to effectively train with
perchlorate-containing munitions on training ranges within and outside the continental USA.  The
inability to properly train for combat operations endangers military readiness, decreasing survivability on
the battlefield.

The civilian fireworks industry is also coming under increasing scrutiny by environmental groups and
the EPA to “green” their fireworks, and to develop perchlorate-free variants.  The manufacturing of
fireworks is believed to lead to significant perchlorate contamination in soil and groundwater, and
significant levels of perchlorates have been found in the environment following firework displays[6].

The use of high-nitrogen energetic salts for pyrotechnic applications as perchlorate replacements has
been the subject of intense investigation in recent years, and the synthesis, characterization and
remarkable stabilities of high-nitrogen salts has been demonstrated previously by Klapötke, Damavarapu,
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and co-workers[1a, 7]. Rather than deriving their combustion energies from the oxidation of a carbon
backbone, high-nitrogen compounds derive their energy from their high heats of formation, attributed to
the substantial amount of environmentally benign nitrogen gas (N2) released upon combustion of these
materials.

Previous efforts by ARDEC to remove potassium perchlorate from the M126A1 red light-emitting
parachute hand-held signal (HHS) were successful on small-scale[8] and were proven-out at the prototype
level[9].  In these previous investigations, a strontium bis-tetrazolate salt effectively served as the
perchlorate replacement.  Due to these previous successes, it was believed that use of metal high-nitrogen
tetrazolate salts capable in aiding in green light-emission (i.e. barium- and copper-based tetrazolates)
might serve as effective perchlorate replacements toward the development of a more environmentally
conscious M195 green light-emitting HHS flare.

Yet despite the promise of using the aforementioned high-nitrogen salts, one of the drawbacks in using
these salts is their potential cost with respect to productionization of the illuminants.  Materials that are
not commercially available and which must therefore be synthesized before incorporation into a
pyrotechnic formulation are likely to raise costs.  In an effort to minimize costs, incorporation of 5-
aminotetrazole (5-AT) –a commercially available starting material in the synthesis of many tetrazole-
based high-nitrogen compounds –as a potential perchlorate replacement in the M195 HHS illuminant was
also investigated.

Experimental Part

Mg 30/50, KClO4, Ba(NO3)2, and PVC were purchased from Hummel Croton.  Dechlorane Plus was
purchased from OxyChem.  5-aminotetrazole was purchased from Sigma Aldrich.  Diammine bis-
(tetrazolato)amine copper(II) (1), diaqua copper(II) bis-(1-methyl-nitraminotetrazole) nitrate (2), diaqua
copper(II) tetra-(1-methyl-nitraminotetrazole) nitrate (3) and barium bis-(1-methyl-5-nitriminotetrazolate)
monohydrate (4) were synthesized using previously established procedures[7a, 8b].  Laminac 4116 was
purchased from Ashland Chemical, Inc.  Lupersol was purchased from Norac.  Epon 813 was purchased
from Hexion Specialty Chemicals.  Versamid 140 was purchased from Cognis.  All tested formulations
were encased in non-coated Kraft fiberboard tubes, obtained from Security Signals, Inc.

All chemicals used in formulation preparation were dried in the oven overnight at 60 oC, and were
weighed out according to their weight percentages in the formulations.  For small-scale formulations,
twenty-gram formulations were prepared by weighing out the chemical according to their weight
percentages in the formulations.  All fuels (magnesium, chlorine donor and high-nitrogen compounds 1-4)
were introduced to a binder system (95% Laminac 4116/5% Lupersol in the case of the control, and 80%
Epon 813/20% Versamid 140 in the case of formulations A-D), and the mixtures were hand-blended for 5
min in a ceramic dish using a wooden tongue depressor.  All oxidizers (barium nitrate and, in the case of
the control, potassium perchlorate) were added into the dish.  After hand-mixing for 20 minutes, the
control formulation was dried in the oven overnight at 60 oC, and formulations A-D were dried in air for
2-3 h at ambient temperature before consolidation.

Small-scale formulations were weighed out in two-3 g increments, and were pressed into noncoated
Kraft fiberboard tubes (length of 4.93 cm, inner diameter of 0.838 cm). A tooling die (inner diameter of
1.27 cm, height of 5.08 cm) and a manual hand press at a consolidation dead load of 287 kg were used to
facilitate consolidation. Between 5.46–6.51 g of energetic material was used per pellet, and 6–7 pellets
were tested for each formulation.  The pellets were dried overnight in the oven at 60 oC, and then coated
with a thin layer of thermite-based igniter slurry in acetone.  After the candles were dried in the oven at
60 oC for 2 h to evaporate the acetone, they were ignited with an electric match in the light tunnel at
ambient temperature and pressure.

For formulation preparation at the prototype level, a binder system (95% Laminac 4116/5% Lupersol
for the control, and 80% Epon 813/20% Versamid 140 for formulations D-H) was introduced into a
Hobart air mixing bowl and was vigorously mixed by hand with a wooden tongue depressor for 2 min.
All fuels (magnesium, high-nitrogen compounds 4 or 5, and chlorine donor) were simultaneously added
into the bowl, and the mixture was blended with the aid of a B-blade at 207 kPa for 10 min.  The air was
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turned off and all oxidizers (barium nitrate and, in the case of the control, potassium perchlorate) were
added into the bowl, and the pyrotechnic mixture was blended for 10 min. at 207 kPa.  The air was turned
off, the inside of the mixing bowl was scraped with the B-blade to remove the pyrotechnic material
sticking to the sides, and the mixture was again blended for 10 min. at 207 kPa.  The pyrotechnic mixture
was poured from the air mixer bowl to a large ceramic bowl.  Laminac 4116/Lupersol-based formulations
were dried in the oven overnight to ensure full curing, and Epon813/Versamid 140-based formulations
were dried in air for 2-3 h at ambient temperature to ensure partial curing before consolidation.

Each formulation was weighed out in two 49.5 g increments, and was pressed into noncoated Kraft
fiberboard tubes (length of 8.13 cm; inner diameter of 4.93 cm) with the aid of a tooling die (inner
diameter of 5.08 cm) and a manual hand press at a consolidation dead load of 2,273 kg.  Between 98.68 –
98.99 g of energetic material was used per candle, three candles were prepared for each formulation, and
the candles were dried overnight in the oven at 60 oC.  After being conditioned in the oven, a thin layer of
thermite-based igniter slurry in acetone was applied to the top of each candle.  After the candles were
dried in the oven at 60 oC for 2 h to evaporate the acetone, they were ignited with an electric match in the
light tunnel at ambient temperature and pressure.

Optical emissive properties of these formulations were characterized using both a single element
photopic light detector and a 2048 element optical spectrometer.  The light detector we used was
manufactured by International Light and is composed of a SED033 silicon detector (33 mm² area silicon
detector with quartz window) coupled to a photopic filter (Y-filter) and a field of view limited hood (H-
hood).  The current output of the detector was converted to voltage using a DL Instruments 1211
transimpediance amplifier.  Voltage output was collected and analyzed from the amplifier using a NI-
6115 National Instruments data card and in-house developed Labview™ based data acquisition and
analysis software.

 The optical emissive spectrum of each sample was measured using a 2048 element Ocean Optics
HR2000 spectrometer coupled to a 400 micron core optical fiber.  The dominant wavelength and spectral
purity was measured based on the 1931 CIE method using illuminant C as the white reference point.  The
spectrometer was calibrated using both an Hg-Ar light source (Ocean Optics HG-1 wavelength standard)
and a calibrated tungsten light source (Ocean Optics LS-1-Cal).  The average dominant wavelength and
spectral purity based on the full burn of the sample was calculated.  Impact sensitivity tests were carried
out according to STANAG 4489[10] using a BAM drophammer. Friction sensitivity tests were carried out
according to STANAG 4487[11] using the BAM friction tester. Electrostatic discharge sensitivity tests
were carried out using an electric spark tester (Albany Ballistic Laboratories). Thermal stability was
determined using a Perkin–Elmer DTA/TGA instrument.

Results and Discussion
The US Army in-service M195 perchlorate-containing control is provided in Table 1.  Magnesium

served as the main fuel in the formulation, with barium nitrate and potassium perchlorate serving as the
oxidizers.  Dechlorane plus served as a chlorine donor in the formulation.  A chlorine donor in barium-
containing green light-emitting pyrotechnics is essential in obtaining a green colored flame.  The green
flame arises from the formation of metastable barium(I) chloride during the combustion process, and the
spectral purity of the green flame is greatly enhanced by the conversion of magnesium oxide to the more
volatile magnesium(I) chloride species.  If sufficient levels of chlorine are not present in the barium-
containing control, large amounts of incandescent barium oxide and magnesium oxide particles would
form, and a white color is perceived by the viewer.

Laminac 4116/Lupersol served as the binder system in the M195 control formulation.  Its role was to
provide mechanical strength and to prevent segregation of oxidizers and fuels in a given pyrotechnic
composition. Unfortunately, Laminac binder system has a short shelf-life of about 6 months before
decomposing, and is plagued by single point of failure concerns[12].  In a controversial move, the US
Department of Health a Human Services recently classified styrene–the cross-linking material in Laminac

553



Table 1.  M195 control formulation.

Components Wt %
Barium Nitrate 48

Magnesium 30/50 22
Dechlorane Plus 15

Potassium Perchlorate 10
Laminac 4116/Lupersol 5

binder system–as a carcinogen[13]. This ruling has been criticized by industries, resulting in a lawsuit filed
against the government agency[14]. To adequately address single-point-of-failure concerns, and to remain
one step ahead of potential regulations associated with Laminac binder system, replacement of this binder
system was imperative in ensuring that the M195 HHS would remain in the US Army’s arsenal.
Therefore, the Laminac binder system was replaced with Epon 813/Versamid 140; a binder system
consisting of chemicals that have wide commercial availability.

Because potassium perchlorate is an energetic oxidizer that typically enhances ignitability and
decomposes exothermically[3], removing it from the formulation meant that energy was removed from the
pyrotechnic system.  To compensate for this loss in energy, barium-based and copper(II)-based high-
nitrogen salts[7a, 8b] were proposed as perchlorate replacements (Figure 1).  Copper(II) salts 1-3  were
examined because of its ability to also contribute to green light emission which arises from the formation
of copper(I) hydroxide. Barium-based bis-tetrazolate 4 was also selected for evaluation in the M195 HHS
based on previous successful M126A1 red flare development involving its structurally related strontium-
based bis-tetrazolate derivative[8, 9].
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Figure 1.  High-nitrogen candidates for initial M195 studies.

The energetic properties of high-nitrogen salts 1-4 (i.e. sensitivities, oxygen balances, decomposition
temperatures, densities and combustion energies) as previously published in the literature is provided in
Table 2[7a, 8b].  While it is true that copper-based tetrazolates can be initiating primary explosives due to
their high sensitivities[15], and that extreme caution should be used whenever handling this class of
energetic compounds, copper(II) salts 1-3 exhibited reasonable sensitivities to ignition stimuli and were
deemed to be acceptable to handle in pyrotechnic formulations.  It has been observed that the presence of
crystal water or ammonia molecules is responsible for greatly reducing the sensitivities of copper(II)
high-nitrogen salts[15b].

To determine which high-nitrogen compound yielded the best results as a perchlorate replacement,
formulations A-D were prepared and evaluated on small-scale.  The compositions of these formulations
are summarized in Table 3.  The performance of formulations A-D relative to the perchlorate-containing
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Table 2.  Energetic properties of high-nitrogen salts 1-4.

Compound 1 2 3 4
IS [J]a 100 30 30 15

FS [N]b >360 120 196 >360
ESD [J]c 0.7 2 2 0.65
N [%]d 61.95 49.7 39.85 38.05
Ω [%]e -55 -54 -30 -29

Tdec [oC]f 281 168 142 349
ρ [g cm-3]g 1.99 1.71 1.95 2.3

ΔcU [kJ kg-1]h -9353 -10840 -7415 -6050

a) Impact sensitivity; b) Friction sensitivity; c)
Electrostatic discharge; d) Nitrogen content; e) Oxygen
balance; f) Decomposition temperature from DSC; g)
Determined by X-ray crystallography; h) Combustion
energy.

Table 3.  Small-scale high-nitrogen M195 formulations.

Formulation A Formulation B
Components Wt % Components Wt %

Barium Nitrate 48 Barium Nitrate 48
Magnesium 30/50 22 Magnesium 30/50 22
Dechlorane Plus 15 Dechlorane Plus 15

Bis-tetrazolylamine 1 10 Tetra-aminotetrazolate 2 10
Epon 813/Versamid 140 5 Epon 813/Versamid 140 5

Formulation C Formulation D
Components Wt % Components Wt %

Barium Nitrate 48 Barium Nitrate 48
Magnesium 30/50 22 Magnesium 30/50 22
Dechlorane Plus 15 Dechlorane Plus 15

Bis-aminotetrazolate 3 10 Bis-nitriminotetrazolate 4 10
Epon 813/Versamid 140 5 Epon 813/Versamid 140 5

control is provided in Table 4. All of the formulations exhibited a brilliant green flame upon ignition, as
evidenced by their dominant wavelength and spectral purity.  Formulations A-D burned for a shorter
duration, but had higher average luminous intensities than the control.

In evaluating formulations A-D, it was generally observed that faster burning formulations (i.e. A and
B) contained high-nitrogen compounds with a greater overall nitrogen content, a more negative oxygen
balance, and a higher combustion energy compared to those formulations that burned longer (i.e. C and
D). Interestingly, there was no direct correlation between luminous intensity and luminous efficiency.
The reasons why formulation D yielded the highest luminous intensity is not yet understood.
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Table 4.  Small-scale performance of formulations A-D relative to the control.

Formulation
Burn
Time

[s]

Luminous
Intensity

[cd]

Luminous
Efficiency
[[Cd*s]/g]

Dominant
Wavelength

[nm]

Spectral
Purity
[%]

Control 44.6 998.3 814.1 559.4 61.2
A 36.6 1420.3 810.5 554.2 58.6
B 38.8 1516.1 911.7 552.9 56.9
C 42.0 1349.4 874.9 554.3 58.1
D 40.2 1772.6 1095.7 554.0 61.0

Nonetheless, based on the high burn time and superior luminous intensity and luminous efficiency values,
formulation D was determined to be the best small-scale candidate to evaluate and optimize at the
prototype level.

The performance of formulation D and the control compared to the military requirement for the M195
HHS illuminant at the prototype level is summarized in Table 5.  A direct correlation was observed, with
the faster burning control having a larger luminous intensity and larger luminous efficiency compared to
formulation D.  Formulation D yielded comparable results to the control and exceeded the military
requirement in the categories of burn time, luminous intensity and spectral purity by significant margins.
Although the control and formulation D exhibited a brilliant green flame, both formulations were outside
of 540±20 nm dominant wavelength requirement outlined by the military.  The dominant wavelength
issue was not problematic in obtaining a green flame of acceptable quality since the dominant wavelength
value of the control formulation currently used in production was also observed to be outside of the
military requirement.  Nonetheless, the dominant wavelength issue for green light-emission is one that is
worthy of further investigation.  It should be noted that the military requirements were first obtained in
the 1960’s and 1970’s, and more sophisticated technology now exists in determining precise and more
accurate data values.  It is possible that the long dominant wavelengths observed are attributed to sodium
impurities present in the Kraft fiberboard tubes.  These tubes are washed with sodium hydroxide and
sodium sulfite during the Kraft manufacturing process[16].  The presence of sodium, even in small
amounts, has been known to have a significant influence on the dominant wavelength due to the dominant
yellow emission from atomic sodium[17].

Table 5.  Prototype performance of the control and formulation D.

Formulation
Burn
Time

[s]

Luminous
Intensity

[cd]

Luminous
Efficiency
[[Cd*s]/g]

Dominant
Wavelength

[nm]

Spectral
Purity
[%]

Military requirement 50.0 5000.0 N/A 540±20 50.0
Control 55.3 6973.3 4002.8 562.3 64.8

D 56.2 6536.7 3716.6 561.9 65.3

Despite the good performance of formulation D, it was decided by the US Army Public Health
Command that the course of the investigation needed to be changed.  Although the initial investigation set
out to remove potassium perchlorate oxidizer from the M195 HHS illuminant, the Public Health
Command stated that dechlorane plus had been linked to its own environmental issues, showing an ability
to bioaccumulate and to persist in the environment for an extended period of time[18].  Despite the
successful development of formulation D, the Public Health Command recommended that dechlorane
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plus be replaced with poly(vinyl) chloride (PVC) to aid in achieving green light emission.  From a
manufacturing perspective, replacement of dechlorane plus with PVC also made sense since dechlorane
plus, like Laminac 4116/Lupersol binder system, is also plagued by single-point-of-failure concerns.

Taking the Public Health Command’s recommendations into account, “drop-in” formulation E was
prepared at the prototype level (Table 6) in an attempt to develop a successful M195 illuminant that
utilized PVC as the chlorine donor. The performance of PVC-based formulation E is provided in Table 7.

Table 6.  Poly(vinyl) chloride-based formulations E.

Formulation E
Components Wt %

Barium Nitrate 48
Magnesium 30/50 22

Poly(vinyl) chloride 15
Bis-nitriminotetrazolate 4 10
Epon 813/Versamid 140 5

Formulation E burned 17% longer with a luminosity decrease of 35% compared to formulation D, thereby
failing to meet the Mil-Spec in the category of luminous intensity. In light of the sharply reduced
luminous intensity, it is not surprising that formulation E also had a lower luminous efficiency compared
to the better performing formulation D.  Due to its low visible light output, formulation E was not
determined to be an acceptable formulation and further optimization was needed.

Table 7.  Prototype performance of prototype formulation E.

Formulation
Burn
Time

[s]

Luminous
Intensity

[cd]

Luminous
Efficiency
[[Cd*s]/g]

Dominant
Wavelength

[nm]

Spectral
Purity
[%]

E 65.9 4260.3 2842.5 565.0 71.2

Despite their large differences in burn times, it is worth noting that dechlorane plus-based formulation
D and PVC-based formulation E had identical linear burn rates (Table 8).  Because the respective
densities of dechlorane plus and PVC are 1.80 g/cm3 and 1.40 g/cm3, formulation D occupied less space
per unit volume than formulation E despite both formulations being pressed at identical consolidation
dead loads of 2,273 kg.  Therefore, while the chlorine donor used appeared to have no influence on linear
burn rate, it did have a significant impact on the loading density and mass consumption of the
consolidated compositon, explaining the differences in burn time, luminous intensity and luminous
efficiency between formulations D and E.

Table 8.  Burning properties of formulations D and E.

Formulation Height of
Composition [cm]

Weight of
Composition [g]

Linear Burn Rate
[cm/s]

Mass
consumption

[g/s]

D 6.11 98.86 0.109 1.76
E 7.22 98.87 0.110 1.50
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Although PVC-based formulation E had a low luminous intensity, its extended burn time provided the
opportunity to sacrifice some of the burn time for an increase in observed luminosity.  It has been well
established that raising the amount of magnesium used results in faster burn times and larger luminous
intensities well beyond the stoichiometric point of the pyrotechnic mixture.[19]  Therefore, it was believed
that this concept would be of beneficial value in pursuit of a PVC-based formulation that exceeded the
military requirement (Table 9).

Table 9.  Poly(vinyl) chloride-based formulation F.

Formulation F
Components Wt %

Barium Nitrate 48
Magnesium 30/50 27

Poly(vinyl) chloride 15
Bis-nitriminotetrazolate 4 5
Epon 813/Versamid 140 5

The performance of PVC-based formulation F is provided in Table 10.  Gratifyingly, the increase in
magnesium did lead to substantial increases in luminous intensity and luminous efficiency, while yielding
a respectable burn time.  Moreover, the burn time, luminous intensity and spectral purity of formulation F
exceeded the values of the military requirement and were comparable to the perchlorate-containing
control.

Table 10.  Prototype performance of prototype formulation F.

Formulation
Burn
Time

[s]

Luminous
Intensity

[cd]

Luminous
Efficiency
[[Cd*s]/g]

Dominant
Wavelength

[nm]

Spectral
Purity
[%]

F 59.3 6608.7 3966.3 564.6 69.4

With formulation F now in hand, attention was turned to developing a successful M195 illuminant in
which commercially available 5-AT (Figure 3) was used in place of bis-tetrazolate 4 as a viable
perchlorate replacement.  “Drop-in” formulation G was prepared, as was the more magnesium-rich
formulation H (Table 11), and the performance of these illuminants are summarized in Table 12.

N

N
H

N
N

H2N

5

Figure 3.  Structure of 5-Aminotetrazole.

5-AT-based formulation G was observed to have an identical burn time to bis-tetrazolate 4-based
formulation F, though the luminous intensity and luminous efficiency values were visibly lower.  The
reduced energy of the 5-AT pyrotechnic mixtures due to their lack of high-energy yielding nitro groups
may serve as an explanation for this phenomenon.  Fortunately, magnesium-rich formulation H did
provide a boost in observed luminous intensity and luminous efficiency with a negligible loss in burn
time.  Furthermore, formulations G and H exceeded the burn time and luminous intensity stated in the
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military requirements. Indeed, pursuit of an illuminant based on commercially available 5-AT as the
perchlorate replacement was successful, thus mitigating a potential cost hurdle of needing to rely on non-
commercial high-nitrogen compounds.

Table 11.  5-AT-based formulations G and H.

Formulation G Formulation H
Components Wt % Components Wt %

Barium Nitrate 48 Barium Nitrate 43
Magnesium 30/50 27 Magnesium 30/50 32

Poly(vinyl) Chloride 15 Poly(vinyl) Chloride 15
5-Aminotetrazole 5 5-Aminotetrazole 5

Epon 813/Versamid 140 5 Epon 813/Versamid 140 5

Table 12.  Performance of formulations G and H.

Formulation
Burn
Time

[s]

Luminous
Intensity

[cd]

Luminous
Efficiency
[[Cd*s]/g]

Dominant
Wavelength

[nm]

Spectral
Purity
[%]

Formulation G 59.3 5,799.30 3471.2 562.7 66.7
Formulation H 58.1 6,104.60 3576.8 564.0 67.8

The sensitivities[10, 11] of the perchlorate-containing control and formulations F and H are provided in
Table 13.  Formulations F and H had reasonable thermal stabilities and, compared to the control, were
considerably more stable toward impact, and friction, while having low sensitivities to ESD.  Due to their
performances during testing, their insensitivities toward various ignition stimuli, and their perchlorate-
and dechlorane plus-free natures, formulations F and H were considered to be viable environmentally
sustainable alternatives to the perchlorate-containing M195 control.

Table 13.  Behavior of formulations F, H and the control toward various ignition stimuli.

Formulation Impact [J] Friction [N] ESD [J] Thermal
Onset [oC]

Control 6.9 120 >0.25 292.6
F 11.8 >360 >0.25 239.3
H 8.13 160 >0.25 232.8

[a] ESD = electrostatic discharge

Formulations F and H will now be evaluated at the systems demonstration level, where the illuminant
will be incorporated into a HHS, launched into the air, and its ballistic performance will be measured.
While storage issues would not be expected to exist with formulation H, concerns might be quick to arise
with formulation F due to the incorporation of the bis-tetrazolate 4 monohydrate salt into a magnesium-
containing pyrotechnic formulation.   However, bis-tetrazolate 4 did not experience outgassing when
subjected to the vacuum thermal stability test (100 oC for 48 h), therefore indicating no loss of water.
Analysis of bis-tetrazolate 4 by X-ray diffraction[7a] has shown that the water molecule is not simply
crystal water, but is instead coordinated to barium metal. Bis-tetrazolate 4 is stable up to 349 oC, which is
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the decomposition temperature of the high-nitrogen salt. Therefore, the authors are confident of the long-
term storage stabilities of formulations F and H, though these formulations will undergo future long-term
aging tests following the systems demonstration as part of the energetic materials qualification process.

Summary and Conclusions
In summary, environmentally conscious green-light-emitting formulations have been developed and

proven-out for the M195 green light-emitting HHS parachute at the prototype level.  After small-scale
evaluation, bis-tetrazolate 4 was determined to be the best of the synthesized high-nitrogen compounds to
be evaluated at the prototype level as a perchlorate replacement in the illuminant compositions.  Of the
environmentally friendly formulations tested containing bis-tetrazolate 4, formulation F afforded the best
results.  In an effort to minimize potential cost hurdles associated with the synthesis of high-nitrogen
compounds, successful formulations were developed using commercially available 5-AT as the
perchlorate replacement.  Formulation H afforded the best results of the 5-AT-based formulations.

Formulations F and H exhibited brilliant green flames when ignited, had burn times, luminous
intensities and spectral purities that exceeded the military requirements, and they also exhibited excellent
stabilities to various ignition stimuli.  Although these two formulations afforded dominant wavelength
values outside of the 540±20 nm threshold, the perchlorate-containing in-service formulation fared no
better.  The observed dominant wavelengths may be a result of sodium impurities present in the Kraft
fiberboard tubes.  The dominant wavelength issue and how the values of these illuminants are obtained
are certainly worthy of further investigation.

In addition to being perchlorate-free, formulations F and H were free of dechlorane plus, which the US
Army Public Health Command has stated is a concern due to bioaccumulation and which is also plagued
by single-point-of failure concerns.  Single-point-of-failure was further mitigated since formulations F
and H utilized a widely available epoxy binder system instead of Laminac binder system.  Due to their
environmental friendly natures and avoidance of single-point-of-failure issues, formulations F and H have
the potential to one day be fielded by the US military, and are currently undergoing systems
demonstration evaluation.
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ABSTRACT

The influence of water and WD-40 oil content in five commonly misused primary explosives – mercury
fulminate (MF), the double salt of silver acetylide and silver nitrate (SAcN), simple silver acetylide
(SAc), triacetone triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD) was investigated.
Due to the popularity of these explosives among both young chemists and terrorists they are often the
subject of findings by EODs (and subsequenly handled by EODs or forensic analysts). Therefore a
feasible method for simple desensitization in the field was studied. Sensitivity curves were obtained for
solid primary explosives and for their mixtures with a 10% content of liquid and then with excess liquid.
A small amount of either liquid in a primary explosive (10%) significantly decreases the sensitivity of the
explosives to friction. The sensitivity to friction of completely saturated explosives decreases even
further. Therefore in practice, it should be better to completely saturate the solid primary explosive by
liquid. Water and WD-40 oil were also compared as desensitization agents.

Introduction
Primary explosives form a group of explosives that are considered to be highly sensitive to

mechanical stimuli such as impact, friction, stab, heat, static electricity, flame etc. Sensitivity of
explosives to friction is one of the fundamental sensitivity parameters. Compounds are subjected to
friction practically every time they are handled - during pouring, mixing, filling ready for application, etc.
Determining sensitivity to friction is therefore very important for determining the manipulation safety of
primary explosives.

A relatively small group of well known primary explosives is used industrially. In addition to
these, there are also the improvised primary explosives, which are used to initiate home-made explosive
devices (IEDs). They can also be found in improvised laboratories for illegal production of explosives.
Triacetone triperoxide (chemical nomenclature: 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-hexoxonane, generally
known as TATP) and hexamethylene triperoxide diamine (chemical nomenclature: 1,6-diaza-
3,4,8,9,12,13-hexaoxabicyclo[4,4,4]tetradecane, known as HMTD) are today generally well-known and
commonly used improvised primary explosives. Also mercury fulminate (MF) and two acetylides of
silver - the double salt of silver acetylide and silver nitrate (Ag2C2·AgNO3, silver acetylide-nitrate; SAcN)
and simple silver acetylide (Ag2C2; SAc) - are often reported on web pages dealing with the improvised
synthesis of explosives1,2.

Disposal of these primary explosives by EODs is a very dangerous operation due to the high level
of sensitivity to mechanical stimuli. It is generally well known that the presence of water causes a
reduction in the sensitivity to friction of explosives. Using a liquid lubricant (e.g. oils) is also a way to
decrease the friction sensitivity of various primary explosives. Although the effect of water and oil
content on decreasing the sensitivity of primary explosives to mechanical stimuli is well known, we have
not found the comprehensive study in open literature. Therefore we have decided to perform such
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research. Our first results of water and WD-40 oil content in three primary explosives – triacetone
triperoxide (TATP), diacetone diperoxide (DADP) and hexamethylene triperoxide diamine (HMTD) on
the sensitivity to friction have been published recently3. We widened this study to three other improvised
explosives – mercury fulminate, the double salt of silver acetylide and silver nitrate, and simple silver
acetylide.

Two easily obtainable liquids with low viscosity – water and WD-40 oil - were chosen for the
study of minimizing friction sensitivity. Water is available almost everywhere; WD-40 oil is
commercially available and can be applied by spraying (WD-40 oil is nowadays used for disposing of
sensitive explosives by EODs in the Czech Republic police force).

Experimental
Caution: Mercury fulminate, silver acetylide and silver acetylide silver nitrate are primary explosives
sensitive to impact, friction, electric discharge and flame even when wet. The synthesis and handling of
them are dangerous operations that require adhering to standard safety precautions for handling primary
explosives!!!

Synthesis of primary explosives

Mercury fulminate, silver acetylide and silver acetylide silver nitrate were synthesized by well
known and widely used procedures that are published in various modifications on web pages that deal
with improvised explosives (e.g. Sciencemadness1, Pyroforum2).

Mercury fulminate (MF)

Mercury fulminate (brown modification) was prepared by the usual procedure from mercury,
nitric acid and ethanol4. MF was not purified by crystallization; it was used in its raw prepared state. The
crystal size and shape (which have an impact on sensitivity) were determined by optical microscopy and
were published in our previous paper5. The measuring of friction sensitivity of MF with water and oil
WD-40 was carried out during the three days following preparation.

Silver acetylide (SAc)

Silver acetylide (Ag2C2) was prepared according to the commonly used procedure by passing
pure acetylene through a solution of silver nitrate in aqueous ammonia (published e.g. by Stettbacher)5,6.
SAc was not purified; it was used in its raw prepared state. The product probably forms an amorphous
substance (no crystalline structure was observed in the product using electron microscopy with
magnification up to 10,000×); figure was published in our previous paper5. The measuring of friction
sensitivity of SAc mixtures with water and oil WD-40 was carried out the day after preparation.

Double salt of silver acetylide and silver nitrate (SAcN)

The double salt of silver acetylide and silver nitrate (Ag2C2·AgNO3) was prepared according to
the usual procedure by passing pure acetylene through a solution of silver nitrate in dilute nitric acid
(published e.g. by Stettbacher)5,6. The product was not purified; it was used in its raw prepared state. The
particle size and shape, documented by electron microscopy, were published in our previous paper5. The
measuring of friction sensitivity of SAcN mixtures with water and oil WD-40 was carried out during the
three days following preparation.

Preparation of mixtures with water and oil WD-40
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Dry primary explosive (about 0.4 g) was carefully and thoroughly mixed with a determined
amount (10% and excess) of water or oil WD-40. The amount of liquid is expressed as a percentage of
liquid in the mixtures. In the case of water, a drop of detergent was added for better wettability of the
crystals. Friction sensitivity of mixtures was measured immediately after preparing the mixtures.

An explosion occurred in the case of the silver acetylide mixture with 10% water. Due to the high
sensitivity of this mixture only samples with excess of either water or WD-40 oil were prepared.

Determination of sensitivity to friction

The sensitivity to friction was determined using an FSKM-PEx (OZM Research, Czech Republic)
friction sensitivity tester. It is a modernized version of a standard BAM small-scale friction tester. The
single side roughened ceramic plates (type BFST-Pt-100S) and porcelain pegs (type BFST-Pn-200) were
provided by OZM Research, Czech Republic.

Probit analysis was used to evaluate the friction sensitivity of all samples. This analysis provides
us with the complete sensitivity curve (relation between probability of initiation and the friction force).
The knowledge of the complete sensitivity curve leads to a more comprehensive characterization of the
sensitivity of the samples (in contrast to the usually determined single value e.g. value of 50% probability
of the initiation). Measuring details were the same as in the previous study5.

Results and discussion

The sensitivity curves for the samples studied can be seen in figures 1-5. A decrease in the
friction sensitivity due to addition of a liquid was observed in almost all cases. For mercury fulminate, the
addition of 10% water, 10% oil or an excess of water produces a roughly similar effect. Only the addition
of excess oil has more impact on the friction sensitivity. The sequence of decreasing friction sensitivity
for SAcN can be expressed as follows: dry sample < 10% of water < 10% of oil < excess of water <
excess of oil. In the case of silver acetylide, there were explosions during the mixing, so only the mixtures
with an addition of excess liquid were prepared. The sensitivity to friction for SAc with an excess of
water was even higher than for the dry sample. The addition of an excess of oil causes desensitization. For
organic peroxides, the addition of an excess of water or oil has the same effect on the friction sensitivity.
For HMTD, oil has a better desensitizing effect than water in the case of small additions (10%).

Figure 1 Sensitivity to friction for MF with water and oil WD-40.
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Figure 2 Sensitivity to friction for SAcN with water and oil WD-40.

Figure 3 Sensitivity to friction for SAc with water and oil WD-40.

Figure 4 Sensitivity to friction for TATP with water and oil WD-40.
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Figure 5 Sensitivity to friction for HMTD with water and oil WD-40.

The comparison of samples is shown in figures 6 (for the addition of water) and 7 (for the
addition of oil). The sensitivity to friction for SAcN and MF can be significantly decreased by an addition
of a liquid. The sensitivity for MF decreases with the addition of a small portion of the liquid. On the
other hand, the sensitivities to friction for HMTD and SAc remain high even after the addition of excess
oil or excess water. TATP is somewhere between these two categories.

Simple silver acetylide (SAc) is extremely sensitive to friction. Three explosions occurred during
handling at our institute. The first of these was during mixing of dry SAc with water using a wooden
spatula in a small plastic container even though the mixing was carried out very carefully. The input of
energy (0.25 g of SAc) was extremely small but resulted in a complete fragmentation of the plastic
container and the wooden spatula. The second explosion occurred during wiping residual SAc from
ceramic plates with a paintbrush after carrying out friction sensitivity measurements. The ceramic plate
was not damaged by the explosion. The third incident occurred when a small sample was wiped from the
table by a paper towel.

The decision whether to use water or oil for desensitization of improvised primary explosives is
not clear cut. The oil has a better effect on decreasing the sensitivity to friction, however its use makes
further analysis of the sample more difficult. The problems with mixing TATP with water were described
in our previous work3. The water does not penetrate into the TATP easily and it is necessary to mix the
suspension. Such mixing is dangerous even when it is done carefully. We prefer to recommend using oil,
with both TATP with SAc.
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Figure 6 Decrease of the sensitivity to friction (F50) by addition of water for all primary explosives
studied.

Figure 7 Decrease of the sensitivity to friction (F50) by addition of WD-40 oil for all primary explosives
studied.

Conclusions

The effect of two low viscous lubricating liquid (water and oil WD-40) on decreasing sensitivity
to friction for commonly misused primary explosives – mercury fulminate (MF), double salt of silver
acetylide and silver nitrate (SAcN) and simple silver acetylide (SAc), triacetone triperoxide (TATP),
hexamethylene triperoxide diamine (HMTD) was measured. These liquids were added and mixed with the
primary explosives in two amounts – as a 10% content in primary explosive and as an excess of liquid
(primary explosive completely saturated by the liquid). Just a small content of liquid (10%) significantly
reduces the sensitivity to friction of primary explosives. The sensitivity to friction for SAcN and MF can
be significantly decreased by an addition of a liquid. The sensitivity for MF decreases with the addition of
a small portion of liquids. On the other hand, the sensitivities to friction for HMTD and SAc remain high
even after the addition of excess oil or water. TATP is somewhere between these two categories.
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ABSTRACT 

 

Smokes are used on the battlefield for signaling, for marking targets, and for screening troop movements. 

Many high-performance compositions are toxic or hazardous, while non-toxic alternatives offer sub-par 

performance. The environmentally benign compositions described herein use boron carbide as a 

pyrotechnic fuel to produce thick clouds of white smoke. Experimentation and thermodynamic modeling 

were used in conjunction to develop the compositions which were then evaluated both visually and by 

transmittance-based measurements. Small scale smoke chamber tests indicate that some of these new 

systems can approach the performance of the AN-M8 HC composition (Al/ZnO/C2Cl6). 

 

 

Introduction 

 

 Smokes have been used on the battlefield for over 300 years. The first documented use involved 

the intentional burning of damp straw to screen Swedish troops crossing the Western Dvina in 1701.
1
 

Since that time, smoke technology has undergone significant development and smokes continue to serve 

an important role in the theater of war. Smokes are used for signaling, for marking targets, and for 

screening troop movements. Many high-performance obscurant smoke compositions and the smoke they 

produce are toxic or hazardous. These qualities increase the likelihood of collateral damage and increase 

the risk to the warfighter when such smokes are used for screening. 

 While smokes may be dispersed by several different mechanisms, the use of pyrotechnic 

compositions is arguably the most adaptable method, since they may used in many different smoke 

devices including grenades, smoke pots, mortar and artillery projectiles. However, screening smoke 

compositions are among the most difficult pyrotechnic compositions to design. This difficulty arises from 

a large number of quantitative and qualitative requirements which often conflict. These requirements may 

be separated into three distinct categories which are outlined below. 

 

Performance: 

 The composition should produce a maximum amount of finely dispersed solid or liquid products, 

with a minimum amount of flame and light, and should leave little residue. 

 The products of the pyrotechnic reaction should be hygroscopic to maximize the mass of the 

resulting smoke cloud by absorption of atmospheric moisture. 

 The rate of burning should be controllable to suit different applications. 

 The smoke should have the appropriate qualitative performance characteristics for the desired 

application (thickness, volume, dispersion, tendency to rise or fall). 

 

Environmental: 

 The components of the composition should be non-hazardous to the environment and to 

production personnel. 

 Remaining residue should not be an environmental hazard. 
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 The smoke cloud should be safe to breathe. 

 

Safety: 

 The composition should be insensitive to stimuli other than the intended ignition source. 

 The composition should not degrade upon long-term storage. 

 

 The interplay and conflicts between these ideal requirements are well-illustrated by consideration 

of the common pyrotechnic military smoke formulations RP, HC, and TA. Red phosphorus (RP) 

compositions are typically fuel-rich mixtures of red phosphorus, a pyrotechnic oxidizer, and an organic 

binder. Sometimes additional metallic fuels are added to increase the energy of the mixtures. These 

compositions produce a very thick smoke and are extremely efficient. Excess phosphorus burns in the air 

forming phosphorus oxides which are extremely hygroscopic. Unfortunately, the compositions are 

notorious for their high sensitivity,
2, 3

 and for the release of toxic and flammable phosphine gas over 

time.
4, 5

 The compositions are often incendiary,
3, 6

 and the smoke they produce is acidic. 

 HC-type pyrotechnic smoke compositions generally contain hexachloroethane (HC), a source of 

zinc (either zinc metal or zinc oxide) and other chemicals. The AN-M8 smoke grenade contains 44.5% 

hexachloroethane, 46.5% zinc oxide, and 9% aluminum by weight. The smoke is highly effective, since 

the primary component is zinc chloride which is vigorously hygroscopic. HC smoke compositions are no 

longer manufactured for use by the US Army because of the high toxicity of the hexachloroethane,
7
 and 

the high toxicity of the resulting smoke. The inhalation of zinc fumes is known to cause “metal fume 

fever” and the smoke also contains various chlorinated organic compounds which are suspected to be 

carcinogens.
8
 It was identified as the worst smoke in a combined health/environmental ranking.

9
 

 To address the health and environmental problems of HC smoke, the US Army developed TA 

(terephthalic acid) smoke compositions. These compositions use sugar/potassium chlorate as a low 

temperature fuel/oxidizer pair. The heat from this reaction volatilizes terephthalic acid which re-

condenses in the air to give a white smoke. A toxicological study confirmed the relative safety of TA 

smoke, but also anecdotally mentioned its poor performance: “[The M83] grenade [containing a TA 

composition] would be used for training purposes only since its burn time is approximately 1/3 to 1/5 the 

burn time of the HC smoke.”
10

 In addition to burn time issues, TA smoke compositions are relatively 

inefficient. The large amount of ash and residue created upon burning necessitates the use of “core-

burning” designs. The smoke is not particularly hygroscopic and therefore does not benefit from 

atmospheric moisture the way RP and HC smokes do. The warfighter must throw two or three TA smoke 

grenades to obtain the volume and thickness of smoke comparable to that from one HC smoke grenade. 

 It is apparent that a gap exists between the performance of pyrotechnic smoke compositions and 

the environmental and safety factors which are also desired. To address this gap, a project was initiated 

under the Environmental Quality Technology (EQT) Program. In the first phase of the project, boron 

carbide was identified as a suitable pyrotechnic fuel for smoke compositions. Mixtures of boron carbide 

with potassium nitrate, inorganic salts, and organic additives produce thick clouds of white smoke upon 

ignition. This report describes the rationale behind boron carbide-based pyrotechnic smokes and the initial 

experimentation which indicates that they may be suitable for use in military smoke devices. 

 

 

Experimental 

 

 Materials characterization data for the components of the boron carbide-based smoke mixes are 

presented in Table 1. A Malvern Morphologi G3S optical microscopy particle size analyzer was used to 

determine number-based CE diameter distributions. Potassium chloride and ammonium chloride were 

granular and were ball-milled so that they passed through a 50 mesh screen. Melamine (C3H6N6, Sigma 

Aldrich), 5-aminotetrazole (CH3N5, Sigma Aldrich), and imidazole (C3H4N2, Alfa Aesar) were powders 

and were used as received. 
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Table 1. Materials characterization. 

 

Material 

Name 

Material 

Formula 
Source Mesh Size 

Particle 

Size Mean 

Standard 

Deviation 

       # μm μm 

boron carbide B4C Alfa Aesar 
 

3.48 4.05 

potassium 

nitrate 
KNO3 

Hummel 

Croton  
7.31 6.04 

potassium 

chloride 
KCl Alfa Aesar < 50 

  

lithium 

phosphate 
Li3PO4 

Sigma 

Aldrich  
7.31 4.91 

ammonium 

chloride 
NH4Cl Alfa Aesar < 50   

 

calcium 

stearate 
C36H70O4Ca Alfa Aesar 

 
 5.83 4.60 

stearic acid C18H36O2 
Hummel 

Croton  
11.50 14.25 

poly(vinyl 

alcohol) 
(C2H4O)x J.T. Baker 

 
5.66 8.61 

 

 No wet binders were used in this study. The dry boron carbide-based smoke mixes were prepared 

by a combination of tumbling (15-30 min) and screening (20 or 30 mesh). Three different configurations 

were studied. Hand-held signal (HHS) tubes were made of kraft fiberboard and had an inner diameter of 

3.12 cm. Stainless steel cans, cylindrical and closed on one end, had a 1.75 cm inner diameter, 4.0 cm 

height, and a 1.0 mm wall. Bare pellets had a 0.95 cm diameter. All compositions were consolidated at 10 

kpsi (69 MPa) with a 10 second dwell time. HHS tubes were pressed in three increments of 20 grams 

each, while the cans (14-15 grams composition) and the bare pellets (1 gram) were pressed in one 

increment. The HHS tubes were then cut down to fit the height of the consolidated mixes. An igniter 

slurry composed of 33 wt% potassium nitrate, 24.5 wt% silicon, 20.8 wt% black iron oxide, 12.3 wt% 

aluminum, 3.8 wt% charcoal, and 5.6 wt% nitrocellulose in acetone was applied to the compositions in 

HHS tubes and cans. These items were dried overnight in a 65 °C oven. No igniter slurry was used on the 

bare pellets. Electric matches were used to ignite the slurried items. Bare pellets were ignited with 

electrically heated nickel-chromium wire (hot wire). 

 Small HC smoke pellets were used as a baseline for smoke chamber studies. Aluminum (type 2, 

grade E, class 6 per MIL-DTL-512C) was obtained from AEE. Its particle size mean and standard 

deviation were 12.6 and 13.3 μm, respectively. Zinc oxide was obtained from Fisher Scientific. Its 

particle size mean and standard deviation were 4.2 and 3.8 μm, respectively. Hexachloroethane (from 

Skylighter) was granular and screening gave the following weight distribution: 13.8% > 20 mesh, 50.6% 

20-50 mesh, 18.5% 50-100 mesh, 17.1% < 100 mesh. A mixture of 9.0 wt% aluminum, 46.5 wt% zinc 

oxide, and 44.5 wt% hexachloroethane was prepared by the mixing method described above. Bare pellets 

(1 gram) were prepared as described above. These pellets would not ignite using a hot wire, so igniter 

slurry was applied to the top face. The pellets were air-dried for several hours (hexachloroethane is too 

volatile for oven drying). The dried weight of igniter composition on each pellet was roughly 40 mg. The 

slurried side was ignited with hot wire. 
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 The smoke chamber was a 0.61 x 0.61 x 1.83 m (0.68 m
3
) poly(methyl methacrylate) (Plexiglas) 

enclosure with two opposing borosilicate glass windows (Corning 7056). The distance between the 

windows (the path length) was 0.61 m. Broadband light was supplied by a 75 W xenon lamp with an 

F/2.5 elliptical reflector (Optical Building Blocks). To reduce the divergence of the beam exiting the Xe 

lamp housing, a 75 mm diameter aspheric condenser lens with a 50 mm focal length (Melles Griot) was 

placed approximately 5 cm in front of the focal point of the lamp. This lens shaped the beam exiting the 

elliptical reflector into a column which traversed the path length. The light exiting the chamber passed 

through an ND2 reflective filter and into a solarization-resistant 115 μm core diameter optical fiber with a 

0.22 numerical aperture. Spectra were measured with a 2048 element silicon CCD spectrometer with a 25 

μm slit and a high gain lens (Ocean Optics HR2000). Without any smoke in the chamber, the integration 

time of the spectrometer was chosen so that the wavelength with the highest signal was just below the 

saturation level of the system. This spectrum served as the baseline (I0). The test container consisted of an 

insulating ceramic fiber disk placed inside a steel cup (1.27 cm tall, 2.22 cm diameter). Each pellet was 

placed on the insulating disk in this cup, which was then put inside the smoke chamber. Five spectra were 

recorded every second for 350 seconds, starting at the time of ignition. Transmittance (T), as a function of 

wavelength and time, was calculated by dividing these spectra by the baseline. The smoke did not have 

any distinct spectral features in the visible spectrum (380-780 nm) except for a slight concave curve. The 

smoke was well-equilibrated in the 125-325 second time range. Therefore, transmittance was averaged 

over these wavelength and time ranges for each test. These average T were then used to calculate figures 

of merit for each pellet. Finally, these FOM were averaged. 

 Impact sensitivity tests were performed with a BAM drop hammer. Friction sensitivity tests were 

performed with a BAM friction tester. Electrostatic discharge (ESD) sensitivity tests were performed with 

an Albany Ballistic Laboratories instrument. DSC/TGA measurements were done with a TA Instruments 

SDT Q600. Alumina pans were used, and the experiments were run at 10 °C/min under a 100 mL/min 

flow of nitrogen. 

 

 

Results and Discussion 

 

 Encouraged by other work with boron carbide in our laboratories,
11

 we considered the use of this 

fuel in smoke compositions. Upon further investigation, it was found that Lane and co-workers reported 

in 1968 that “A 30/70 mix of boron carbide and lithium perchlorate generated a good cloud of smoke.”
12

 

This appears to be the first documented use of boron carbide as a fuel in a pyrotechnic composition. 

Calculations using the NASA CEA Code
13

 suggest that B4C is a very energetic fuel, as indicated by the 

predicted adiabatic flame temperatures of B4C/KNO3 mixtures (Figure 1). The main combustion products 

of a 15/85 B4C/KNO3 mixture are predicted to be 68.1% KBO2, 11.7% N2, 5.1% BO2, 4.9% CO, 4.5% 

B2O3, and 4.2% CO2 (all chemical percentages in this report are weight percentages). The permanent gas 

products N2, CO, and CO2 should help disperse the smoke. The main predicted product, KBO2, should be 

mildly hygroscopic, a factor that benefits smoke performance. Despite these indications, binary 

B4C/oxidizer mixtures are not expected to be ideal smoke compositions due to high temperatures which 

cause the emission of flame and light (note the predicted 5.1% BO2, a green light emitter, in the above 

example). 
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Figure 1. NASA CEA Code adiabatic temperatures for B4C/KNO3 mixtures. 

 

 To make an effective smoke composition from B4C/KNO3, other components are needed to lower 

the reaction temperature to minimize light output. In this study, we considered three: potassium chloride, 

lithium phosphate, and ammonium chloride. These chemicals, referred to as “smoke agents” from here 

on, were chosen for their differing predicted behavior. KCl is significantly volatile at temperatures above 

1500 K (Figure 2),
14

 and should serve as an inert diluent while also contributing to the smoke cloud. 

Li3PO4 was chosen for its phosphorus content. Phosphates are known to undergo reduction when paired 

with energetic fuels.
3, 15

 Reduction of phosphate gives lower phosphorus oxides or elemental phosphorus, 

which should increase the performance of the smoke. NH4Cl undergoes pseudo-sublimation by 

decomposition to NH3 and HCl. Subsequent recombination of these gases gives dispersed NH4Cl which is 

known to be a good smoke agent in certain compositions (such as the Yershov mixture).
1
 

 

 
Figure 2. Vapor pressure of KCl as a function of temperature. 

 

 Hand-held signal (HHS) tubes, made of kraft fiberboard, were loaded with 70/15/15 mixtures of 

KNO3/B4C/smoke agent. Even with the 15% “smoke agent” in these mixes, there was still a substantial 

amount of flame, light, and spark output (Table 2). The mixes burned quickly, with inverse rates ranging 

from 2.4 to 4.9 s/cm. However, the compositions did produce a substantial amount of white smoke, as 

intended. 
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Table 2. HHS tubes containing 70% KNO3 / 15% B4C / 15% smoke agent. 

 

Smoke Agent 
Inverse Burn 

Rate (s/cm) 
Smoke Flame Sparks 

KCl 2.6 high medium high 

Li3PO4 4.9 medium medium high 

NH4Cl 2.4 high medium medium 

 

 The above results indicated that an additional component was needed to suppress flame and spark 

output. Six organic additives were tested for this purpose (Table 3). Generally, the qualitative aspects 

(smoke, flame, sparks) of the Li3PO4 compositions were insensitive to the presence of additives. The 

NH4Cl and KCl compositions were more responsive. Calcium stearate had a profound effect on the KCl 

and NH4Cl compositions, reducing flame and spark output substantially. The composition containing KCl 

and calcium stearate gave high smoke output with minimal flame and no sparking, and qualitatively was 

the best composition in this set of experiments. Four of the additives, poly(vinyl alcohol), melamine, 5-

aminotetrazole, and imidazole, had little influence on the burn rates. In contrast, calcium stearate and 

stearic acid reduced the burn rates dramatically. Stearic acid gave the slowest rates, but these 

compositions exhibit more flaming than their calcium stearate analogs. 

 

Table 3. HHS tubes containing 65% KNO3 / 15% B4C / 15% smoke agent / 5% additive. 

 

Smoke Agent Additive 
Inverse Burn 

Rate (s/cm) 
Smoke Flame Sparks 

KCl poly(vinyl alcohol) 2.5 medium medium high 

KCl calcium stearate 13.4 high low none 

KCl melamine 2.8 medium medium high 

KCl 5-aminotetrazole 2.6 high high low 

KCl imidazole 2.6 medium low low 

KCl stearic acid 20.9 high medium low 

Li3PO4 poly(vinyl alcohol) 5.2 medium medium high 

Li3PO4 calcium stearate 12.0 medium medium high 

Li3PO4 melamine 4.4 medium medium high 

Li3PO4 5-aminotetrazole 3.5 medium high high 

Li3PO4 imidazole 3.4 medium low high 

Li3PO4 stearic acid 13.3 high medium high 

NH4Cl poly(vinyl alcohol) 2.6 medium high high 

NH4Cl calcium stearate 17.7 medium low low 

NH4Cl melamine 2.9 medium medium medium 

NH4Cl 5-aminotetrazole 2.4 high high high 

NH4Cl imidazole 2.0 high medium low 

NH4Cl stearic acid 21.3 medium medium low 
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 The calcium stearate content may be used to control burn rate. HHS tubes containing an 85/15 

ratio of KNO3/B4C, a fixed 20% level of KCl, and varying amounts of calcium stearate were tested in 

HHS tubes (Table 4). Changing from zero to 1% calcium stearate gave a large decrease in the burn rate, 

while further increases resulted in smaller decreases. 

 

Table 4. HHS tubes containing an 85/15 ratio of KNO3/B4C, 20% KCl, and various amounts of 

calcium stearate. 

 

Ca Stearate 

(wt%) 

Inverse Burn 

Rate (s/cm) 
Smoke Flame Sparks Slag 

0 2.5 high medium none low 

1 10.2 high low none low 

2 11.4 high low none low 

3 12.8 high low none medium 

4 14.1 medium medium none medium 

5 15.3 medium medium none high 

 

 A plot of inverse burn rate versus calcium stearate level is linear in the 1-5% range (Figure 3). 

Therefore, small changes in the calcium stearate content may be used to fine-tune the burn rate in a 

predictable way. Levels above 5% are not practical, as the amount of slag upon burning increased 

noticeably when calcium stearate was changed from 3 to 5%. The 2% level was identified as the sweet 

spot, where slag formation was still low and also where sub-percent changes in the additive level did not 

have a large effect on burn rate. (This last point is applicable to reliable and reproducible manufacturing.) 

Figure 4 shows the 2% calcium stearate composition being tested. 

 

 
Figure 3. Inverse burn rates from Table 4 as a function of calcium stearate content. 
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Figure 4. Test of an HHS tube containing the 2% calcium stearate composition from Table 4. 

 

 With calcium stearate identified as in ideal additive for KNO3/B4C-based smoke mixes, a series 

of experiments was devised to test the effect of changing the smoke agent content. The calcium stearate 

and B4C levels were fixed at 2% and 13%, respectively. Smoke agents were varied from 15-40% as KNO3 

content changed from 70-45%. These compositions were pressed into small stainless steel cans, a 

convenient configuration for small scale testing (Table 5). The smoke agent level had little influence on 

the burn rates. Some compositions did not sustain propagation. One of the KCl compositions and many of 

the NH4Cl compositions did not continue burning after being initiated by the igniter slurry. Surprisingly, 

the 15% KCl composition did not sustain propagation, even though this should be the most energetic 

mixture in this series (since KCl serves as a diluent). It is conceivable that, in this case, not enough slag is 

generated by the reaction to transmit sufficient heat to the next layer. Other 15% KCl compositions 

burned well in HHS tubes, which are considerably larger, so the item diameter may also be a contributing 

factor. Many of the NH4Cl compositions did not propagate. NH4Cl undergoes pseudo-sublimation at a 

relatively low temperature (200-250 °C) and this process is highly endothermic. Meanwhile, B4C/KNO3 

does not ignite until it is heated above 450 °C (Figure 5). Indeed, the DSC/TGA plots of the 15% NH4Cl 

composition (which did sustain propagation) show the complete loss of NH4Cl before any exothermic 

processes occur (Figure 6). This mismatch between the smoke agent sublimation point and the 

ignition/combustion temperature of B4C/KNO3 is responsible for the failure of compositions containing 

over 20% NH4Cl. In general, endothermic processes which occur at low temperatures (below the 

temperature required for fuel/oxidizer reaction) can inhibit reaction propagation in pressed pyrotechnic 

compositions. A wet newspaper provides a suitable analogy – the paper will not ignite until the water has 

evaporated. 
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Table 5. Stainless steel cans containing 13% B4C, 2% calcium stearate, and various amounts of 

KNO3 and smoke agent. 

 

KNO3 

(wt%) 

Smoke 

Agent 

Smoke 

Agent 

(wt%) 

Propa-

gation 

Inverse 

Burn Rate 

(s/cm) 

Smoke Flame Sparks Slag 

70 KCl 15 no 
 

      
 

65 KCl 20 yes 14.4 high low none low 

60 KCl 25 yes 13.0 high low none low 

55 KCl 30 yes 13.3 high low none low 

50 KCl 35 yes 13.5 medium low low medium 

45 KCl 40 yes 13.6 medium low low high 

70 Li3PO4 15 yes 11.9 high medium medium medium 

65 Li3PO4 20 yes 12.6 high medium medium medium 

60 Li3PO4 25 yes 11.8 medium medium low medium 

55 Li3PO4 30 yes 11.1 medium medium medium high 

50 Li3PO4 35 yes 11.0 medium low medium high 

45 Li3PO4 40 yes 11.7 low low low high 

70 NH4Cl 15 yes 15.2 medium low low medium 

65 NH4Cl 20 yes 20.7 low low low medium 

60 NH4Cl 25 no 
     

55 NH4Cl 30 no 
     

50 NH4Cl 35 no 
     

45 NH4Cl 40 no 
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Figure 5. DSC/TGA of a 15/85 B4C/KNO3 mixture. 

 

 

 
Figure 6. DSC/TGA of the 15% NH4Cl composition (APS-1619) from Table 5. Note the large 

endothermic peak at about 250 °C due to pseudo-sublimation of NH4Cl. 

 

 Unlike NH4Cl, the other smoke agents KCl and Li3PO4 do not undergo any endothermic 

processes at low temperatures. DSC/TGA plots of the 25% KCl composition and the 15% Li3PO4 

composition show only endotherms associated with the KNO3 phase transition (135 °C) and melting (332 

°C) prior to thermal onset (Figures 7 and 8). 
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Figure 7. DSC/TGA of the 25% KCl composition (APS-1609) from Table 5. 

 

 

 
Figure 8. DSC/TGA of the 15% Li3PO4 composition (APS-1613) from Table 5. 

 

 Transmittance-based measurements may be used to quantify the effectiveness of screening 

smokes. The Beer-Lambert law is used to define the figures of merit FOMmc (mass composition figure of 

merit) and FOMvc (volume composition figure of merit). In the first, transmittance is related to the starting 

mass of the composition. In the second, transmittance is related to the starting volume of the composition. 

The two figures of merit are related by the density of the composition. In these equations, V is the volume 

of the smoke chamber (m
3
), T is the transmittance, L is the path length (m), mc is the composition mass 
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(g), vc is the composition volume (cm
3
), and ρc is the composition density (g/cm

3
). The units of FOMmc 

and FOMvc are m
2
/g and m

2
/cm

3
, respectively. 
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 For each smoke agent in Table 5, the best composition was qualitatively selected. These 

compositions (Table 6) were pressed into 1-gram bare pellets and used for quantitative smoke chamber 

tests. AN-M8 HC pellets were tested for comparison. Five to seven pellets were tested per composition 

and the results were averaged. The results are presented in Table 7. 

 

Table 6. Components (wt%) of experimental compositions selected for smoke chamber testing. 

 

Composition B4C KNO3 KCl Li3PO4 NH4Cl Ca Stearate 

APS-1609 13 60 25 
  

2 

APS-1613 13 70 
 

15 
 

2 

APS-1619 13 70 
  

15 2 

 

 

Table 7. Results of smoke chamber tests. (Standard deviations in parentheses.) 

 

Composition 

Burn 

Efficiency 

(%) 

Residue 

(%) 

FOMmc 

(m
2
/g) 

FOMvc 

(m
2
/cm

3
) 

°C % RH 

HC (AN-M8) 
 

49.0 (0.8) 1.99 (0.14) 4.82 (0.35) 22.6 (1.3) 32.7 (2.4) 

APS-1609 95.0 (3.8) 10.2 (2.3) 1.80 (0.05) 3.16 (0.09) 28.8 (0.4) 38.4 (1.5) 

APS-1613 
 

45.7 (2.7) 1.29 (0.05) 2.27 (0.09) 29.7 (0.2) 36.4 (0.5) 

APS-1619 
 

38.0 (3.9) 1.04 (0.12) 1.77 (0.20) 29.8 (0.1) 37.3 (1.7) 

 

 The KCl composition, APS-1609, burned with high efficiency as indicated by the low amount of 

residue (slag) remaining after burning. These pellets also exhibited the unusual tendency to leave small 

crescent-shaped rinds of unburnt material, which were easily distinguished from combustion residue. 

These rinds could be separated from the residue, which allowed a calculation of burn efficiency (the mass 

percentage of pellet that burned). The other compositions left much more slag and no unburnt material 

could be detected. The most effective smoke was generated by the HC pellets, which had an FOMmc of 

1.99  0.14 m
2
/g. APS-1609, with a value of 1.80  0.05 m

2
/g, was remarkably competitive. The Li3PO4 

(APS-1613) and NH4Cl (APS-1619) compositions were not as effective and left a considerable amount of 

slag. 

 The FOMmc values were not directly correlated with the percentage of remaining slag. Clearly, it 

is beneficial for a smoke composition to leave minimal slag, since more material will be volatilized and 
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become smoke. However, the nature of the volatilized material is also quite important. ZnCl2 is highly 

hygroscopic, even at low relative humidity. This makes HC smoke incredibly effective even though half 

the mass of the composition is not volatilized. APS-1609, containing KCl, derives its performance mainly 

from its high efficiency (only 10% slag). The components of this smoke are not vigorously hygroscopic. 

APS-1619, containing NH4Cl, is also not expected to produce any vigorously hygroscopic products. It 

leaves a large amount of slag, and its performance suffers as a result. APS-1613, containing Li3PO4, 

performed fairly well given the large amount of slag it left. It was hypothesized that burning Li3PO4 

compositions would result in reduction of phosphate. This hypothesis was confirmed in an unexpected 

and alarming way, when the strong fishy-garlic odor of phosphorus and phosphines emanated from the 

residues. Clearly, the reduction was extensive! It is likely that phosphorus oxides were formed in the 

smoke cloud. These are extremely hygroscopic and help to improve the effectiveness of the smoke. 

 While APS-1609 is comparable to HC on a mass basis, its FOMvc value is significantly lower. 

This is due to the high density of the HC pellets (2.43 g/cm
3
). The experimental pellets of APS-1609, 

APS-1613, and APS-1619 had densities of 1.75, 1.76, and 1.70 g/cm
3
, respectively. Density is important 

for smoke compositions since many smoke items are limited by volume. Of course, the density of pressed 

compositions depends on consolidation pressure. The densities listed above are for 1-gram pellets 

consolidated at 69 MPa. 

 The smoke chamber tests described above show that small scale testing is feasible for the 

characterization of experimental smoke compositions. However, it is important to remember that many 

pyrotechnic compositions are sensitive to configuration, and it cannot be assumed that small scale tests 

will yield the same results as larger ones. Some smoke compositions simply fail to burn reliably on a 

small scale, making quantification by small scale tests difficult or impossible. In our experience, TA 

compositions are particularly troublesome. Many variations were attempted, but the pellets either burned 

with a strong flame (and little smoke) or did not sustain propagation. This is not surprising, since the 

thermal balance in an organic sublimation smoke, such as TA, is quite delicate. Drastic changes in 

configuration (from a grenade can down to a small bare pellet) disrupt this balance. Inorganic smokes, 

such as HC and the experimental boron carbide-based compositions, appear to be more robust and less 

sensitive to configuration changes. From large fiberboard tubes, to stainless steel cans, to small bare 

pellets, the B4C-based smokes described in this study display clear trends which hold across these 

different configurations. This robustness may be due to the fact that the compositions burn at a relatively 

high temperature, thus minimizing the role of heat transfer to the surroundings. 

 Sensitivity testing was also performed on the same three experimental compositions selected for 

smoke chamber testing. The compositions are remarkably insensitive to impact, friction, and electrostatic 

discharge (ESD). No ignition was observed, even at the highest settings available (31.9 J for impact, 360 

N for friction, and 9.4 J for ESD). The 9.4 J sparks violently scattered the powdered compositions, but no 

ignition occurred. Further tests are required to determine whether this spark insensitivity holds for thin 

wafers of consolidated material. Nonetheless, these initial results are beneficial for the future 

development of these compositions. 

 

 

Conclusion 

 

 We have developed environmentally benign white smoke compositions that use boron carbide as 

a pyrotechnic fuel. The compositions were developed by a combination of first principles reasoning and 

empirical experimentation. Calcium stearate was found to have a large effect on the burn rates, slowing 

them considerably. This additive was also particularly good at reducing flame and sparks in some 

formulations. Small scale smoke chamber studies indicate that one formulation, APS-1609, has 

performance close to that of HC on a mass basis. The continuing development of boron carbide-based 

smoke compositions is an active area of research in our laboratories. Recently, it was found that a 

13/75/10/2 mixture of B4C/KNO3/H3BO3/calcium stearate (APS-362) also generates thick white smoke. 
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We are continuing to explore the potential of B4C-based smokes by examining the use of alternate smoke 

agents, oxidizers, and organic additives. 
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Abstract
Differential Scanning Calorimetry (DSC) has been used to characterise a series of pyrotechnic
compositions prepared using leafing grade aluminium fuel with a range of oxidants, including
nitrates and chlorates.  While leafing grade aluminium is generally less reactive than uncoated
aluminium, some reaction is observed between some oxidants and the flake aluminium above 310
◦C.  The small exotherm observed may be attributed to a reaction between the oxidant and the
coating on the leafing grade aluminium.  Further studies undertaken with gas
chromatography/mass spectrometry (GC/MS) on leafing grade aluminium flake indicate that
solvent is trapped within “dry” aluminium flake, and the solvent, or aluminium coating,
undergoes significant thermal oxidation in air at 60◦C.

Introduction
Aluminium powder is often employed in pyrotechnic flash/bang devices, and it may be used as a
fuel in explosives.  Typically, aluminium powder is naturally passivated by an external oxide
layer which reduces its reactivity, otherwise it could react spontaneously with oxidants in a
composition. This study reports results for stearic acid coated flake aluminium, also called leafing
grade aluminium, used in combination with a range of common oxidants. In leafing grade
aluminium the metal surface has been passivated with stearic acid so the metal flakes retain their
silver sheen. Leafing grade aluminium, as used in this study, is manufactured as a paste using a
solvent, e.g. white spirits, and it is used commercially to make metallic paints. The increased
stability of both leafing and non-leafing grades of aluminium has previously been compared to
aluminium oxide coated aluminium 1,2.  The former aluminium grades provide higher combustion
enthalpies than the oxide coated aluminium, and this may be useful in pyrotechnic compositions
1,2. Increased storage stability has also been ascribed to hydroxyl terminated polybutadiene
(HTPB) coated aluminium compared to oxide coated aluminium 2.  However, earlier work
showed that leafing grade aluminium flake may be less stable in pyrotechnic compositions 3.

Thermal analysis is widely used for the analysis of pyrotechnics 4,5. As the temperature increases
an exothermic reaction occurs when the oxidant and fuel react, however incompatibility between
the components of the composition can sometimes be indicated by exothermic reactions at lower
temperatures.  Differential scanning calorimetry (DSC) has been used in this study to observe the
reactivity of leafing grade aluminium under nitrogen and air, compared to aluminium powder.
DSC has also been used to observe the reactivity of pyrotechnic compositions prepared using
both leafing grade aluminium and aluminium powder with some common oxidants 3.
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In addition to DSC, solid phase microextraction (SPME) of the head space of aged samples of
leafing grade aluminium, aluminium powder, and some pyrotechnic compositions containing
these fuels has been studied by gas chromatography mass spectrometry (GC/MS). SPME will
detect organic chemicals in the vapour phase from the samples, but not chemicals remaining only
on the samples surface. These studies are used to show the relative reactivity of leafing grade
aluminium compared to aluminium powder in aged pyrotechnic compositions.  If leafing grade
aluminium is more reactive, and less stable in storage, it is less suitable for pyrotechnic
compositions.  In addition, a better understanding of the thermal and GC/MS characteristics of
pyrotechnics containing leafing grade aluminium can be used for forensic analysis, as occurs
routinely with explosives analysis 6-8.

Experimental
Aluminium paste (Silveral leafing/standard grade SA16, Ecka Granules Australia Pty Ltd, particle
size 15.6 m Malvern d50) was dried to constant mass in a fume hood at room temperature for at
least two days, with occasional stirring, to remove white spirit solvent which comprised
approximately 33% w/w of the paste.  This produced the leafing grade aluminium flake (Alf) for
this study, however it would be anticipated that some solvent would remain entrapped within the
Alf. The Alf was sieved through a BSS #52 sieve (Endicotts Test Sieve, 300 m).  Uncoated fine
aluminium powder (Alp, Comalco CAP 45A), passed through a BSS #120 sieve was used in
some compositions.  Ammonium nitrate (AN, Orica prills), sodium nitrate (SN, BDH), potassium
nitrate (PN, Ajax), barium nitrate (BN, Ajax Unilab), strontium nitrate (StN, Ajax Univar),
sodium chlorate (SC, Consolidated Chem. Co.), potassium chlorate (PC, Ace Chemical Co.), and
potassium perchlorate (PP, St Mary’s Munitions Filling Factory NSW) were ground in a mortar
and pestle to pass through a BSS #52 sieve, and dried at about 95 °C overnight.  The flake
aluminium, or aluminium powder, was then sieve mixed with each oxidant three times through a
BSS #52 sieve.  Compositions for thermal analysis were always 10 % w/w aluminium and 90 %
w/w oxidant.

The Differential Scanning Calorimeter (DSC, TA Instruments Q10 V9.9 Build 303) was run
using 2 to 10 mg, 10:90 aluminium/oxidant mixture, at 5 °C/minute from room temperature in
aluminium pans, under nitrogen to either 450 or 550 °C. Open aluminium pans were used as well
as pans with perforated lids and lightly lidded aluminium pans. DSC measurements were also
undertaken on Alf, Alp, and each oxidant, by themselves under these conditions.  No significant
results were observed for any sample below 50 °C and DSC traces are shown starting from 50 °C.

Head space vapour was extracted using solid phase micro-extraction (SPME) from 20 ml glass
SPME sample vials, followed by gas chromatography / mass spectrometry (GC/MS) analysis
using a Varian 4000 (Agilent Technologies) ion trap instrument.  The SPME fibre was
polydimethylsilane (PDMS)-divinyl benzene (DVB); Supelco 65 m.  For extraction, the sample
was heated at 60 °C, with a pre-incubation of 10 minutes. Solid phase microextraction occurred
for 10 minutes, with a desorption time of 5 minutes in the GC injector.  The SPME fibre was
baked out between the chromatographic runs at 250 °C for 5 minutes.

The injector on the GC/MS was set at 200 °C, with a split ratio of 50:1, and a column flow of 1.1
mL/min.  The GC column (Restek® RTx-5MS, 15 m, 0.25 mm ID, 0.25 μm df) was held at 2
minutes at 50 °C; then ramped from 50 to 250 °C at 7.5 °C/minute and held at 250 °C for one
minute; ramped from 250 to 280 °C at 20 °C/minute; and finally held at 280 °C for 4 minutes,
resulting in a total run time of 35.17 minutes.  All of the peaks examined from the GC/MS
chromatograms were above a signal to noise ratio of 2:1.  The ion trap MS parameters used
positive electron ionisation (EI); scan range of mass-to-charge ratio (m/z) 45-450; scan rate of 1.8
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Hz; and a 300 V multiplier offset.  The target total ion current (TIC) was 10000 counts, with an
emission current of 10 μA. The NIST mass spectral library was used for tentative compound
identification.

GC/MS samples were placed in 20 ml glass SPME vials with brass caps and rubber septums.
Selected samples were aged for 47 days at 60 °C, including Alf and some pyrotechnic
compositions: Alf/ammonium nitrate (AlfAN 10:90), and Alf/potassium chlorate (AlfPC 10:90).
Distilled water was added to some samples to observe whether the effects of moisture on ageing
of Alf and the pyrotechnic compositions could be observed.

Results and Discussion

Differential Scanning Calorimetry (DSC) Measurements
Earlier work showed that Alf with a range of pyrotechnic oxidants produced exotherms above 310
°C 3.  In those studies, loosely fitting lidded DSC pans were employed under nitrogen, however
no difference was observed using loosely fitted lids, perforated lids or open pans in subsequent
repeated studies reported here.  Some additional DSC measurements have also been undertaken to
observe the effects of oxygen. It would be expected that if air had been used instead of nitrogen
gas an exothermic reaction between Alf and oxygen would also produce an exotherm. It is
however not expected that the Alf or Alp will react with nitrogen gas since the samples were
always kept below 550 °C.  Significant reaction of highly reactive nano-aluminium powder with
nitrogen is generally not observed below 550 °C 9. To better understand the reaction with oxygen,
open pans were employed for DSC studies on Alf, and also on Alp, under air. DSC results for Alf
and Alp are shown in Figures 1 and 2 respectively.

Figure 1: DSC traces for Alf under nitrogen gas and under air
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Figure 2: DSC traces for Alp under nitrogen gas and under air

In the presence of air, a large broad exotherm occurs for Alf starting at about 145 °C and peaking
at about 295 °C, but this exotherm is not evident under nitrogen gas. There was no evidence of
stearic acid melting in the DSC trace, although it would be expected at 69.6 °C 10. Melting of the
stearic acid coating may result in increased oxidation of the aluminium in air. It may be noted that
for Alp, some exothermic heat generation occurs at high temperature under air compared to
nitrogen gas, but the Alp is relatively unreactive compared to Alf.

When Alf is mixed with barium nitrate (BN), in a 10:90 w/w composition (AlfBN), a small
exotherm is observed in the DSC at about 370 °C (Fig. 3).  Overlaid on this Figure 3 are DSC
traces for stearic acid / BN (10:90 w/w), and BN alone.  Melting of stearic acid is observed at
68.1 °C.  It is possible that strong surface binding of stearic acid to aluminium in Alf limits
observation of stearic acid melting. The melting point of BN is known to be about 592 °C 11.

Figure3: DSC traces for stearic acid/BN, BN, and AlfBN under nitrogen gas
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Further DSC studies compared AlfBN and AlpBN at 10% w/w aluminium fuel (Fig. 4).  Some
differences in the instrumental baseline are pronounced for these low heat flow measurements,
however multiple DSC measurements, on multiple compositions, always displayed the exotherm
with a maximum heat flow at about 370-375 °C. In Figure 4 the DSC exotherm for AlfBN is very
pronounced, occurring at 375 °C, while no exotherm occurs for AlpBN. The observed exotherm
for AlfBN appears characteristic of a reaction of the Alf with the oxidant.

Figure 4: DSC traces for AlfBN and AlpBN under nitrogen gas

The Alf employed was generally dried at room temperature for at least two days, to constant
mass, however it was expected that there would still be residual traces of white spirits present
entrapped in the flakes. Some AlfBN was therefore prepared using Alf that had been dried at 60
°C, below the melting point of stearic acid.  The DSC for Alf(60°C)BN is compared to AlfBN in
Fig. 5.  There are some small differences, however the exotherm at 375°C remains, indicating that
the exotherm for AlfBN is not related to residual solvent on the Alf. Further studies are underway
to investigate whether the entrapped white spirit affects thermal properties of the other oxidants.
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Figure 5: DSC traces for AlfBN and Alf(60°C)BN under nitrogen gas

The DSC results for a range of aluminium fuels and oxidants observed in this study, including
those earlier reported, are presented in Figures 6-10 and Table 1 3. Endotherms were observed for
solid-solid phase transitions and melting. For sodium nitrate, the endotherm at about 275 °C is
attributed to a solid-solid phase transition, while melting occurred at, 309 °C, close to the
expected at 307 °C 11.  A small exotherm is observed at 377-387 °C for AlfSN, but not AlpSN
(Fig. 6).

Figure 6: DSC traces for sodium nitrate, AlfSN, and AlpSN under nitrogen gas 3

For potassium nitrate the endotherm at about 130 °C is a solid-solid phase transition 11, and the
melting point at 335 °C, may be compared to the literature value of 334 °C 11.  There was poor
evidence of a small exotherm at about 410 °C for AlfPN (Fig. 7), however it was not always
reproducible.  The AlpPN never showed an exotherm in this region.
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Figure 7: DSC traces for potassium nitrate, AlfPN, and AlpPN under nitrogen gas 3

It is noted that the melting points of the pure SN and PN do not appear very different to their
melting points in the compositions, suggesting that the melted stearic acid is not significantly
influencing the melting points of the oxidants. It should also be noted that the boiling point of
stearic acid is expected at 383 °C, and although there is no evidence of an endotherm at this
temperature there is the possibility that vapourisation or decomposition of the stearic acid is
associated with the small exotherms in this temperature region for Alf based compositions.  Loss
of the stearic acid coating may expose the aluminium surface to oxidation.

Strontium nitrate (StN), like barium nitrate, has a melting point above the temperature range of
this study, however an exotherm was observed at 364 °C for AlfStN, but not for AlpStN (Fig. 8).
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Figure 8: DSC traces for strontium nitrate, AlfStN, and AlpStN under nitrogen gas 3

With sodium chlorate, melting was observed at 263.5 °C, higher than that expected at 248 °C 12,13.
Sodium chlorate decomposes exothermically, however it appears that the presence of Alf or Alp
results in decomposition at a significantly lower temperature than the 468 °C observed for the
oxidant by itself (Fig. 9).  A sharp reproducible exotherm at 311 °C was observed with AlfSC, but
was not observed with AlpSC
.

Figure 9: DSC traces for sodium chlorate, AlfSC, and AlpSC under nitrogen gas
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For the potassium chlorate (PC) based samples the melting point was observed at at between
356 °C and 360 °C (Fig. 10) compared to the literature value of 356 °C 11. It is not clear whether
additional exotherms can be discerned for AlfPC compared to PC alone.  By itself, potassium
chlorate decomposes exothermically at about 407 °C, but AlfPC shows some additional structure
in the exotherm above 400 °C which needs to be further clarified. Further studies that include
AlpPC may also assist in interpreting the AlfPC DSC scan.

Figure 10: DSC traces for potassium chlorate, AlfPC under nitrogen gas 3

For ammonium nitrate and AlfAN, two phase transitions are observed prior to melting at about
170 °C as expected 11, with decomposition between 256 and 263 °C in this study.  No additional
exotherm could be observed at higher temperatures due to decomposition of the AN, as
previously noted using thermal gravimetric analysis 3.  Further studies using AfpAN are planned.

Figure 10: DSC traces for ammonium nitrate, and AlfAN under nitrogen gas 3
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Table 1:Differential Scanning Calorimetry results on all samples*.
Composition DSC peaks (◦C)

AlfAN 51.1↓ 88.5↓ 169.9↓ 262.8↓
Ammonium

Nitrate 52.2↓ 88.8↓ 171.4↓ 256.4↓

AlfBN 335↑
shoulder

375↑

AlpBN

AlfPC 339.4↓
small

340.5↑
small 355.9↓ 401.9↑ 418.4↑ 509.6↓

small
512.5

↑
Potassium
Chlorate 359.7↓ 362.9↓ 407.4↑ 510↑

small
AlfPN 130.3↓ 336↓ (410↑)
AlpPN 130.3↓ 336↓

Potassium
Nitrate 131.0↓ 335.1↓

AlfPP 302.4↓ 535↑
small

Potassium
Perchlorate 302.9↓

AlfSN 274.9↓
small 307.4↓ 377 - 387↑

small

AlpSN 274.9↓
small 309↓

Sodium Nitrate 275.1↓
small 308.9↓

AlfSC 261.0↓ 310.7↑ 396.9↑ 412.4↑ 437.9↑ 460↑
small

AlpSC 261.0↓ 401↑ 448↑
Sodium
Chlorate 263.5↓ 440↑ 467.9↑ 505↑

small
AlfStN 127.0↓ 213.7↑ 364↑
AlpStN 127.0↓ 213.7↑

Strontium Nitrate
Endotherms are indicated ↓, while exotherms are shown as ↑. Barium nitrate, AlpBN, and
strontium nitrate had no features of note

Generally, relative to Alp/oxidant, additional exotherms for Alf/oxidant compositions are larger in
magnitude with oxidants in the order: AN ≈ PC < PN < SN < SC < BN ≈ StN.

The small DSC exotherms observed above 310 °C with Alf in various pyrotechnic compositions,
but not with Alp, could be associated with the stearic acid coating on the aluminium flake. This
coating may initially react with the oxidant, possibly after vapourising, although not evident with
a mixture of barium nitrate and stearic acid (Fig. 3). However further studies are planned with
Alf dried below the melting point of stearic acid to ensure that residual white spirits solvent in Alf
is not responsible for some of the observations.  The presence of residual white spirits in Alf was
confirmed by GC/MS studies.  Observations on the effect of drying Alf above the melting point of
stearic acid would also be of interest.
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Gas Chromatography Mass Spectrometry (GC/MS) Measurements
The SPME GC/MS chromatogram of Alf is presented in Figure 11.  The Alf has not been aged,
and has a high proportion of hydrocarbons present arising from residual white spirits solvent.
There are also some siloxane peaks in the GC/MS chromatogram due to both the SPME fibre and
the stationary phase of the GC column.

Figure 11: GC/MS chromatogram of unaged Alf

After ageing for 47 days at 60 °C there is a decrease in hydrocarbon peak height in the GC/MS
chromatogram but an increase in the peak height of a homologous series of aliphatic acids and
5-alkyl-2-tetrahydrofuranones (Fig. 12). Furanones, with a molecular structure like that in Figure
13, have a common fragment ion of m/z 84.9 and have also been observed in aged hydrocarbon
fuels 14. The retention times observed for the tentatively identified aliphatic acids and furanones
observed in aged Alf are presented in Table 2.  The longer chain acids and furanones are retained
longest by the GC column.
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Figure 12: GC/MS chromatogram of Alf aged at 60 °C for 47 days

Figure 13: Molecular Structure of 5-propyl-2-tetrahydrofuranone

Table 2 Retention times of aliphatic acids and furanones from Alf aged at 60 °C for 47 days
Aliphatic acids and 5-Alkyl substituted

 2-tetrahydrofuranones
GCMS Retention

Time (min.)
propanoic acid 0.68
butanoic acid 1.06
pentanoic acid 2.10

5-methyl-2-tetrahydrofuranone 3.02
hexanoic acid 3.81

5-ethyl-2-tetrahydrofuranone 4.88
heptanoic acid 5.60

5-propyl-2-tetrahydrofuranone 6.67
octanoic acid 7.36

5-butyl-2-tetrahydrofuranone 8.65
nonanoic acid 9.05

5-pentyl-2-tetrahydrofuranone 10.45
5-hexyl-2-tetrahydrofuranone 12.21
5-heptyl-2-tetrahydrofuranone 12.22

Oxidation of the hydrocarbons as observed in the aged Alf results in a range of long chain
aliphatic ketones, as well as aldehydes, and acids.  It is not known to what extent the stearic acid
degradation may contribute to the formation of these products, or the mechanism of degradation.
The aliphatic acids are readily observable by their broad, often saw tooth like peak.  They include
pentanoic, hexanoic, heptanoic, octanoic, nonanoic and decanoic acids.  When Alf was moistened
with distilled water prior to ageing at 60 °C for 47 days, the aged moistened Alf (9.99 mg Alf plus
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14.04 mg water) no longer showed significant aliphatic acid content in the sample vial headspace
(Fig. 14).  It is considered that the water aided in solubilising the long chain aliphatic acids. Long
chain aliphatic ketones are however still observed.

Figure 14: GC/MS chromatograms for Alf, and moistened Alf, aged at 60 °C for 47 days

A composition prepared from Alf and ammonium nitrate (AlfAN) was aged at 60 °C for 47 days
and the GC/MS chromatogram compared to unaged AlfAN and aged Alf.  The smaller amount of
Alf in the 10 mg sample of AlfAN, compared to 10 mg of Alf, reduced most GCMS peak heights
of the headspace sample compared to Alf by itself. Aged AN alone did not produce significant
observable degradation products. It was observed that ageing of AlfAN reduces the hydrocarbon
peaks arising from the Alf white spirits solvent significantly compared to unaged AlfAN
(Fig. 15). Compared to aged Alf some degradation products, such as 2-nonadecanone and
5-alkyl-2-tetrahydrofuranones, were observed in AlfAN.  As with moist Alf, moist AlfAN (9.95
mg AlfAN plus 9.6 mg water) aged at 60 °C for 47 days had markedly reduced peak magnitude
from long chain aliphatic acids such as hexanoic acid and heptanoic acid.  Similar results were
observed for aged AlfPC, e.g. 2-nonanone, 2-dodecanone, and 5-alkyl-2-tetrahydrofuranone
degradation products associated with the Alf thermal degradation.  It would be of interest to
observe whether ageing above the melting point of stearic acid at 69.6 °C 10 produces different
degradation products.
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Figure 15: GC/MS chromatograms for unaged dry AlfAN (green trace and text) and the aged
AlfAN (red trace and text).  Black text indicates compounds seen in both trace

Conclusion
Thermal analysis by DSC has shown that leafing grade aluminium (Alf) reacts readily with
oxygen as the temperature is increased above 145 °C, much more so than Alp which has an
unreactive aluminium oxide layer coating the metal.  DSC studies have also shown that Alf reacts
more readily than Alp with a number of pyrotechnic oxidants under nitrogen gas as the
temperature is increased above 310 °C. Additional exotherms are observable in the DSC for
compositions of Alf with sodium nitrate, barium nitrate, strontium nitrate and sodium chlorate.
The additional exothermic reactions observed above 310 °C do not appear to be directly
associated with residual white spirits solvent when barium nitrate oxidant was used, as they still
occur with oven dried Alf. However the possibility that the solvent may be involved when other
oxidants are employed cannot be all together discounted and further investigation will be required
to determine the extent to which this occurs. For AlfBN and some other Alf/oxidant compositions,
it is possible that the stearic acid coating on aluminium flake in Alf is reacting with the oxidant at
high temperatures prior to the main reaction between aluminium fuel and oxidant.

It has also been observed that when Alf is aged in air at about 60 °C a number of oxidation
degradation products are produced, in particular aliphatic ketones, aliphatic acids and
5-alkyl-2-tetrahydrofuranones.  These degradation products may be associated with residual white
spirits solvent, although the stearic acid coating has not been excluded from being involved in
these oxidation reactions.  In the pyrotechnic compositions tested, the thermal oxidation products
observed with ageing appear to be only those arising from the leafing grade aluminium, rather
than the oxidant, or from the Alf/oxidant interaction. The additional DSC exotherm observed
with Alf in pyrotechnic mixtures may be indicative of poorer stability of these compositions. The
observed headspace thermal degradation products may also be useful forensic markers of Alf
based compositions.

Generally, the observation of additional exotherms of Alf with some oxidants, prior to the main
oxidant/fuel reaction, as well as the observation of headspace chemicals associated with ageing of
the coating or solvent associated with Alf, suggests that the storage life of Alf/oxidant
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compositions may be shorter than Alp/oxidant compositions and therefore less useful for
pyrotechnic based munitions.
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ABSTRACT

We compare several optical techniques for characterisation and analysis of the burn-rate of
pyrotechnic and other energetic materials. In particular, we compare Schlieren imaging, optically filtered
white light imaging, and a low-cost photodiode based alternative approach. We find the latter can produce
comparable results to those obtained using high-speed photographic equipment. The sources of error are
similar between the techniques, and generally arise from the misalignment of the pyrotechnic or poor
quality illumination. Although these methods are considered in the context of burn-rate measurement,
they should also be suitable for characterisation of other properties, such as flame propagation and
intensity.

Introduction

Pyrotechnic materials are often used to generate certain specific ‘special-effects’, such as
illumination or smoke generation. A wide range of experimental techniques have been developed to
characterise such effects, including specialist optical, thermal and mechanical testing equipment, but are
often expensive to build or purchase (1).

A particularly important ‘special-effect’ is the generation of well-defined timing delays in
energetic devices, such as delayline detonators. To date measurement of the burn-rate of such pyrotechnic
compositions has been accomplished by various methods, including high-speed photography, photodiode
sensors, thermocouples and acoustic transducers (2). For example, Koga et al. developed a laser
illumination method in which a laser sheet was created across the measurement area (3). All other
wavelengths were filtered away with an optical band-pass filter to only show the reflected laser light,
hence improving the image quality. An alternative, but much less informative, approach is to incorporate
the pyrotechnic substance into an explosive train. The method is often applied to detonator assemblies
where the burning of the delayline is not visible. In those cases the burn-time is measured between two
optical, thermal or acoustic signals that result from the ignition of energetic elements before and after the
delayline, respectively.

The aim of the present paper is to compare the benefits of several established optical techniques,
applied in the context of pyrotechnic burn-rate characterisation. We compare high-speed Schlieren
imaging to provide contrast from optical inhomogeneities around the burning material, white light
illumination coupled with band-pass optical filters, and photodiode detection. The latter provides a very
low-cost technique giving accurate results for the overall burn-rate of an exposed device.

Experimental

The experimental part of the paper is divided to three sections, each of which consider one of the
optical methods and its application to pyrotechnic burn-rate measurements.
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High-speed Schlieren imaging

Schlieren imaging is an optical technique which enables density variations in an optical medium
(typically a gas) to be imaged, enabling faint features in the pyrotechnic burn to be distinguished. In
particular, the technique makes use of the variation of refractive index with density of the medium (and
hence the angle of refraction of incident light), and thus can provide information about the temperature
profiles. The density of air or any other material depends on the refractive index n according to

(1)

where ρ is the density of the material and k is the Gladstone-Dale coefficient (4).

Figure 1: Schlieren technique. Left: Light from a point source is collected with a convex lens and converged to

a slit. A converging mirror is located at a distance of fmirror, focal length of the mirror. Parallel light is created

between the two mirrors, forming a measurement volume. A knife edge is used to cut out the non-refracted

light, forming a Schlieren image. Right: Refraction of waves in a Schlieren experiment. Non-refracted light

converges to the focal point of the mirror. The light that travels through a medium with a temperature (and

thus density) unequal to the ambient temperature is refracted. The parallel light is cut with knife-edge,

whereas the refracted light forms the Schlieren image on the screen.

Figure 1 (left) shows the apparatus used for optical burn-rate measurement using Schlieren
imaging combined with high-speed photography. Light from a source is collected with a convex lens and
converged into a slit, creating a point-light source. One of a pair of converging mirrors is located at a
distance of fmirror, the focal length of the mirror, creating parallel light between the two mirrors and
forming a volume in which to perform measurements. Light was then refocused into a high-speed camera
(Photo-Sonics Phantom) using the second mirror and knife-edge. It was found that the sharpest images
could be formed when the sample was located at the focal point of the mirror, close to the camera. The
variation in the image quality in the different areas in the parallel light is due the fact that the mirrors are
not positioned perpendicular to their axis. To avoid distortions in the image the angle should be kept
small, preferably below f/6, where f is the focal length of the mirror (4).

Figure 1 (right) shows how air with varying density refracts light from the second mirror. When
the parallel, non-refracted light refracts from the mirror it converges to the focal point of the mirror. Any
light that goes through a medium with a temperature (and thus density) unequal to the ambient
temperature is refracted, hitting the concave mirror at a distorted angle. The distortion in the angle results
in the light not hitting the focal point. The knife edge is positioned at the focal point of the mirror so that
it cuts all but refracted light. The knife edge can be positioned either horizontally or vertically, depending
on the alignment of the original slit, to pick out horizontal or vertical features in the measurement.
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High-speed imaging with optical filtering

Direct optical imaging is much more straightforward than Schlieren imaging, but is hampered by
the large optical output of the burning process. Laser illumination and filtering has addressed this issue
(3;5), but requires the use of laser radiation, which is often inconvenient. Here we report similar success
with white light illumination and filtering, illustrated in Figure 2 (left). Here, the pyrotechnic is
illuminated with white light, then filtered with a 532±2 nm laser line filter (Thorlabs model FL532-10,
bandwidth of 10±2 nm), as indicated. The filter decreases the intensity of the flame allowing the flame
front position to be accurately detected.

The technique allows clear observation of the pyrotechnic burn, as illustrated in Figure 2 (right),
which shows the ignition of a match-head in a candle-flame. Note the detailed structure of the ignition
visible around the edge of the match. As with the Schlieren imaging, a high-speed camera (Photo-Sonics
Phantom) was used to record burn sequences with a frame rate of 200-500 frames per second for further
analysis.

Figure 2: Left: Apparatus for optical burn-rate measurement. The sample is illuminated with white light and

filtered through a 532±2 nm band-pass filter. The filter bandwidth allows the flame front of the pyrotechnic

to be seen clearly. Right: Burning of a match with a frame interval of 10 ms.

A burn-rate measurement technique with photodiodes

While the above techniques can be used to provide excellent quality burn-rate measurements, the
main limitation is the requirement for an expensive high-speed camera. In order to avoid this limitation,
an optical system based on photodiode detection was developed, shown schematically in Figure 3. The
pyrotechnic delayline is positioned under a metallic frame which has holes for optical fibres spaced by
20 mm, see Figure 4. Light from the flame front is routed through optical fibres to a series of photodiodes
(Centronic BPX65), the output from which is amplified (TL071 operational amplifier) and transferred to
an oscilloscope, which is triggered from the first diode output. During tests with gunpowder, the
unamplified photodiode output was approximately 5 mV. The burn-rate is calculated by plotting the time
difference between the voltage peaks and fitting a straight line through the points.

Figure 3: A schematic of an optical burn-rate measurement setup using photodiodes to measure the

propagation of a light pulse of a flame. The technique uses Centronic BPX65 photodiodes and TL071

operational amplifiers to measure the time between the light pulses caused by a flame. The circuit was

powered with approximately a 10 V input signal.
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Figure 4: Left: A schematic of the fibre optic holder for a photodiode burn-rate measurement system.

Right: The end of the fibre optic cable is cleaved and fitted in the smaller hole. The cables are protected from

the burning flames with a glass sheet.

Results and Discussion

Schlieren imaging technique

Figure 5 shows typical Schlieren images obtained following the output of a section of shock-
tubing. The resulting jet is clearly visible and its extent can be straightforwardly measured with time. In
particular, we note the variation in imaging with vertical alignment of the slit and the knife edge. The
difference in direction of the two affects the sensitivity of the apparatus to horizontal and vertical air
density changes.

Figure 5: The density difference in the body of the jet can be detected along vertical or horizontal lines,

depending on the angle of the knife-edge. The grid lines show the direction of the slit. The figures are

Schlieren photographs of a jet from shock-tubing. The temperature (and density) difference is seen best

either at the end (left) or at the top (right) of the jet when the knife edge is positioned vertically and

horizontally, respectively.

Figure 6 shows a series of high-speed images of a burning pyrotechnic delayline, using the
Schlieren technique. The burn is initiated using a hot-wire and proceeds from right to left within each
image (times are shown in the bottom right of each frame). In this case, the density variations in the
region above the burn and around the flame are made clearly visible by the technique. The measurement
reveals that the hot air above the flame (shown as a shadow in the images) initially is directed towards the
upper left, but bends from right to left as the burn progresses. The phenomenon suggests an increase in
the pressure behind the flame. However, no increase in the burn-rate was detected.
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Figure 6: Burning of a pyrotechnic delay. The burn is initiated from the right of the delay with a hot-wire

technique. The flame and the hot air above it starts to bend from one side to the other, as the burn progresses.

The phenomenon is seen as a dark shadow around the flame. Exposure of the video is 79 µs and the frame-

rate is 250 s-1. The diameter of the measurement (light grey) area is approximately 12 cm.

In terms of measuring the burn-rate of the pyrotechnic, we found the Schlieren setup is
particularly sensitive to any misalignment of the mirrors or lenses. The other major sources of error
include over-exposure of the high-speed camera, or under- or over-filtering the imaged source with the
knife-edge. However, these can be readily adjusted by the operator to give good results. Generally, the
technique provides a valuable tool to study pyrotechnic burn-rates, or other similar dynamic processes
such as the pressure waves created by shock-tubing (6) or the reaction kinetics of gas-phase materials (7).

Burn-rate measurement with optical filtering

Optical filtering gives excellent qualitative results, but these can also be quantified
straightforwardly. The burn-rate measurement results were collected as a high-speed video sequence.
These were analysed using a simple MATLAB script and give excellent burn-rate data, as illustrated in
Figure 7. For each frame, the intensity profile was smoothed using a moving average low-pass filter, and
the resulting peak was identified. The peak position with time was then plotted to give the flame position
with time.

Figure 7: An example of the data from a burn-rate measurement with filtered high-speed imaging. Top

left: A still image of a burning delay column. Left: The intensity of a single frame from the high-speed video.

Right: The resulting burn-rate of the pyrotechnic.

As shown in Figure 7 (right) the technique gives excellent data quality, as indicated by the highly
linear result. The main benefit of this technique is that, although not present in the current data, the
technique it is capable of distinguishing small variations in the pyrotechnic burn-rate. Generally, the main
sources of error in the experiment are due to poor illumination, over-exposure time or insufficient light
intensity of the flame. We note that the 10 nm bandwidth of the 532 nm filter used gave excellent results;
larger bandwidth would distort the input signal to the camera too much and a smaller would not let
enough light through.

602



Optical burn-rate measurement technique

Figure 8 shows a typical burn-rate measurement obtained using the photodiode apparatus.
Each of the output peaks could be clearly identified and plotted to give an accurate average burn-
rate measurement. The individual points give some indication of any variability in rate between
points, but obviously do not provide such a complete measurement as a high-speed video
approach. The error of the technique decreases with increasing number of channels included.

Figure 8: The output signals from photodiodes. The signal from channel 3 is smaller due to light absorption

from the sides of the photodiode.

This method is ideal for average burn-rate measurements, and provides a much more cost
effective approach, where no high-speed equipment is available. It is also particularly useful for repetitive
measurements where a uniform burn-rate is anticipated, as the data is much more readily analysed than
high-speed video results. The technique could potentially be extended further, as a simple microprocessor
could be incorporated to provide an automated measurement apparatus and avoid the use of an
oscilloscope. If the distance between the delayline and the optical fibres is kept constant, the system can
be calibrated to measure the intensity of the flame.

Summary and Conclusions

Three optical burn-rate measurement techniques have been discussed. The combination of
Schlieren and high-speed imaging enables burn-rate and temperature changes in the vicinity of the burn to
be distinguished. High-speed photography with a laser line filter can be used to image light-emitting
reactions. The burn-rate of the delays is analysed frame by frame, hence the error of the technique is small
and small variations in the burn-rate with time can be distinguished. The main disadvantage is that the
method requires expensive high-speed photographical equipment to work well. The final approach uses a
series of photodiodes to follow the reaction. The technique measures the light signals of the burning flame
which are positioned at well-defined distances along the delayline. The technique gives excellent average
burn-rate results with low equipment costs and is thus the preferred method if a constant burn-rate is
expected and it is not important to visualise changes in the during the experiment.
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ABSTRACT 
 

We report work on utilizing inkjet printing as a technique to prepare samples of energetic 
materials with sub-millimeter dimensions. Inkjet printing is broadly applicable to any material that can be 
dispersed or dissolved in a suitable fluid. Utilizing a fluid as a carrier allows inherent processing safety 
advantages, results in homogeneous deposition, and may be utilized to improve material properties 
through surface interactions, such as wetting and capillarity. A custom drop-on-demand inkjet printing 
system is utilized to deposit a dispersion of energetic material particles. This work involves deposition of 
two thermites with sub-micron particle size, consisting of Al/MoO3/dispersant and Al/Bi2O3/dispersant. 
Aspects of the printing process, characterization of the printed material, and results on reaction (e.g., 
combustion) of energetic materials deposited by inkjet printing are presented.  
 
 
Introduction 
 

Inkjet printing has been applied to the deposition of functional materials such as polymers, 
inorganic particles, conductors, and even living cells 1,2. It is an additive technique, well-suited for 
deposition of small quantities of materials to prepare structures with sub-millimeter to micron resolution. 
Inkjet printing is a versatile technique that can be applied to any material that can be formulated into a 
low-viscosity ink, either by dissolution, or by dispersion of fine particles (typically 5 micron diameter and 
smaller). Inkjet printing has recently been applied to the deposition of energetic materials 3-10. 
 

Thermites with sub-micron particle size are an interesting class of materials for small-scale 
combustion investigations and have been shown to self-propagate in microchannels as small as 100 µm 11, 
and microcapillaries as small as 150 µm 12. Due to relatively small fuel/oxidizer diffusion lengths and the 
resulting high combustion velocities, ignition and combustion at small length scales is possible. However, 
as length scales are decreased further, thermal loss to the confinement increases, eventually causing 
failure of the combustion. This paper discusses the use of inkjet printing as a means to prepare samples of 
sub-micron thermite to investigate combustion properties near the geometric limits of combustion 
propagation. 
 
 
Experimental 
 
 Inkjet printing was conducted using a modified motion control system (Robocaster) 13. The 
Robocaster is a modular system and can be used in inkjet mode, Robocasting mode (slurry extrusion 
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through a fine dispensing tip), or other modes with a variety of dispensing devices. A three-axis (x, y, & z 
motion) robot allows computer-controlled, programmable motion. The Robocaster used in this work can 
print on an area of roughly 190 × 100 mm with 16 µm accuracy and 1.3 µm bi-directional repeatability. 
The stage is precision-ground aluminum and can be heated from ambient to ~100°C. A custom graphical-
user interface (GUI) allows for computer-aided design and development of printing sequences. 
 

A piezoelectric P9 PipeJet™ dispenser (BioFluidix GmbH, Freiburg) was utilized for droplet 
dispensing 14. The PipeJet™ dispenser utilizes a 200 µm inner diameter fluid-filled polymeric capillary 
that is rigidly clamped in a fixture and struck with a piezoelectrically-driven piston. This striking action 
results in fluid displacement within the capillary and droplet ejection from the free end. A user defined 
sequence of stroke length, downstroke velocity, hold time, and upstroke velocity defines the droplet 
velocity, volume, and flight characteristics. Relatively low-viscosity fluids of ~0.5− 500 mPa s (~0.5− 
500 cP) can be deposited using the PipeJet™. A pulse generator is gated by the GUI to coordinate jetting 
with motion. Characterization of jetting of the Al/Bi2O3/dispersant ink was conducted using an adjustable-
delay strobe to “freeze” droplets for determination of droplet diameter (206 ± 10 µm) and droplet velocity 
(0.87 ± 0.01 m/s). A series of these images is shown in Figure 1. 
 

 

Figure 1. Strobe-illuminated photographs of Al/Bi2O3/dispersant ink droplet formation. 100 µs 
between images. The droplet diameter is 206 ± 10 µm with a velocity of 0.87 ± 0.01 m/s. 

 
Warning: The formulations discussed here were not tested for sensitivity, were formulated in 
batches <150 mg and were handled wet until sample preparation. These thermites are known to be 
extremely sensitive, especially with sub-micron bismuth oxide. Scale-up should not be conducted 
without sensitivity testing (especially to electrostatic discharge). 
 

Thermite ink was formulated by adding Al (120 nm, 17.8 m2/g, Novacentrix, Austin, TX), and 
MoO3 (42 m2/g, Climax Molybdenum, Sahuarita, AZ) or Bi2O3 (300 nm, 19 m2/g, Inframat® Advanced 
Materials™, LLC), to a 1.5 mL conical polypropylene vial. A dispersant solution (Solsperse® 32500 
Hyperdispersant, The Lubrizol Corporation, Wickliffe, OH), at a concentration of 10 mg/mL in a 70:30 
vol.% mixture of ethyl lactate and ethyl acetate was added to this vial. The ink concentration was adjusted 
to 100−150 mg/mL (solids to added fluid). The vial was hand-shaken to wet the powders and then 
agitated with an ultrasonic bath (Bransonics 1510, Branson Ultrasonics, Danbury, CT) for 10 minutes 
each on the degas and standard settings. The ink formulation was then agitated using an ultrasonic horn 
with a 2  mm tip (Sonics VC130, Sonics & Materials Inc., Newtown, CT) using twenty 0.5 second bursts 
over the course of one minute. After each printing cycle on a substrate, the ink was again agitated for 0.5 
s. Also, during printing, the ink was periodically mixed by drawing air bubbles through the reservoir. By 
drawing bubbles through the ink reservoir, superior top-to-bottom exchange in the reservoir was 
achieved, in contrast to the intense, but low-displacement mixing achieved by the ultrasonic horn. 
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Table 1. The two thermite formulations used in this work with percentages reported in weight 
percent. 

Aluminum 
(Al1.058O0.175), 
Novacentrix, 

120 nm, 17.8 m2/g, 
81% active 

MoO3, 
Climax 

Molybdenum, 
42 m2/g 

Bi2O3, 
Inframat® Advanced 

Materials™, LLC, 
300 nm, 19 m2/g 

Dispersant, 
Solsperse® 32500, 
Lubrizol Limited 

12.62 − 84.47 2.92 

31.20 65.89 − 2.92 
 

The thermochemical code Cheetah 5.0 15 was used to optimize the thermite propellant 
formulation. Aluminum, and either molybdenum oxide or bismuth trioxide was used for the base 
formulation. Polycaprolactone (~3 wt.%) was used as a generic organic molecule to approximate the 
dispersant used in the formulation. An iterative process was used during formulation to adjust the amount 
of dispersant such that it was 3% (~10 vol.%) with respect to the amount of Al and oxidizer. The final 
formulation was then corrected for the 19% native aluminum oxide on the 120 nm aluminum particles and 
rounded to arrive at each final formulation. The aluminum oxide was assumed to not contribute to the 
combustion, which is a reasonable and typical assumption. 

 
Glass 25 × 75 mm microscope slides were cleaned using a 5 wt.%  solution of Alconox, rinsed 

with deionized water and air dried. Four to eight of these slides were arrayed on the stage of the 
Robocaster. Printing was conducted with the stage heated to 45°C. Multiple print-dry cycles were 
performed to build thermite lines of up to 350 µm thickness. After printing, substrates were dried in air, 
followed by 10 minutes drying time in a 110°C oven. This thermal treatment was confirmed to remove all 
residual solvent within the detection limit of the balance used for mass measurements. After drying, a 
surface profiler (Dektak 8) with a 5 µm stylus was used to measure the printed line height at five locations 
on each sample. A second glass microscope slide was attached on top of the sample for confinement using 
epoxy (Devcon 20 minute) and small spacers to prevent crushing of the printed lines. 
 

 

Figure 2. Photograph of four Al/Bi2O3/dispersant thermite lines deposited by inkjet printing on a 
glass microscope slide. Ignition of the lines is on the left side, resulting in up to four combustion 

velocity experiments per sample. 
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 The thermite samples were ignited using two diode lasers (940 nm, >5 W, 100 µs) to allow up to 
four velocity measurements to be conducted with one test. Combustion in the thermite was monitored 
using a high-speed video camera (Fastcam MC2.2, Photron USA Inc.), operating at up to 16 000 frames-
per-second (fps, 63 × 10-6 s). The tracking function in image analysis software (Image-Pro Plus 7.0) was 
used to determine the position of the combustion front and the slope of the linear portion of the position-
time plot was used to determine the velocity. 
 
 
Results and Discussion 
 
 The two thermite formulations were characterized as a function of printing parameters. Numerous 
printed lines with center-to-center droplet spacings from 250−1000 µm were evaluated to determine that 
smooth-edged lines were achieved with 250 µm spacing, which was used for all subsequent printing. 
Density of the deposited thermite (numerous printed layers) was determined by careful mass and volume 
measurements of several samples using an analytical balance and surface profiler, respectively. The 
densities of deposited Al/MoO3/dispersant and Al/Bi2O3/dispersant were determined to be 1.47 ± 0.08 
g/cm3, (41% dense) and 4.12 ± 0.07 g/cm3, (68% dense), respectively. Several samples with different 
numbers of printing passes were used to establish that uniform printed line morphology was established 
after roughly 40 printing passes. Surface roughness due to the coffee-ring effect 16, was observed in lines 
with few passes, but was averaged out with subsequent printing passes. Scanning electron microscopy 
(SEM) and energy dispersive spectroscopy (EDS) were used to characterize the mixing and 
microstructure of the deposited material. Both thermite formulations were found to be relatively well-
mixed, but a detailed study on dispersion as a function of mixing procedure was beyond the scope of this 
work. 
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Figure 3. Scanning electron microscopy and energy dispersive spectroscopy micrographs of the top 
surface of the two printed thermites: Al/MoO3/dispersant (top row), Al/Bi2O3/dispersant (bottom 

row). Al = red, Mo or Bi = green. 

 
In the Al/MoO3/dispersant thermite, steady, conductive combustion was observed in some of the 

samples, in which a consistent combustion front was observed to steadily move through the printed 
thermite line at a velocity less than 1 m/s over the entire length of the line. A more typical result was a 
combination of steady, conductive combustion and unsteady, convective combustion in a single line. In 
this case, the combustion often started with a steady combustion front, but at some point the combustion 
velocity increased. This convective combustion front typically had a velocity (~100 m/s) of over two 
orders of magnitude higher than the steady, conductive combustion front. This phenomenon has been 
observed previously and attributed to gaps and cracks in the material promoting convective transfer of 
combustion products 12. It is possible that this transition resulted from a local void defect in either the 
confinement or printed thermite that resulted in a surface ignition front that rapidly moved over, or into, 
the thermite line causing a local reaction of material with a volume larger than the typical combustion 
front. This local larger-volume reaction may have initiated a transition to convective combustion due to 
the greater volume of combustion products moving into unreacted material ahead of the primary 
combustion front. A test of this for future work could be the addition of a deliberate void into the printed 
thermite line or epoxy. Of even greater interest is the observation that the convective combustion front 
sometimes transitioned back into a steady combustion. An example of this conductive-convective-
conductive transition is shown in Figure 4. It is possible that a compaction wave may have formed a 
higher density plug of material ahead of the convective combustion front causing eventual transition back 
to conductive combustion. This is speculative and no experiments to test this have been considered. 
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Figure 4. Combustion video (100 fps, 0.01 s) and combustion position data for Al/MoO3/dispersant 
thermite showing transition in combustion mode (conductive-convective-conductive). 

 
Also in the Al/MoO3/dispersant thermite, occasionally the deposited thermite lines would be 

ignited on the distal end by rapid combustion in an adjacent line. This unintentional effect was the result 
of combustion products impacting an adjacent line through, either a gap in the epoxy-glass interface that 
opened during pressurization of the sample, or at the open end of the sample. The result of this was a 
single line with two combustion fronts approaching each other. An example of this is shown in Figure 5. 
The significance of this unintended experiment is that no increase in velocity was observed as the two 
combustion waves approach each other. This is evidence that this combustion mode was purely 
conductive with no convective component. Were there a convective component, the velocity would have 
increased as pressurization built near the combustion wave collision point. 
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Figure 5. Combustion video (500 fps, 0.002 s) and combustion position data for Al/MoO3/dispersant 
thermite showing steady conductive combustion during interaction of two combustion fronts. 

 
In the Al/Bi2O3/dispersant thermite, the combustion velocity was on the order of 100 m/s, which 

resulted in only four or five frames of video data for each measurement. The combustion usually appeared 
to be unsteady, with evidence of late-time combustion in portions of the deposited line after the initial 
combustion front passed. The printed lines of Al/Bi2O3/dispersant had inconsistencies that resulted from 
non-uniform wetting of the ink on the glass substrates during the printing process. This resulted in local 
areas with more thermite than others, which could potentially explain late-time combustion after passing 
of the initial ignition front. It was not possible to elucidate additional details of the combustion 
mechanism with the incomplete video record acquired at this insufficient capture rate. 
 

Figure 6 shows a summary of combustion velocities from numerous samples as a function of 
printed line thickness. The points at the bottom of each graph represent thicknesses where combustion did 
not propagate and the points at the top of each graph represent thicknesses where fast convective 
combustion was observed. The conductive combustion velocity of Al/MoO3/dispersant and 
Al/Bi2O3/dispersant was <1 m/s and <200 m/s, respectively. As has been established with explosives 17 
and other sub-micron thermites 11, a size effect where velocity decreases at smaller geometries was 
expected with the deposited thermite in this work. This effect was not observed in the present work. This 
is likely due to inconsistencies in sample preparation related to irregularities in the cross-sectional shape 
of the deposited lines as well as imperfect confinement at the thermite-epoxy interface. Combustion in the 
Al/MoO3/dispersant lines was observed in the thinnest samples made for this study and thus thinner lines 
should be investigated in the future. Additional future work should concentrate on improving consistency 
within the deposited lines as well as at the interface between the thermite and the confinement.  
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Figure 6. Summary of combustion velocity as a function of thickness in Al/MoO3/dispersant (left) 
and Al/Bi2O3/dispersant (right) thermite deposited by inkjet printing. 

 
 
Conclusion 
 

Inkjet printing was used to deposit samples of sub-micron thermites consisting of 
Al/MoO3/dispersant and Al/Bi2O3/dispersant with thicknesses up to 350 µm. Combustion in the thermites 
was observed to propagate by both conductive and convective modes, often transitioning between the 
two. We believe this to be due to voids internal to the thermite or at the thermite/confinement interface. 
No size effect on combustion velocity was observed in this experiment series, but further experiments 
with thinner lines of Al/MoO3/dispersant are required. Inkjet printing is a valuable tool to prepare samples 
for investigations in small-scale combustion behavior. 
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Replacement of Barium Chromate into Smoke Grenade Igniter Mix

I. Theobald, C. Jalbert, General Dynamics, Ordnance and Tactical Systems – Canada
(GD-OTS Canada), Repentigny (QC), Canada

ABSTRACT

GD-OTS Canada is progressively replacing hazardous substances, which are used in pyrotechnic
compositions, by low toxicity chemicals. The C8 smoke grenade is made up of an igniter composition
that is based on Barium Chromate which is toxic to human health and the environment. Consequently, the
objective is to replace the use of Barium Chromate in the igniter mix of the smoke grenade. The challenge
is therefore to find less reactive chemicals that maintain the performance of the current product. Since this
igniter mix is part of a chain reaction process, the first step was to characterize the current formulation in
order to establish the properties that the new formulation must have to reach similar performances.
Furthermore, the new formulation should have similar process behaviours. As a result, seventy-two
formulations were tested to determine three parameters (choice of oxidizers, fuels, and binder) that could
lead to potential compositions. Both the influences of each chemical in the combustion reaction and the
interactions between chemicals were evaluated using the design of experiments (DOE mixture). The new
formulation required a combination of two oxidizers and three fuels to reach the desired characteristics
and achieve the same performance in grenades. The above illustrates the complexity of replacing
hazardous chemicals in pyrotechnic compositions.

Introduction
In the last few years, GD-OTS Canada

has developed many types of pyrotechnic
compositions that do not contain any substances
hazardous to both human health (confirmed
carcinogenous, cytotoxic, and genotoxic to
human lung cells) and the environment
(bioaccumulation, reduction of biodiversity).
Following the replacement of Lead in the TX
delay element of the C8 smoke grenade, GD-
OTS Canada is now working on the replacement
of Barium Chromate in the igniter mix of the C8
smoke grenade.

The C8 smoke grenade is made up of
five pyrotechnic compositions assembled to
ensure a chain reaction. After the safety pin is
removed, the firing pin hits the primer and
ignites the primer composition. The flame of the
detonated primer composition ignites of the
pyrotechnic delay composition. The flame and
the heat of the burning delay composition are
transferred to the igniter mix; the generated
explosion then ignites the priming paste which
in turn ignites the smoke composition. Figure 1

represents the igniter delay assembly in the C8
smoke grenade.

Figure 1 – Drawing of the C8
smoke grenade

Since the igniter composition is in the
middle of this pyrotechnic chain reaction, all
burning characteristics of the current mix must
be evaluated, especially ease of ignition and
ability to ignite the priming paste without
additional delay. The current igniter mix is
composed of the following:
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 90% Barium Chromate (oxidizer),
 10% Boron (fuel),
 1% VAAR added (binder).

Barium Chromate is the main ingredient
in the current igniter mix; therefore, it is a
challenge to replace that highly reactive (highly
toxic) ingredient with a combination of less
reactive (less toxic) ingredients without affecting
the performance of the C8 smoke grenade.

Experimental
For manipulation safety and aging

security, the compatibility between each
ingredient chosen for the pyrotechnic
composition was tested as well as the
compatibility between components in direct
contact with the igniter mix. The compatibility
tests were performed as per STANAG 4147 for
each possible combination of the two oxidizers,
the seven fuels, and the two binders. The
compatibility was also tested with a selected
igniter composition and the two components–
the delay composition and the plastic strip –
placed before and after the new formulation in
the igniter delay assembly. In order to evaluate
the stability of the potential compositions over
time, a thermal stability test was also performed
for ten different types of formulations with a
TGA/DSC at 75°C for 48 hours.

Formulations were characterized to
establish the safety of their manipulation in a
large quantity for production. This composition
characterization includes the following tests:

 Sensitivity to friction (BAM)
 Sensitivity to electrostatic discharge
 Calorimetric heat
 Auto-ignition temperature

The results obtained from this
characterization established both the level of risk
of working with each pyrotechnic composition
and the safety equipment required to prepare and
manipulate a large quantity of igniter mix in
laboratory and in production.

The V-Block test was performed on
each of the seventy-two formulations to evaluate
their performance in terms of the speed of

combustion once the formulation is ignited. The
ignition was produced with a Benite strand. The
V-Block contains 14 in. of composition. The
speed of combustion is influenced by the density
of the formulation (total quantity of
composition) since the same volume is evaluated
for each formulation tested.

Results and Discussion

The delay between the percussion of the
primer and the appearance of the colored smoke
is controlled by a specification requirement for
all temperatures between -40°C and +52°C. The
replacement of Lead in the TX delay element
with a pyrotechnic delay composition does not
allow the additional delay caused by the igniter
mix in the final assembly. The speed of
combustion of the new formulation must
therefore be similar to the current one. Table I
shows the speed of combustion obtained for the
tested formulations without binder.

Table I – Speed of combustion for
the experimental compositions

Formulation Ingredients Speed of
combustion

Reference

Barium Chromate:
90%
Boron: 10%
VAAR: 1% added

0.109 sec/g

Experimental
1-72

Oxidizer 1: 25-90%
Oxidizer 2: 0-20%
Fuel 1: 0-40%
Fuel 2: 0-30%
Fuel 3: 0-70%
Fuel 4: 0-30%
Fuel 5: 0-30%
Fuel 6: 0-30%
Fuel 7: 0-10%
Binder 1: 0-6%
Binder 2: 0-4%

0.070 –
6.024 sec/g
* some had
no ignition

The variation obtained for the speed of
combustion allowed the statistical interpretation
of the influence of each ingredient in the
reaction through a design of experiment analysis
(DOE mixture). Oxidizer 1 did not have any
effect on the speed of reaction as long as the
formulation contained more than 50% of it
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(oxidizer 1). Fuel 1 increased the ease of ignition
but a large quantity reduced the speed of
combustion, its percentage should not be less
than 8% and not more than 15%. Fuel 2
drastically increased the speed of combustion
and provided heat and sparks to the flame, its
percentage should be at least 10% but less than
20% in order to control the reaction. Fuel 3
significantly decreased the speed of combustion
but provided uniformity to the flame and
produced hot particles like molten metal, its
percentage should range between 5 and 15%. All
the formulations containing fuels 4, 5, or 6 either
extinguish by themselves or burn extremely
slowly. In order to be similar to the current
speed of combustion of the Boron/Barium
Chromate mixture, fuels 4, 5, and 6 were not
selected for further trials. Formulations
containing oxidizer 1 with a combination of
fuels 1, 2, and 3 were tested to evaluate the best
compromise in order to obtain a rapid
combustion and a hot flame that produces sparks
and molten metal particles.

The type of flame obtained was one of
the desired characteristics important to
reproduce with the new igniter mix. At the
beginning of the development, the
characteristics of the flame, which allowed the
ignition of the priming paste and the
continuation of the fire propagation, were
unknown. These characteristics could have been
the intensity of the flame, the uniformity of the
flame, the heat generated, the presence of
sparks, and/or the presence of molten metal
particles. The flame of the current igniter mix is
quite intense, very uniform, and has a lot of
molten metal particles. The following figure
shows the influences of fuels 1, 2, and 3 on the
flame in comparison to the reference flame
without binder. As mentioned before, fuel 1
decreases the intensity of the flame, fuel 2
increases the speed of combustion and produces
a lot of sparks, while fuel 3 generates particles
of molten metal and increases the uniformity of
the flame.

Figure 2 – Flame’s characteristics in V-Block
(Top, Left: The current composition, Top, Right: Composition rich in fuel 1, Bottom, Left:

Composition rich in fuel 2, Bottom, Right: Composition rich in fuel 3)
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The selection of the binder was more
difficult because it affected the speed of
combustion and the ability to be used safely in
production. Binder 1 did not influence the speed
of combustion whether its percentage was high
or low but its ability to cover all the particles
was not good enough for the production line.
The composition was still very fine and dusty
even when covered with 6% of binder 1. On the
opposite, binder 2 drastically decreased the
speed of combustion but completely covered all

the particles even with an additional 2%. When
the fine particles were not completely covered,
the flow capability of the composition was not
constant and the feeder funnel was frequently
blocked which then seriously affected the
production rate. Finally, binder 2 was selected to
minimize the impact of the new formulation on
the production line. Consequently, the quantity
of fuel 2 was slightly increased to compensate
for the influence of binder 2 on the speed of
combustion.

Figure 3 - Flame’s characteristics in igniter delay assembly
(Left: The ignition (top), the combustion (middle) and the end of the combustion (bottom) of the

current composition, Right: The ignition (top), the combustion (middle) and the end of the
combustion (bottom) of a potential composition)
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Comparison of flames, when tested in
the igniter delay assembly, was performed to
understand, first, how the combustion was
transferred from the igniter mix to the priming
paste and second, the type of flame generated
when compressed and confined in the igniter
delay assembly. The following figures show the
intensity of the spontaneous explosion, the
duration and the strength of the flame generated
by the current composition and one potential
composition. Actually, pictures at the top
illustrate the beginning of the combustion
(ignition) which shows a higher intensity,
luminosity, and heat for the potential
formulation compared to the current one. The
second row of pictures represents the flame
during the combustion for both compositions.
The surface covered by the flame was
significantly higher with the potential
formulation than the current igniter mix. The
pictures at the bottom again demonstrate a better
chance of combustion transfer with the potential
igniter composition. As seen for the current
composition, the combustion was already
completed while the flame was still burning for
the potential formulation. In fact, the intensity of
the flame at the end of the combustion for the
potential igniter mix (bottom right picture) was
similar to the combustion of the current
composition (middle left picture). The flame of
the new formulation was therefore as effective
as the Boron/Barium Chromate composition.

The flame obtained was powerful and
was able to ignite the priming paste.
Nevertheless, its ease of ignition by the delay
composition, when highly compressed in the
igniter delay assembly, was not successful
enough. Oxidizer 2 and fuel 7 were added
separately to the formulation to evaluate the
possible improvement of the ease of ignition of
the formulation. Oxidizer 2 released its oxygen
faster than oxidizer 1 and also significantly
reduced the auto-ignition temperature of the
composition, when over 10% in content. The
quantity of oxidizer 2 in the composition should
be minimized because this oxidizer is

hygroscopic and can cause problems during both
the production assembly and the shelf life of the
C8 smoke grenade. Moreover, increasing the
quantity of oxidizer 2 in the formulation also
increased friction sensitivity which obviously
increased the security risk. Fuel 7 did not affect
friction sensitivity, auto-ignition temperature, or
ease of ignition; therefore, this fuel was not
chosen to be part of the final composition since
no improvement was observed when added to
the formulation. However, oxidizer 2 was
selected to be in the final igniter mix with
oxidizer 1 and fuels 1, 2, and 3.

The flame intensity and the calorimetric
heat generated by the new formulation allowed
the reduction of the composition quantity in the
igniter delay assembly by 40%. Consequently,
the applied pressure on the igniter composition
could be reduced to occupy the same volume in
the column assembly. Three pressures (low,
medium, and current) were tested to evaluate the
ease of ignition when fired in igniter delay
assembly. Three formulations out of the five
tested did not have an ignition problem
independently of the pressure applied, but one
had a better fine particle coverage that
significantly minimized the impact of the new
formulation on the production line. The selected
composition was not dusty or hygroscopic, had a
good ease of flow in the feeder funnel, and was
stable when compressed (repeatability of the
height measured).

The performance of the igniter delay
assembly was evaluated at ambient and extreme
temperatures (-40°C, +21°C, and +52°C) and
demonstrated that the new igniter composition
did not cause any additional delay and easily
met the specification requirement at all
temperatures. The following figures show the
ability of the new formulation to ignite the
priming paste when tested in a C8 grenade
simulator at all three temperatures. The
simulator had the same interior space and the
same vent hole as the C8 smoke grenade to
accurately reproduce the combustion inside the
grenade.
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Figure 4 – Ignition in the C8 grenade simulator
(from Left to Right: Actuation of primer, Ignition of igniter mix, Ignition of the priming paste,

Combustion of the priming paste)

Finally, the performances in C8 smoke
grenades were evaluated. In fact, no additional
delay was measured for the combustion time and
no defect or irregularity was observed during the
expulsion of the colored smoke even though the
new igniter composition has a stronger output.
Before that test, it was believed that a stronger
output could cause cracking in the priming paste
disc which would then generate irregular smoke
cloud. Table II compares the characteristics of
both current and new compositions.

Table II – The composition characteristics

Characteristics Reference
composition

New
composition

Speed of
combustion 0.109 sec/g 0.082 sec/g

Friction
sensitivity > 360 N 324 N

Calorimetric
heat 502 cal/g 1095 cal/g

Auto-ignition
temperature 692°C 393°C

The ratio of ingredients in the selected
composition generates a cost reduction of 8.5%
per kilogram of composition; furthermore, when
combined with the reduction of the composition
quantity in the igniter delay assembly, the
overall cost reduction reaches 45%.

Summary and Conclusions
It is possible to replace the Barium

Chromate in the igniter mix of the C8 smoke
grenade with low toxicity chemicals. All the

selected ingredients, oxidizers 1 and 2 and fuels
1, 2, and 3, have low toxicity to human health and
the environment. The selection of the ingredients
was also based on their impact on the speed of
combustion and on the type of flame generated.
Evaluation of the potential formulation was
performed in V-Block and in an igniter delay
assembly. Validation of selected formulations
was performed in igniter delay assembly and in
the C8 grenade simulator at three temperatures (-
40°C, +21°C and +52°C). Verification in a C8
smoke grenade was also performed to confirm
that the new composition had no impact on the
performances and that the specification
requirements are still met. Performances
obtained with the new igniter mix are equivalent
to the current composition and the cost reduction
is significant.
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Towards Quantifying the Friction Sensitivity of Energetic Materials

R. Turcotte, Q. Kwok, S. Singh, H. Feng
Canadian Explosives Research Laboratory, Ottawa, Ontario, Canada

ABSTRACT

Friction is still considered as one of the most common sources of accidental ignition for
energetic materials. Therefore, several tests have been devised to evaluate the sensitivity of
energetic materials to friction. These tests have been and still are of value to obtain relative
sensitivity ratings. However, they are not appropriate when a quantitative hazard assessment
methodology is required. For this purpose, the probability of ignition must be evaluated through
the use of a well calibrated test offering good control of all the essential parameters. Also, an
operator independent scheme to assign positive/negative responses is required to obtain unbiased
data. Such an apparatus was developed at C-I-L Inc. in the late 1970s. The corresponding Sliding
Block Friction (SBF) apparatus was designed based on the principle of the Hercules Allegany
Ballistics Laboratory (ABL) apparatus. Recently, this apparatus was renovated, upgraded,
computer interfaced, and coupled with gas analyzers at the Canadian Explosives Research
Laboratory. In this paper the operating principle of this apparatus, as well as its calibration, will
be described in detail. The elaboration and validation of a scheme to assign positive and negative
events will also be described. The use of the resulting test to quantify the probability of ignition
for representative secondary explosives, such as HMX and HMX/Al, will also be discussed.

1. Introduction

In the past, many small-scale empirical tests have been devised to evaluate the sensitivity of
energetic materials to friction. These tests have been of value in providing guidelines for manufacture,
handling, and transport. However, they often suffered from the fact that they do not always give decisive
and reproducible answers. Also, many of them have only been used to assess the relative sensitivity of
energetic materials. These results are therefore of little value when a quantitative hazard assessment
methodology is required.

The basic hazard quantification equation for processes involving energetic materials can be
written as

ppppff TSICEX  (1)

Here, Xf is the number of explosions per year; Ef is the expected frequency of occurrence for a particular
initiation event (i.e. friction, impact...); Cp is the probability that the energetic material will be present at
the same time as the initiating event will occur; Ip is the probability that the event will cause local
initiation of the material in process; Sp is the probability of propagation from the ignition site, involving a
small quantity of material, to a sizable mass of energetic material; Tp is the probability that an explosion
will result from the propagated reaction.

While some factors like Ef, and Cp can be evaluated based on experience and reliability data on
process equipment, Ip, Sp, and Tp depend specifically on the properties of the energetic material in
question as related to the process environment (temperature, pressure, mass of energetic material, degree
of confinement, etc...). These three quantities must therefore be based on experimental measurements.

When small scale friction tests are used to study very sensitive energetic materials (primary
explosives, some high explosives, and some pyrotechnic powders, for examples), the resulting
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measurement usually consists of the product Ip Sp. This is obviously due to the fact that, for these sensitive
energetic materials, any local ignition induced by the friction event leads to a full subsequent propagation.

When using such small scale tests to study insensitive energetic materials such as modern
commercial water-based explosives, however, a local reaction often does not propagate to a significant
fraction of the material. The latter might require specific physical conditions to be met (minimum hot-spot
size, confinement, elevated pressure, etc...) for propagation to happen. The result therefore provides a
measurement of Ip without any information about Sp.

The problem of measuring the probability of initiation (Ip) under friction for particularly
insensitive energetic materials is further aggravated by the fact that sensitive instrumentation has to be
used. The latter is required because the induced reactions are much localized and cannot be observed with
confidence by an operator. Modern instruments like gas analyzers are now so sensitive that very faint
decomposition reactions can now be detected, leading to sensitivity figures than can be over-conservative.
Moreover, when these measurements are based on the detection of reactions of any sort (so-called
sensitiveness), the resulting sensitivity ratings would appear to increase when this sensitive apparatus is
replaced by an even more sensitive one.

Consequently, the test employed to quantify the probability of ignition under friction must
address two aspects: It must offer accurate control of the friction dose and must rely on an appropriate
methodology for determining the extent of reaction induced in the sample. While the former is necessary
to evaluate the mechanical dose with adequate precision, the latter is essential to determine a proper
threshold for assigning positive ignitions and, therefore, to provide a distinction between low order
decomposition reactions and local combustive reactions having some potential to propagate.

2. Characteristics of the Friction Test

Two types of friction events should be distinguished: (i) continuous friction where the surfaces
are continuously in contact with each other, and (ii) instantaneous friction where objects come in
tangential contact for short time duration. In the first case, the temperature elevation can be easily
measured or predicted. The present study therefore concentrates on the second case.

The test apparatus employed in the present work was developed at C-I-L Inc. in the late 1970s
[1]. This apparatus was recently renovated, upgraded, computer interfaced, and coupled with gas
analyzers at the Canadian Explosives Research Laboratory (CERL). The corresponding Sliding Block
Friction (SBF) apparatus is essentially based on the basic principles of the Allegany Ballistics Laboratory
(ABL) machine [2]. In this test (see Fig. 1), a metallic test plate is covered with a uniform film of
energetic material. This plate is clamped on top of a sliding platform. A fixed metallic disc is forced
vertically against the plate by a hydraulic cylinder. The sliding platform is set in motion by the impact of
a pendulum equipped with a heavy weight. A pure friction event is thus created between the surface of the
disc in contact with the plate. The mechanical dose can be varied either by setting the hydraulic load (0 to
8000 N) or by varying the plate velocity (0 to about 4 m s-1) which is mostly controlled by the pendulum
drop-angle.

An indexing system is used to rotate the disc and push it along the shaft axis in order to bring a
fresh area of the disc with a fresh area of the plate before each test. In this way series of 12 tests can be
readily performed at various combinations of applied load and pendulum drop-angle.

2.1 The Friction Contact Area

The contact area between the disc and the test plate is an important parameter since it determines
the actual pressure being applied on the sample by the load. Its evaluation is however not trivial since it is
virtually impossible to prepare metal surfaces that are completely flat. Even if the surfaces have been very
well polished, surface irregularities (hills and valleys) are inevitably present. In practice, this means that,
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when two such surfaces are brought into contact, the load is supported on numerous asperities and that the
real contact area is the sum of the areas of the crushed asperities. In general, this real contact area cannot
be measured directly since it depends on several factors which cannot be readily estimated (contact
geometry, surface topography, load, mechanical properties of the solids...etc). We may however consider
that the surface irregularities are evenly distributed so that the apparent area of contact (macroscopic area
of contact) would be proportional to the real area of contact. In this case, the apparent contact area should
vary linearly as a function of the applied load (W) when the latter is sufficient to cause appreciable plastic
deformation [3]. When the load is modest enough to cause only elastic deformation, the surfaces should
deform according to Hertz’s classical theory which predicts that the contact area should be proportional to
W2/3 (assuming spherical asperities [4]).

Figure 1: Schematic diagram (left) and photograph (right) of the SBF apparatus

For the SBF apparatus used in the present work, both the disc and the test plate are usually made
out of stainless steel. Moreover, both the rim of the friction disc and the face of the test plate have a
controlled surface finish (0.80 m and 0.40 m roughness average, respectively). The apparent contact
area of the disc (101.6 mm diameter, 3.18 mm width) with the test plate was measured by making ink
imprints of the contact area for various loads from 393 N to 7860 N. Several such imprints where taken at
each load to establish the variance on the measurement. The areas were then measured using an optical
microscope with image analysis software. Typical imprints together with the resulting calibration of the
contact area (Aa) are shown in Fig. 2. It is seen that the contact surfaces are approximately rectangular in
shape. Also, the controlled surface finish of the plates, which is achieved by surface grinding, is quite
visible. After computing the results, it was established that, as the load is increased, the apparent contact
area scales up mainly by increasing the contact length l (length of contact in a direction parallel to the
velocity). In fact, it was found that the contact width never varied by more than 3% (w = 3.30 ± 0.08 mm)
and that these variations could not be correlated with the load. A calibration of the contact length l is also
shown in Fig. 2. From this Figure it is seen that the apparent contact area varies linearly with the applied
load. Therefore, it appears that significant plastic deformation is induced over the whole range of applied
loads. In this region, the data is well fitted by the straight line:

Aa = 1.66 x 10-3 W + 3.75 (mm2) (2)
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where W is the applied load in Newtons. Since the width of the contact area is essentially constant, the
contact length is also found to increase linearly with the applied vertical load. A linear regression yields
the result:

l = 5.25 x 10-4 W + 1.19  (mm) (3)

These last observations tend to confirm that the apparent contact area is at least proportional to
the real contact area since it exhibits the same expected behaviour. When a thin film of energetic material
is inserted between the two metal surfaces, it is expected that its yield stress be much lower than that of
the metallic asperities so that the contact area should not be appreciably influenced.

2.2 The Contact Pressure

Corresponding to the apparent contact area we can define an apparent (or mean) contact pressure:

a
a A

WP  (4)

The real pressure at the true contact points (surface asperities) may be much higher, but, as we
have just seen with the apparent contact area, we would expect the apparent pressure to show behaviour
similar to that of the real pressure. This behaviour has been well described by Bowden and Tabor [4]. In
the elastic regime the mean pressure (Pm) over the true area of contact should vary as W1/3. This should
give an initial rapid slope as a function of the load up to the point where the elastic limit of the asperities
is just exceeded. At this point, only material in the close neighbourhood of the contact deforms
plastically. If now the load is further increased, the region of plasticity around the contact will grow
rapidly. There will be a more gradual increase in Pm until the whole of the material around the contact
region will flow plastically. At this stage, if the load is further increased, although the size of the
deformed area may still increase slowly, the mean yield stress will stay approximately constant.
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Figure 2: Left - Typical ink imprints of the contact area of the stainless steel disc against the
stainless steel plate as photographed under an optical reflectance microscope; Right - Resulting

calibration of the contact area and contact length as a function of applied vertical load.
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The apparent pressure computed from eqn (4) as a function of the applied load is shown in Fig. 3.
Its variation as a function of the applied load is seen to be consistent with the above description: an initial
rapid rise followed by a more gradual increase up to a point where Pa is almost constant.
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Figure 3: Calibration of the apparent pressure as a function of applied vertical load

2.3 The Friction Velocity

When two bodies slide against each other, a large part of the work done by the friction force will
be liberated as heat. This heat should then be carried away from the friction site through conduction and
radiation phenomena. For many practical situations, where metal/metal friction is involved, the surface
temperature may reach a very high value [5]. If we suppose that all the frictional work is liberated as heat,
the rate of heat generation will be given by




 vF
t
LFQ (5)

where F, L, Δt and <v> are the friction force, the sliding length (distance over which the two metallic
pieces are kept in contact and relative motion), the time duration of the event and the average relative
velocity, respectively. It is therefore obvious that the friction velocity is a very important parameter since
it controls the rate at which mechanical energy is converted into heat.

For the SBF apparatus used in the present work, the friction velocity depends on both the applied
vertical load (W) and the pendulum drop angle (). Attempts were made to use Linear Variable
Differential Transformer transducers (so-called LVDT or linear displacement transducers) in order to
monitor the velocity profile of the test plate. While good data could be obtained, it was found that these
devices would inevitably become damaged after only a few tests since they have to be in direct contact
with the sliding platform in which intense shock waves are induced when the pendulum weight comes
into contact. Therefore, a series of closely spaced reflecting strips (width = spacing = 1.00 ± 0.02 mm)
was installed on the side of the sliding carriage. A reflective object detector was positioned at a distance
of 2 mm in front of the strips. This detector consists of a light source (LED) and a photodiode sensor. The
output signal from the sensor is first amplified and then sent to a PC-based data acquisition system. A
typical record of the resulting signal is shown in Fig. 4. It consists of a sine wave with variable amplitude
and frequency. The highs and lows correspond to the change in reflectivity as the strips pass in front of
the reflective object detector. The variations in amplitude are explained by slight changes in surface
reflectivity combined with lateral vibrations of the sliding carriage after being hit by the heavy pendulum.
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Figure 4:  Typical data obtained from the reflective object detector
for a vertical load of 5500 N and pendulum drop-angle of 90°.

The behaviour of the computed velocities as a function of distance is shown in Fig. 5 for loads of
393 and 5502 N and pendulum drop-angles of 30°, 45°, 60° and 90°.  At low loads (see Fig. 5, top) the
velocities are seen to vary almost linearly with the distance up to the point where the sliding carriage hits
a shock absorber at the end of the slide (x ~ 18 mm). At this point, it decelerates rapidly until it comes to
rest. As the load is increased (see Fig. 5, bottom) the velocity decelerates faster and faster and its variation
becomes non-linear. If the load is further increased, the motion decelerates even more rapidly up to a
point where, even for large pendulum drop-angles, the sliding carriage never reaches the shock absorber.

Figure 5: Friction velocity profiles for loads of 393 and 5502 N as
a function of pendulum drop angle.
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The two important facts arising from these observations are: (i) The variation of the sliding
velocity as a function of distance is not linear in most cases (most curves can be fitted with a 2nd order
polynomial), and (ii) The sliding length is not fixed (it can vary from about 2 mm up to 18 mm) and the
sliding carriage rarely reaches the shock absorber for high loads.

To take these observations into account, it is proposed that the velocities be averaged using the
following approach:


L

dxxWv
L

Wv
0

),,(1),(  (6)

where the average velocity is considered to be a function of the applied load W and the pendulum drop-
angle  and where it is averaged over the proper sliding length L, taking into account its dependency on
the sliding distance x.

All the velocities shown in Fig. 5 are valid for metal on metal friction (no sample). It is expected
that lubrication effects, due to the presence of a thin film of energetic material would alter these velocity
profiles. For this reason, the necessary equipment has been installed to measure both the velocity profile
and the sliding length L for every test.

As already described and illustrated in Fig. 4, the output of the velocity transducer installed
consists of a "sine-like" wave of variable amplitude and frequency. Since the width of the reflecting strips
and their spacing are equal and uniform, the instantaneous velocity v of the sliding platform is inversely
proportional to the time delay between successive minima and maxima of this signal
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where xi is the position of reflecting strip #i, ∆xi is the distance between the centre of reflecting strip #i
and the centre of the following interspace (∆xi = l.00 ± 0.02 mm), and ∆ti is the time delay between the
centroid of maximum #i and the centroid of the following minimum in the velocity record. This velocity
is assumed to hold halfway between the centre of the strip and the centre of the following interspace.

The centroid of all the minima and maxima are first located using appropriate software, and the
instantaneous velocity is computed using eqn (7). A velocity profile v(W,,x), similar to those shown in
Fig. 5, is then generated and fitted with a polynomial. The average velocity is then calculated using eqn
(6) which, for a polynomial, reduces to
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where n is the degree of the polynomial used to fit the velocity profile (generally 1 to 3). The value of  is
different depending if the sliding platform reaches the shock absorber situated at x = xs. If it does reach (L
 xs) then  = xs, otherwise if it does not reach (L < xs) we use  = L.

3. The Friction Dose Parameter

In the present work, the method of "Probit" analysis [6], which is well suited to study the relation
between a stimulus and a quantized response, has been adopted to express the probability of ignition. In
this approach, a physical parameter which characterizes the mechanical friction dose has to be found so
that the probability of ignition can be expressed as a log normal distribution of the former.

As discussed in the previous sections, the friction apparent contact area Aa and the apparent
pressure Pa have been carefully calibrated and can be used to characterize the friction mechanical dose.
The average friction velocity, which can be readily obtained using the approach discussed above, also
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constitutes an available physical parameter. The use of the product of the load W and the velocity v
squared was first suggested at the beginning of the 80's when it was found that the product of the load by
the square of the velocity yielding 50% ignition was a constant for a given explosive [7]. In an earlier C-I-
L Inc. study [1], for which the correlation of the probability of ignition with the logarithm of several
possible parameters was examined, it was found that the product D = Pa l v2 provided the best overall
correlation over a wide range of explosives and energetic materials. The inclusion of the contact length 1
was found necessary to take into account the fact that the probability of ignition still increases even if the
contact pressure becomes nearly constant well above the elastic limit of the softer material. This factor is
also known to control the local temperature elevation [8]. This latter quantity is easy to get from the
calibration of Fig. 2 since the width of the contact area is known to be approximately constant.

4. Quantification of Induced Reactions

On the SBF apparatus used in the present work, even the most sensitive secondary explosives
(e.g. PETN, HMX, RDX... etc) produce only relatively mild reactions. These cannot be detected reliably
by human senses. The reason for this is that, since the reaction does not readily propagate, only a few
hundreds micro-grams of sample material takes part in the reaction. For this reason, a sensitive instrument
must be used to detect the reactions objectively and to quantify the degree of reaction induced in the
sample. The current test uses a combination of two gas detectors: an infrared gas analyzer (Thermo
Scientific Model 48i-HL) to detect CO with a sensitivity of about 4 ppm and a chemiluminescence NOx
gas analyzer (Thermo Scientific Model 42i-HL) with a sensitivity of the order of 50 ppb. The two are
mounted in series so that both gases can be detected simultaneously. Typical records of the CO and NOx
concentration as a function of time, obtained with these analyzers, are shown in Fig. 6 for the case of
TNT.

With such sensitive instruments, for which very faint reactions can be detected, the following
problem is introduced: How does one distinguish between a localized decomposition reaction and an
exothermic combustive reaction having some potential to propagate? Up to now, people using such
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Figure 6: Typical CO and NOx records obtained for ground TNT at various vertical loads ( = 90°)
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devices got around the problem by adopting an arbitrary minimum detection threshold to assign positive
events [9, 10]. Two facts should be mentioned about the use of such thresholds. First, the chosen
thresholds are somewhat arbitrary and could lead to a subjective interpretation of the data. Second, the gas
thresholds are usually held fixed for all reactive materials being tested. This is clearly untenable since it
implies that all reactive substances would produce different gases in identical ratios.

To obviate these inconsistencies, it was proposed [11] to monitor the amount of NOx (or CO)
released by the sample as a function of the friction probit dose parameter. However, as discussed in
section 2.3, the sliding length is not fixed but decreases as the load is increased and as the pendulum drop-
angle decreases. Clearly, this has to be taken into account when attempting to define a reaction index
proportional to the extent of reaction induced in the sample.

In order to define the latter, we suppose that the test plate is coated with a film of energetic
material of uniform thickness. The extent of reaction induced in the sample is given by

a

r

S
S
 (9)

where Sr is the quantity of sample material that reacted and Sa is the quantity of sample material available
to the reaction. In eqn (10) Sr is assumed proportional to the quantity of combustion gases detected:
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here kr is a proportionality constant,  is the measured gas flow through the gas analyzer, and C(t) is the
detected CO or NOx concentration as a function of time (traces shown in Fig.6). In eqn (11) Sa is
essentially the amount of sample material initially covering the area of the friction track left on the plate
after the passage of the disc:

dwLSa  (11)

where L is the length of the slide, w is the width of the track, d is the thickness of the initial film, and  is
the density of the sample material. Since kr, w, d, and  are approximately constant, it follows that a
reaction index R can be defined as
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where C(t) is the measured gas (CO or NOx) concentration and Cb(t) is the ambient gas concentration.
This difference is obtained by fitting the baseline of the CO and NOx records (see Fig. 6) by an
appropriate polynomial and by calculating the area under the CO and NOx curves, above the fitted
baseline.

For the purpose of monitoring the reaction index as a function of the friction dose parameter, both
quantities are calculated for every test and then averaged over the number of tests performed at each
mechanical dose (usually 12 tests performed with the same vertical load W and pendulum drop-angle ).
Typical plots of the average reaction index <R(W,)> as a function of the logarithm of the average dose
parameter <D(W,)> are shown in Fig. 7 for the cases of HMX, a mixture of HMX and aluminum
(HMX/Al), and a pyrotechnic powder. In the last case, only the NOx analyzer was available for the tests.

Such data have also been obtained for several other energetic materials and they all show the
same characteristics: Two distinct reaction regimes are clearly observed. Similar behaviour was also
reported when observing the light emitted by explosives and propellants subjected to drop-weight [12]
and projectile [13] impacts. Using high speed photographic techniques, the inflection point between the
two regimes could be interpreted as the point where the reaction mechanism changes from initial/local to
combustive/propagating reaction. It is therefore proposed to use the inflection point thus determined as a
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threshold to assign positive reactions when generating friction probit curves. This threshold would be
measured (rather than being arbitrary) and would be different for every material being tested. Moreover,
sensitivity ratings derived using the above thresholds would not be altered by the introduction of more
sensitive gas analyzers.

In order to verify that this methodology provides a material dependent threshold which
corresponds to the initiation of a combustive reaction, tests were carried out using a very sensitive
pyrotechnic powder. The latter was very prompt to propagate so that clear light flashes could be observed
whenever an ignition would take place. In this case, since Sp is essentially equal to 1, a measurement of Ip
is obtained. As explained above, twelve tests were conducted at six different combinations of vertical load
W and pendulum drop-angle . The measured <R(W,)> - vs - <D(W,)> curve for this case is shown in
Fig.7 c) where an approximate threshold NOx reaction index of 182.9 nL mm-1 has been obtained by the
crossing of the two linear regressions.

Two corresponding friction probit curves have been constructed and are shown in Fig. 8 where
the error bars simply reflect the fact that a 13th test may have been either positive or negative. In the first
case, all the tests for which the computed NOx reaction index was equal or above the threshold value
(182.9 nL mm-1) were taken as positive ignitions. In the second case, only those for which a light flash
could be observed by the operator were considered positive. It is seen that both probit curves lie very
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close to each other, indicating a good correlation between local ignition of a combustive reaction in the
sample and the measured NOx reaction index.
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Figure 8:  Probit curves for the sensitive pyrotechnic powder.

5. Conclusion

A friction test has been calibrated, instrumented, and computer interfaced so as to offer good
reproducibility of the essential parameters which control the mechanical dose. The data obtained in the
present work clearly demonstrate that the proposed CO and NOx reaction indexes (average volume of CO
and NOx per unit sliding length) can be used to quantify the extent of reaction induced by friction in a
wide variety of energetic materials. Moreover, by observing the evolution of the latter as a function of the
proposed average friction dose parameter (Pa l v2), a threshold corresponding to the onset of combustive
reactions can be measured.

The use of the latter threshold to distinguish local decomposition reactions from exothermic
combustive reactions having some potential to propagate has been shown to yield probit data consistent
with visual observations for very sensitive materials. The introduction of this technique should be
particularly valuable to determine the probability of ignition for modern water-based secondary
explosives for which local combustive reactions do not propagate readily (low Sp value) without proper
confinement and elevated pressure.

The SBF apparatus used in the present work has been calibrated for stainless steel surfaces and
obtaining friction sensitivity data valid for other materials would require calibrating and testing with parts
made out of these materials. An alternative would be to use a dose parameter that is numerically scalable
for different materials. In this regard, it was recently discussed that the friction temperature would be a
more realistic and physically meaningful dose parameter to utilize [14]. More research is underway to
validate the use of the friction temperature as a friction dose parameter.
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The observation of the above two step reaction scheme, and its associated definite threshold, is
also consistent with other evidences [15] for the existence of a lower stimulus level corresponding to a
zero probability of igniting a combustive reaction in explosives.
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Red Phosphorus smoke in combination with fine dust and its effect on human health

M. van Hulst, J.P. Langenberg, M. Alblas, TNO, Rijswijk, The Netherlands

ABSTRACT

Particle matter (PM) <10 µm is known to be unhealthy. Sand present in some of the expeditionary areas
military personal is stationed contains diverse particles sizes including the PM< 10 µm. When Smoke
ammunition is used it might be possible that the formed smoke components are adsorbed by these small
sand particle and when the are inhaled cause great damage to the lung cells. A part of this research is to
obtain insight in  the contribution of  different surfaces (e.g. metal plate and sand) on the particle size of
the formed red phosphorus smoke and the health effects of these smokes. In addition to this primary
exposure, also effects of secondary exposure is investigated by exposing lung and skin cells to
contaminated and uncontaminated sand.

The formed particles are for 95% smaller than 2.1 µm and the in-vitro toxicity screening tool CULTEX®
shows that the smoke is affecting the lung cells independent of the surface on which it is burned. It seems
the sand is serving as a support material and contributes as a secondary source for health risks.

Introduction

It is generally known that smoke is bad for human health and exposure to smoke should be avoided as
much as possible. However for military personnel smoke can also be lifesaving. The smoke can be used
to reduce the sight of the enemy by forming a smokescreen, to mark the location for rescue operations or
as warning smoke. During these actions direct contact with the smoke is almost inevitable. Red
phosphorous is often used in screening smokes ammunition. It is considered to be less toxic and less
dangerous in comparison with white phosphorous.

During expeditionary operations, not only the military personal is exposed to screening smokes, but also
to very fine sand particles. At the moment there is much attention to the short and long term health effects
of acute and chronic exposure to particulate matter, as well within the military. There are still many
uncertainties about the severity of these health effects, particularly  chronic exposure. Short-term
exposure indicates irritation of the upper respiratory tract, but also affects deeper airways, where pre-
existing asthma worsens, but also lung-diseases (e.g. bronchitis, emphysema) and heart diseases  induces.
The Dutch National Institute for Public Health  and the Environment (RIVM) reported [1] that yearly  12
to 24 thousand people in The Netherlands die due to short-term and chronic exposure to particulate matter
(PM<10 µm).

In some cases the composition of the particles is responsible for the toxic effect (e.g. Silica, depleted
Uranium, lead) however in most cases the chemical contaminates adsorbed on the particle is responsible
for the toxicity. It is imaginable that substances which are normally relatively low risk in toxicity, may
cause much more damage if they are adsorbed on fine particle which function as a 'carrier' and migrate
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them deep into the alveoli. The small particles  are known to be able to migrated deep into the lungs and
can cause health problems.

In this study the toxicological influence of smoke in combination with small sand particles on lung and
skin cells in culture, in a in vitro exposure system are investigated. The platform chosen for the evaluation
of acute toxicity is the CULTEX® system [2] which is developed by the Fraunhofer Insitute in Germany
and is commercially available.  The CULTEX® system uses cultured human lung cells (A549), which are
fed from a medium underneath and are exposed to (contaminated) air on the upper side of the cell
monolayer. It is also possible to add the compound(s) to be tested into the medium. Various biomarkers
are developed of programmed cell death (apoptosis) which can be measured in the exposed cells or in the
medium after excretion by the cells [3]. Instead of lung cells, human keratinocytes (HaCaT) (skin cells)
can also be used in the system.

The experiments are performed on various surfaces namely on a bare metal-plate, on a layer of Arizona
road dust (a reference material for particle matter) and on sand obtained from Afghanistan. It is assumed
that small particles can easily be whirled up during the formation of smoke (burning of the red
phosphorous directly on the surface). This whirled up sand may induce an additional toxic effect on the
lung cell next to that of the red phosphorous smoke particles.  From these experiments the influence of
small particles on the formation of the smoke in relation to the particle sizes and the effect on lung cells
can be investigated.

Not only the soil can be involved during the smoke generation, the sand might be able to function as
carrier material and becomes contaminated with toxic components. The contaminated small sand particles
can get inhaled and where it can cause toxic effects in the lungs. To obtain information on this possible
scenario and the possibility of skin contact, lung cells  ass well as skin cells are exposed to contaminated
and uncontaminated sand. With a Solid air dispenser the sand particles are nebulized and a into a room
and the cultivated lung and skin cells are exposed to this environment. This to provide insight into the
possible risks present in contaminated area’s

The focus of the smoke generating articles  lies on red phosphorous smoke, due to its direct contact with
the surface (sand) during burning and for this reason most suitable for this research on combined effects
of smoke and fine dust particles. The smoke experiments were conducted in a climate room) is inline,
atline and/or offline analyzed on e.g. particle size of the formed smoke particles and the effects of smoke
exposure to humane lung cells in culture.

Experimental

The experiment takes place in a climatic chamber in which the temperature is set at 25 ° C and a relative
humidity of 50%. In the climate chamber a set-up is placed  where the RP-pellet is ignited (figure 1 left)
on various surfaces (bare metal plate, Arizona road dust and sand obtained from Afghanistan). The right
picture in figure 1 is showing e.g. the CULTEX® cells for online measurements, the tube for atline
measurements and the cascade impactor  for the separation of the smoke particles for determination of
the particle size and mass distribution.
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Figure 1: (left) ¼ of a pellet Red Phosphorous situated in a tray with approximately 1 kilogram sand from Afghanistan, with two
squibs for the ignition of the pellet and (right) the setup situated in the climate chamber.

In addition to this primary exposure measurements, also the secondary exposure is investigated. Human
lung and skin cells in culture are subjected to contaminated and non-contaminated sand. With a Solid air
dispenser the sand particles are nebulized into a room and the cultivated lung and skin cells are exposed to
this environment. This to provide insight into the possible risks present in contaminated area’s.

Results and Discussion

Particle sizes of the formed smoke particles

During the smoke formation air is drawn through the Cascade Impactor sieves. The dust is collected as
droplets on the plates. On the plates with number 0 till 4 (between the 2.1 and 9µm),  it is barely visible
however it is measurable. In order to compare the different experimental data, the captured mass per
cascade plate is divided  by the total mass captured on all the plates. Figure 2 is the percentage
distribution of particle mass per size class in a histogram.  For all smoke experiments the largest group of
particles based on mass (approximately 90-95% of the total) is located in the area of <0.43 to 2.1
micrometers.

Cascade
impactor

RP-pellet
with igniter

Online and inline
Cultex®
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Figure 2: Cascade impactor particle size (class) distribution of the experiments performed on different surfaces.

These small particles are small enough (diameter ≤ 2.1 µm) to migrate deep into the aveoli (figure 3)
where the particles are able to cause damage. The extent of damage (partly) depends on the composition
of the particles.

Figure 3: A schematic representation [4] of the penetration depth of the particles with different size in the human respiratory
system.

In-vitro human toxicity study

After exposure, the cells were investigated for effects protein glutathione (GSH), Interleukin-8 (Il-8),
Lactate dehydrogenase (LDH) and Alamar Blue, respectively indicators for: oxidative stress,
inflammatory processes, cytotoxicity and cell death (figure 4).
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Figure 4: Results of the exposure of A549 cells to red phosphorus smoke. The cells were exposed for 45 min, followed by 15
min to medical air.

The greatest effect was seen on the LDH release. The appearance of LDH means that the integrity of the
cell wall of the lung cells are seriously affected, leading to cell death. There are also significant effects
seen for the glutathione levels, and on the metabolic activity. There is no effect seen for the IL-8 release.
The smoke induces toxic effect on the human lung cells in culture. Due to the small number of
experiments and the short exposure time the results can at this moment only  be interpreted as a trend.

For the secondary exposure experiments both lung cells (A549 type) and skin cells (HaCaT) are exposed
to “'clean” and “contaminated with red phosphorus smoke” sand in the CULTEX® module. Both cell
types are  investigated what the effects of the contaminated and clean sand have on protein glutathione
(GSH), Interleukin-8 (Il-8), Lactate dehydrogenase (LDH) and Alamar Blue.
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The effects of the “contaminated” sand are higher than that for the clean sand.  Due to the low number of
experiments, it is not possible to obtain significant differences. However, it is possible to say that there is
a trend.

In general, the effects more strongly on the lung cells, then on the skin cells. From previous experiments
we know that HaCaT cells are more robust than the A549 cells. The results of the exposure of  skin cells
to the contaminated and the “clean” sand are shown figure 5. In this figure are only the results for the
LDH excretion presented.

When RP-smoke contaminated sand is exposed to the human lung and skin cells, the conclusion can be
drawn that sand functions as a carrier for smoke particles

Figure 5: Effects of exposure to clean and contaminated sand on skin cells (HaCaT) in the CULTEX® system, based on LDH
release.
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Summary and Conclusions

Between the experiments on various types of surface, no significant differences in smoke particles size
are shown. The suggested that the smoke formation is not influenced by small particle present in the
surface where the pellet is burned.

However the formed red phosphorus smoke particles consists basically (90-95%)  of particles with a
diameter ≤ 2.1 μm. These particles (≤ 2.1 μm) are small enough to migrate deep into the aveoli where the
particles are able to cause damage.  With the CULTEX ® system human lung cells (A-549) in culture are
exposed to this red phosphorus smoke. A toxic effect is indicated, however due to the low number of
experiments no quantitative conclusions can be drawn.

In addition to this primary exposure, there is also a secondary exposure, namely the moment the smoke is
gone, the sand can whirl up and people inhale the small particles, or the get skin contact with the
contaminated sand. For this reason the human lung and skin cells are exposed to the “clean” sand en the
with red phosphorus contaminated sand. From the limited number of experiments performed a increase of
toxic trend is shown for the contaminated sand in relation to the “clean” sand. It seems that sand is
serving as a support material which remain in the exposed areas. This should be kept in mind when
entering a area with soil which can serve as support material, where red phosphorus smoke is used. These
results can serve as starting point for extended research on the toxicity of smoke ammunition in direct and
indirect circumstances.
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ABSTRACT 

Classical pyrotechnic compositions consist in mixtures of oxidizer and fuel particles. Beside the 
concentration and resulting heat of reaction the burning behavior of such a system is controlled by particle 
size, melting, evaporation and decomposition of the particles, the heat and mass transfer and the reaction 
kinetics. Also the distribution and location of the single particles play an important role in the progression 
and temperature of overall reaction. Since now only few approaches exist to model the influence of such 
particle ensembles on the burning behavior. Based on a hot-spot model in combination with 
thermodynamic equilibrium calculations a new simple approach with reduced numerical expense is 
presented which is mainly suitable to granular reactions with low gas production like thermites. The 
model is applied to different particle concentrations of regular and randomized assemblies. The results 
were compared and validated with progression rates and temperatures measured from various Al/CuO-
thermite mixtures with aluminum contents from 8% to 70%. 

1 Introduction 

Typical representatives of granular reactions are thermite reactions. They were first described in 
1898 by H. Goldschmidt as a “carbon-free” method to extract metals by reducing their oxides with 
aluminum [1][2]. Actually, this type of reaction is of widespread interest to rapidly produce large amounts 
of heat at high temperature levels and has found many applications [3]. So the thermite welding process is 
still the most frequently used method for welding of railroad tracks [4], it is also used to purify ores of 
some metals (e.g. uranium). Recently the preparation of ceramics becomes more important [5]. Due to the 
large heat release and its self-sustaining nature, thermites have been used in warheads as incendiary 
devices [6]. As a big advantage most mixtures are very insensitive concerning shock and friction. 

Thermite type reactions imply a class of reactions. In general, they can be described as exothermic 
chemical reactions where the metal (M1) is oxidized by another metal-oxide (M2

x2Ox3) to form the more 
stable metal-oxide (M1

x4Ox5) and resulting metal (M2) or alloy. The overall reaction equation is given as 
[7]: 
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Couples of M1 and M2-oxides can be chosen on the basis of Gibbs energy from the Ellingham diagram of 
the oxidation of elements with pure oxygen [8]. Interesting fuel elements M1 are e.g. Al and Mg.  

Currently, numerous investigations on thermite reactions are done using different metals and metal oxides 
[9] studying burning rates [10], influence of particle size [11] and pressure [12][13]. However, the 
physico-chemical mechanisms of thermite type reactions are still far from being completely understood. 
Therefore, the modeling is also of particular interest [14] and there are some preliminary approaches for it 
[15], which are based on an approach to describe particle ignition and propagation of reaction fronts in 
porous energetic materials [16][17][18]. They use only the heat flow equation with a zero order reaction. 
In principle, general reaction mechanisms might be included. This Hot-Spot modeling approach is very 
suitable for granular systems since it contains this particle-like character itself. This simplified model 
requires only reduced numerical expense. It will be described in detail below. The investigations 
performed with the Hot-Spot model were not only done to learn something about the chemical behavior 
but also about the influence of physical properties. Especially the influence of fuel and oxidizer density 
and thereby the number of fuel and oxidizer particles will be discussed. In this way the particle 
distribution and there arrangement dependent on the fuel concentration is of special interest. 

For comparison of the modeling results with a real system a series of aluminum/copper(II)oxide thermite 
was studied, experimentally. The temperature and propagation rates at different fuel/oxide concentration 
ratios were determined including the necessary input parameters for the model. 

2 Theory: The Hot-Spot-Model for 2-component pyrotechnic materials 

Modeling of the ignition and combustion of an energetic material composed of particles of at 
least two types, an oxidizer and a fuel is difficult to achieve. In the case of a thermite reaction mechanism 
it is even unclear how the reaction starts and proceeds. One proposal for the mechanism assumes the split-
off of oxygen from the involved metal oxide occurring on thermal decomposition. The released oxygen 
would diffuse outwards and react immediately with the fuel (mainly Al which has already molten at 
temperatures, thermites initiate), the thermal decomposition being the rate determining step. This 
assumption would describe the high, thermal stability of the reactive mixture and the high energy amount 
to initiate it, because the relative high temperature for the metal oxide decomposition has to be reached. 

The model described here for the reaction of thermites induces substantial simplifications with respect to 
the “real” process and uses the following assumptions: 

• Oxidizer and fuel are concentrated in separated particles of defined sizes distributed randomly or 
regularly according to predefined particle sizes and stoichiometries. On reaction they form a 
homogeneous condensed material. 

• The oxidizer particles split off oxygen due to the thermal decomposition reaction on the initiating 
local heat pulse. It is the rate determining step. 
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• The oxygen distributes by diffusion (diffusion equation) as well as the metal component to enable 
a contact for a reaction, a phase transition is avoided. 

• On contact fuel and oxidizer react to the final product in a second order reaction (this reaction is 
in reality very fast at the conditions of the thermite reaction), with kinetics governed by the 
kinetic constants of the thermal decomposition of the oxidizer. 

• The heat generated by the reaction is distributed according to the heat flow equation. 

The transport coefficients are assumed to be independent of temperatures and species concentrations. 

The main physical processes in the combustion of solid materials like pyrotechnic mixtures are heat and 
mass transfer. This means heat and species are generated and consumed by various processes at the 
combustion front and distributed in the material and the burn-out zone. Transferring the hot spot model to 
the description of heterogeneous reactions the heat flow equation has to be solved simultaneously with the 
mass transfer equation. As a consequence, to model such processes, related partial differential equations 
have to be solved in 3 dimensions for temperature and at least 3 species ci: 
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where ρ is the density, cp the specific heat capacity and λ the heat conductivity, Di the diffusion 
coefficient for the i-th species and [ ],ic x tr  the concentration of component i. The equation describes the 

propagation of the scalar temperature field and species fields in space and time in dependency of the 
physical properties of the material and of the source terms on the right hand side. The source terms 
comprised the chemical reactions, the related heat and species generation and consumption. 

In the case of the combustion of pyrotechnic mixtures the chemical reaction is exothermic and 
consequently a heat release occurs. The source term of the energy release by the chemical reaction is 
given for a general reaction scheme by: 
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where qi are the heats of reaction. The rates of reaction are given by: 
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with the rate constant ki,j is given by the Arrhenius-equation: 
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Here, Zi,j is the pre-exponential factor, R the universal gas constant, T the Temperature and Ea the 
activation energy. The Arrhenius-equation gives the dependence of the rate constant ki,j of the chemical 
reaction on the temperature T and the activation energy Ea. 

The function f[ci,cj] in the equation above depends on the reaction scheme to be modeled. In the case of a 
chemical reaction of a fuel with an oxidizer generating the heat of reaction qreac like CBA →+  (i = A, 
B, C) a second order reaction is assumed. The heat output of the chemical reaction and therefore the 
source term for the chemical reaction energy release in the equation of heat transfer is given by: 
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To start the combustion process of a pyrotechnic mixture it must be ignited. In the heat transfer equation a 
second source term on the right hand side must provide an energy input at a defined point in time and 
space. This is called a Hot-Spot. For example it can be described by a 3D-Gaussian-function at position 
(x0, y0, z0) multiplied by a Dirac distribution in time which ensures that it occurs only at a defined time t0: 
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Including the initiating hot spot at t0 and the heat of reaction, the equation of heat transfer results in: 
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Without a chemical reaction ( [ ]txQreac ,′r& ) the problem can be solved analytically. Therefore several 

analytical and numerical methods are known [19]. However the non-linearity of the Arrhenius term 
makes an analytical solution impossible. Therefore, only a numerical method can be applied. In order to 
avoid the current cumbersome methods of numerically solving differential equations the method of 
Green`s function is used where a numerical integration is performed which is a faster and a more stable 
process and enables to involve complicated geometries generated by the reaction of the individual 
particles. If the appropriate Green’s function for the homogeneous problem is known, it only has to be 
convolved with the source term of the differential equation in case of infinite space. The heat source and 
chemical reaction are calculated by simultaneously solving the related differential equation at the selected 
time steps Δt. 
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The Green’s function in infinite space for the differential equation above in three dimensions is a 
Gaussian-like function (κ=λ/cpρ) [19]. 
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The solution of the equation of heat transfer is than given by: 
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The profiles of oxidizer, fuel and reaction product proceed in an analogue way: 
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In equation (15) the space integral reaches over the infinite space. According to the boundary conditions 
of the limited dimensions of a real sample the energy will be reflected at the boundaries of the sample 
(mirror sources) and the integral reaches only over the sample dimensions. In case of fast reactions and 
steep profiles of temperature and species width of GU is small compared with the size of the included 
space. This means, in a numerical solution of (15) the integration has to include only a small section of 
the total space neighboring the maximum of GU (GU≠0).Without interdiffusion both components fuel and 
oxidizer at all positions x would develop according to the solution of equation (5) for the proposed case of 
a 2nd order reaction: 
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For numerical solution of the integral equation (15) above, the algorithm mainly consists of three steps. 
The first step generates initial temperature and species profiles resulting from the n initially given hot 
spots and the particles of both types A and B also approximated by 3D-Gaussians: 
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For further calculations, one Gaussian hot spot initiates of the thermite, however, n fuel and oxidizer 
particles are distributed according to a plan representing the experimental configuration. The reaction 
product is c1,C = 0. 

In the second step the progress of the chemical reaction (17), (18) and (19) for a small time step tΔ  is 
calculated generating: 
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These temperature and species profiles are assumed to be instantaneously inserted, therefore being 
multiplied each by the Dirac Delta function δ(t). The third step is to calculate the solution of the heat 
transfer equation. It calculates heat and mass diffusion for the same time step tΔ  by convolution of the 
related profiles and the Green’s functions. 
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The integral via td ′  results in the integrand itself because of the Delta function. The numerical procedure 
e.g. 3D Gaussian Quadrature performs the spatial integral on a 3D lattice [20]. In case of steep gradients 
and short time intervals and correlated squares of the lattice node distances Δx2 the Green’s function is of 
small width and strongly reduces computing time because of reducing the integral intervals to that 
sections where the Green’s function GU≠0. T3 → T1 and c3.i → c1,i close the loop to start now iteration 
with a further step according to equation (22) by including contribution by the chemical reaction terms. 

Steps 2 and 3 are repeated iteratively. Step 1 can be included as often as new hot spots occur from an 
external heat source which is not the case here.  

The calculations result in three-dimensional temperature and concentration profiles for each time step, 
and in heat output and position of the reaction front over time, plotted are mainly two-dimensional cross 
sections. 

Summing up all lattice nodes after calibration where conversion is completed (e.g. for stoichiometric 
conditions , 0],[,,3 ≅txc BA

r
 or half of the conversion, maximum temperature reached) defines a 

conversion rate, which in linear progression can be considered as burning rate. 
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In pyrotechnic mixtures fuel and oxidizer particles are the sources of reacting fuel and oxidizer. Including 
diffusion by the same way like the heat transfer equation the particles can react, as soon as gaseous fuel 
and oxidizer get into contact. The model does not include any convection or radiation. 

In conclusion three types of parameters are necessary to run the Hot-Spot model: 

• Initial distributions, sizes and numbers of hot spots, fuel and oxidizer particles 

• Material parameters: density, heat capacity, heat conductivity, diffusion coefficient 

• Reaction parameters: heat of reaction, Arrhenius-parameters (pre-exponential factor, activation 
energy) 

CuO already splits-off oxygen just above 1000°C and is therefore a good candidate to test the model 
described above because the thermal decomposition can be investigated by methods of thermal analysis to 
get kinetics data at moderate temperatures. 

3 Experimental 

3.1 Samples 

Samples with different compositions of aluminum/copper(II)oxide were milled using an automatic 
mortar. Homogeneous mixtures for all investigated samples could be prepared. The mixture compositions 
and particle diameters are summarized in Table 1. So a wide range of stoichiometry was realized. The 
particle size was determined using a laser diffraction device (Malvern Instruments Mastersizer 2000) 
from 2 µm to 30 µm for both types of particles with mean diameters (d50) of 6 µm (Al) and 9 µm (CuO). 
So the particles of the two components can be regarded to have the same order of size. Figure 1 exhibit 
SEM images of characteristic particles (Zeiss-SEM Supra 55 VP with EDX). 

Material Concentration in ma% 
Al 
(Alcan 400) 5 8 13 19 24 30 40 50 55 63 70 
CuO (Alfa 
Aesar 325mesh) 95 92 87 81 76 70 60 50 45 37 30 

 
Hyperstoichiometric 

 (lean) 
Stoich-
metric. 

Substoichiometric 
(fat) 

Table 1. Composition of investigated mixtures. 
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Figure 1. SEM pictures of aluminum (left) and copper(II)oxide (right) particles. 

Figure 2 (triangles) lists adiabatic flame temperatures calculated with EKVI-Code [21] at 0.1 MPa. The 
Maximum temperature, 2800 K, is close to stoichiometric ratio of 19% Al. But also from 16% to 50% 
temperatures higher than 2500 K are expected. Beyond this range adiabatic temperatures decrease rapidly. 
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Figure 2. Calculated adiabatic temperatures and measured temperatures in dependency of fuel (aluminum) 
concentration. 
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3.2 Setup 

The experiments were performed under nitrogen in a chimney-type window bomb under constant 
pressure of 0.1 MPa N2. To measure the progression rate 2 g of the sample mixture were filled into a test 
tube, 70 mm long, with an inner diameter of 6 mm. By tapping, an initial bulk density of about 1 g/cm3 
was produced. Ignition was performed using a melting wire enhanced with a pellet of pyrotechnic igniter 
compound.  

For the temperature measurements, experiments were performed with bulk material placed in a row of 
about 40 mm length and 10 mm width on a SCHOTT CERAN® plate in air (lithium-aluminum-silicon 
ceramics). The igniter was placed at one end and obscured in a way that it did not interfere with optical 
measurements. 

3.3 Measurement Techniques 

The visible flame front was observed with a high-speed video camera (Redlake Motion Pro X3) using 
1000 fps and a spatial picture resolution of 9 pixels / mm. From the records, the flame propagation was 
derived using a software code called AVICOR developed at ICT for analyzing video samples of 
combustion processes [22]. Additionally, a macro lens was available to produce movies of 5000 fps with 
a limited field of view of 2 x 6 mm2. 

NIR-spectra from 1.0 µm to 2.2 µm were measured using an MCS 611 PGS-NIR 2.2 spectrometer from 
Carl Zeiss AG, Germany equipped with an optical fiber. The spectra were calibrated using a black body 
radiator in intensity per unit wavelength. The fiber optics of the Zeiss spectrometers used in the 
experiments make a calibration in units of spectral radiance difficult. ICT-BaM code does not require 
spectral radiance to derive temperatures from NIR because it models spectra of gaseous reaction products, 
soot and continuum radiation based on their band shapes. The evaluation procedure is based on a Least 
Squares Fit of calculated spectra to the measured ones. It is described in more detail in [22]. For the 
recent application only the model of grey-body emitter was needed. The analysis resulted in intensity, 
emission temperature and a signal proportional to the emissivity with a temporal resolution up to 70 Hz.  

4 Experimental Results 

4.1 Velocity of the Reaction Front 

The burning experiments with test tubes result in linear progression rates. Figure 3 shows screen shots of 
the reaction zone at different mixture ratios.  
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Figure 3. Screen shots of the reaction zone at different mixture ratios. 

Resulting values for the different mixtures are plotted in Figure 4 on logarithmic scale as a function of 
aluminum content (open circles). The values correspond to the right axis of ordinates. Although the 
reproducibility of the single measurements is weak, clear trends can be observed. It is well known, that 
the progression rate of particle mixtures depends not only on mixture ratio, particle size, temperature and 
pressure but also on the experimental conditions like orientation of the flame front, diameter of the 
specimen, bulk density etc. During the recent experiments all of these parameters were held constant, so 
that the relations can be compared.  

The progression velocity varies of more than an order of magnitude from 50 mm/s at lean conditions 
(<19% Al) to 1000 mm/s at about stoichiometic conditions and decreases to 10 mm/s at fat conditions (>> 
30% Al). Absolute maximum progression velocity is not found at stoichiometric conditions but in the 
slidely substoichiometric field at 30% Al. 
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Figure 4. Modeled (left axis) and measured (right axis) propagation rate of Al/CuO thermite in dependency of 
the fuel concentration. 

4.2 Temperature 

NIR-emission spectra of the reaction front and reaction products show a pure continuum that could be 
evaluated in all cases assuming Grey Body emission with an excellent agreement to determine 
temperature of the emitting particles.  

By using test tubes a problem occurs when condensed material covers the inner wall of the glass tube 
immediately behind the reaction front. So the tube got opaque and only emission from the colder tube 
wall was detected by the spectrometer. Therefore, temperatures were measured in free air on bulk 
material combustion. Due to the fast reaction it can be assumed that air diffusion to the reaction zone is 
much slower than the reaction itself and will only perform a minor influence on the heat release. 

Resulting temperature values were also charted in Figure 2 as open diamonds. The absolute values are in 
a good agreement with the adiabatic flame temperatures calculated with EKVI-Code. Especially the 
dependence on fuel concentration corresponds well with these theoretical values. Only at fat conditions 
(>50% Al) measured values are significantly higher than the theoretical ones. In this range the 
progression velocity and with it the reaction rate is relative low so entrained air might also burn with 
excess aluminum. 
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5 Modelling 

To start the calculations with the Hot-Spot model the necessary input parameters must be defined. 
Therefore, first of all the number of fuel and oxidizer particles dependent on total number of particles, 
fuel concentration, particles densities and particles size was calculated as follows:  
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And the number of oxidizer particles by:  

 FuelTotOxid nnn −=  (29) 

Where Totn  is the total number of particles, xn  the number of particles, xc  the concentration, xρ  the 

density and xd  the diameter of particle of type x  ( x  = Fuel or Oxidizer). The total number of particles 

was fixed to 196. Fuel and oxidizer density are from the literature (see Table 2). The particle size was 
experimentally determined and in a first approximation they have both a diameter of 10 µm.  

The particle distribution was calculated by two different ways: a regular and a random method. The two 
different distributions are shown in Figure 5.  

   

Figure 5. Particle distributions calculated for a fuel concentration of 24 ma% and same particle size of fuel 
and oxidizer particles. At the left-hand side a regular distribution is shown and at the right-hand side a 
random distribution. 

Last but not least the reaction parameters are necessary for the model. Due to the fact that the measured 
temperatures are in good agreement with the adiabatic temperatures, the heat of reaction for each fuel 
concentration was determined from the adiabatic temperatures of the EKVI-Code calculations (Figure 2). 

The Arrhenius-Parameters were determined by thermal gravimetric analysis of copper in air. Under the 
assumption that the decomposition of copper oxide determines the speed of reaction the obtained data are 
used for parameter determination. The TG, DTG and DSC curves for nano-Cu (60 nm) at a heating rate of 
β=10 K/min are shown in Figure 6 which contains already CuO and Cu2O. A two-step oxidation between 
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523 K and 650 K of copper leads to the copper oxide. At a temperature of 1280 K the copper oxide begins 
to split-off oxygen till a temperature of 1340 K, according to the reaction scheme 2 CuO → Cu2O + O. 

 

Parameter Fuel / Al Oxidizer / CuO 

Density ρ  in ⎥⎦
⎤

⎢⎣
⎡

3cm
g

 2.7 6.48 

Heat capacity pc  in ⎥
⎦

⎤
⎢
⎣

⎡
⋅KKg

J
 897 63.68 

Heat conductivity λ  in ⎥⎦
⎤

⎢⎣
⎡

⋅Km
W

237 n. a. 

Table 2. Material parameters of fuel (aluminum) and oxidizer (copper oxide) particles found in literature 
[24]. 
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Figure 6. Example of a thermal gravimetric measurement of nano-copper in air. 

To determine the Arrhenius-Parameters, pre-exponential factor and activation energy, a 3rd order Avrami-
Erofeev mechanism was fitted to the experimental thermal gravimetric data of the decomposition of the 
copper oxide. A direct least squares fit was applied (see [25]) to the sigmoid curve normalized to 1 and 0 
encircled in the diagram Figure 6, using the inverse function α(T) in (31): 
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Two thermal gravimetric measurements of copper were done and curve of the oxygen split-off analyzed 
by a non-linear least square fit (Figure 7) [25]. The results are shown in Table 3 in comparison to 
literature values [26]. They are in good agreement with each other and the values from dataset one were 
used for the Hot-Spot calculations. 
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Figure 7. Simultaneous non-linear least squares fit of a 3rd order Avrami-Erofeev mechanism to 2 normalized 
TG-curves (symbols, 5 K/min and 10 K/min) using “FindMinimum” of Mathmatica8® of WolframResearch. 

Data set Z  in [ ]1−s aE  in [ ]K  

1 1014.75 51539 

2 1016.58 57494 

literature 1013.3 31994.23 (266 KJ/mol)
Table 3. Obtained Arrhenius-Parameters by fitting thermal gravimetric analysis data with a 3rd order 
Avrami-Erofeev model in comparison with literature values [26]. 

With these input parameters of Table 2 the Hot-Spot model calculations were performed with regular and 
random particle distributions for the same fuel concentrations as the experiments were done. Fuel and 
oxidizer particle size were identical. An example output of a random distribution with a fuel concentration 
of 30 ma% is shown in Figure 8. 
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Timestep: 

t = 0 t = 10 t = 30 t = 90 

Fuel concentration: 

 
Oxidizer concentration: 

 
Product concentration: 

 
Temperature profile: 

 
Figure 8. Fuel, oxidizer, product concentration and temperature profile calculated by the Hot-Spot model for 
a random particle distribution with 30 ma% fuel concentration. 

In Figure 8 in the first row the fuel concentration is shown, below the oxidizer and product concentrations 
and in the bottom row the temperature profile. The columns show four time steps. In the first column the 
initial distribution is shown. The fuel and oxidizer concentration shows there Gaussian-function shaped 
particles. The product concentration is zero and the temperature profile shows the single Hot-Spot to 
ignite the particle mixture. At this geometrical point the fuel and oxidizer concentration shows ten time 
steps later (column two in Figure 8) decreasing concentration and in contrast the product concentration 
and temperature profile increase. This continues at later time steps (column three and four) and the 
propagation of product concentration and temperature is shown. 
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To determine the rate of combustion the output data of the Hot-Spot model were analyzed. Therefore, in 
temperature profile the position of the moving temperature front was determined over time. With a linear 
least-square fit the propagation rate was determined. This was done for all fuel concentrations. The 
resulting propagation rates are shown in Figure 4. The black dots and line shows the propagation rate of 
the regular particle distribution. The red diamonds and line shows the propagation rate for the random 
particle distribution. Both lines correspond to the left axis of ordinates. 

6 Discussion and conclusion 

The Hot-Spot model calculations were performed at a particle size ratio of fuel to oxidizer particle of 1:1. 
From that data, the propagation rates in dependency of the fuel concentration were calculated and shown 
in Figure 4. In comparison to the experimentally determined propagation rates the shapes of the functions 
are in good agreement also in magnitude. The modeling results show as well as the experimental data the 
speed maximum to be in the same substoichiometric range. Also the sharp increase in hyperstoichiometric 
range and the flatter slope in substoichiometric range are in good agreement with the experimental results. 
From a fuel concentration of nearly 55 ma% the propagation rates have only a poor dependency on the 
fuel concentration. The sharp increase in the hyperstoichiometric range and the difference between the 
regular and random particle distribution show the strong dependency of the propagation rate in this range 
on the fuel and oxidizer particle arrangement in space. The accordance with the regular and random 
particle distribution in the substoichiometric range shows that this dependency is substantially weaker in 
that range. 

In conclusion, it was shown that the Hot-Spot model models qualitatively the dependency of the 
propagation rate on the fuel concentration. This suggests that heat and mass transfer are the main physical 
processes in granular reactions, like pyrotechnic mixtures. It describes also adequately that the effect of 
fuel and particle configuration is not negligible particularly in the hyperstoichiometric range. 
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ABSTRACT

Laser-driven flyer plates comprised of one or more thin layers forming a foil coated onto a
transparent substrate. The flyers were produced by single pulses from a Q-switched Nd:YAG
laser, which irradiated the foil/substrate interface. The single and multiple layer targets
employed included Cu, CuO/Cu, and CuO/Al/Cu. By using a time-of-flight method, we
measured the velocities of the flyer plates at different laser energies. The pentaerythritol
tetranitrate explosive columns whose size of Φ2×4.8 mm2 and density of 1.0 g/cm3 were
impacted and initiated by laser-driven flyers launched from substrate backed single and
multiple foils. Their diameters were both of 0.8 mm. We were able to evaluate P2τ in the
extreme shock regime. The experimental results showed that CuO layer didn’t increase the Cu
flyers’ velocity, but the CuO/Al layers could increase the flyers’ velocity, where took place an
exothermic reaction between CuO and Al layers. Whereas the initiation results of flyers
launched from CuO/Al/Cu layers didn’t show any advantage than that from Cu and CuO/Cu
layers.

1 INTRODUCTION

Since the invention of first laser in 1960, laser initiation of energetic materials has been a
topic of interest 1). The use of optical firing signals enables the explosives to be electrically
isolated from their local environment. This isolation increases the safety of detonators 2).
Researches on ablative acceleration of thin foil targets by intense pulsed lasers, which was
used as one of the three ways of laser ignition 3), began in the late 1970s. The main
motivation was to achieve sufficient velocities for thermonuclear ignition 4),5). Besides being
used for the shock initiation of condensed explosives 6)-8), improvements of this technology
allowed utilization of laser-driven flyer plates as an easily engineered quantitative tool in
many fields, such as, high strain rate materials testing 9)-13) and micrometeorite simulations
for research into spacecraft materials 14),15). The laser-driven flyer plates is attractive due to
its relative simplicity, low cost, ease of incorporation into a vacuum facility, and high shot
rate capability 16),17).
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In this work, we measured the velocities of the flyer plates at different laser energies. The
flyer targets employed included Cu, CuO/Cu, and CuO/Al/Cu. Also, the velocities of the flyer
plates at different laser energies were measured. In the end, pentaerythritol tetranitrate (PETN)
columns were initiated by laser-driven copper flyer plates.

2 EXPERIMENT

The laser used was a LOTIS TII LS-2147 Nd:YAG laser operating at the wavelength of
532 nm. The diameter of the irradiated spot on the film layers was about 700 μm and Q
switching produced 15 ns FWHM pulses with energy up to 800 mJ. A schematic view of the
set-up for measuring average velocity of flyers was shown in Fig. 1. The laser pulse was
focused with a 150 mm focal length lens and was incident onto the surface of multiple layers
through a K9 glass substrate. The beam energy was monitored using a thermal surface
absorbing energy meter (Ophir, Model 30A). When a flyer impacted the surface of PVDF,
there would be a electric signal recorded by the oscillogragh. The velocity could be caculated
by the interval between the signals from the pin and the PVDF film.

One single and two multiple layer targets were used in this research. They were Cu (5
µm),, CuO/Cu (0.2/4.8 µm), and CuO/Al/Cu (0.2/0.1/4.7 µm). In the CuO/Cu layer target,
CuO was employed as the initial layer, which was expected to produce a higher velocity than
Cu. Also, CuO/Al was expected to release chemical reaction energy to accelerate the flyer’s
velocity. All of the layers were deposited onto the circular K9 glass substrates 5 mm in
diameter and 2 mm thick. The films were deposited by magnetron sputtering in a vacuum
system.

The explosive confinement was shown in Fig. 2. The conventional PETN used in this
investigation was a powder of single crystals with a mean grain size of 41 µm. The powder
density was about 1.0g•cm-3.

Fig.1 Experimental setup for average velocity measurements.
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Fig.2 Assembly used launch flyers over small distances onto
 the explosive confinement

3 RESULTES and DISCUSSION

3.1 Effects of laser energy and flying distance on copper flyer’s velocity

As shown in Fig. 3, the copper flyer’s velocity was a function of laser pulse energy when
the hole diameter was 0.8 mm. Generally, the flyer’s velocity at three flying distances keep
rising when laser energy increased from 67 to 375 mJ, but their increasing rates were different.
The increasing rate was the highest with a flying distance of 0.8 mm. When the flying
distance was 0.4 mm, the increasing rate was the lowest.

When the flyer was launched from the glass substrate, it was accelerated to a maximum
velocity, then the velocity began to slower. So the flying distance had a optimal value. In Fig.
3, the flyer’s velocity had the highest value with a flying distance of 0.8 mm at the same laser
energy. It could be concluded that the flyer kept been accelerated in the distance of 0.8 mm. It
was noted that at the pulse energy of 337 mJ), a flyer velocity over 4.0 km/s was measured
with a flying distance of 0.8 mm.

Fig. 3 A plot of copper flyer’s velocity as a function of laser energy with different
flying distances. The hole diameter of spacer ring was 0.8 mm. The copper flyer’s

thickness was 5 µm.
3.2 Effects of hole diameter and thickness on copper flyer’s velocity

There show three lines in Fig. 4, which represent the copper flyer’s velocity at three hole
diameters. At the same laser energy, the velocities of flyers with diameter of 0.6 mm were
higher than that with diameter of 0.8 mm. The former was about 400 m/s higher than the latter.
The velocity of flyer of Φ 0.4 mm was lower than those of Φ 0.6 mm and Φ 0.8 mm when the
laser energy was below 260mJ. When the laser energy was above 260 mJ, the velocity of
flyer of Φ 0.4 mm was between those of Φ 0.6 mm and Φ 0.8 mm. So the diameter of flyer
had not obvious influence on its velocity.

The effect of flyer’s thickness on its velocity was shown in Fig. 5. It could be seen that the
thinner the flyer was, the higher its velocity was. But it didn’t mean that the flyer’s thickness
had not the minimum value. Because when the flyer was irradiated by laser pulse, there would
be an ablation depth in the flyer. The normal ablated thickness of metal was about below 1µm.
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The thicker flyer had more mass, so its velocity would be slower according the law of
conservation of energy.

Fig. 4 A plot of copper flyer’s velocity as a function of laser energy at different

 hole diameters. The flying distance was 0.4 mm. The flyer’s thickness was 5 µm.

Fig. 5 A plot of copper flyer’s velocity as a function of laser energy with different

 thickness. The flying distance was 0.4 mm and the hole diameter of spacer ring

 was 0.8 mm.

3.3 Effects of ablation layers on multiple layer flyer’s velocity

Fig.6 showed velocities of multiple layer flyers and single layer flyers at different laser
energies. As the ablation film, CuO layer did not increase the copper flyer’s velocity
apparently. CuO/Cu flyer had a higher velocity than Cu flyer when the laser energy was
below 160 mJ. As the energy kept rising, the velocity of former was lower than that of latter.
Though the laser absorptivity of CuO (88%)was higher than that of Cu (72%), the melting
point and the specific heat of CuO, which were 1326℃ and 42.30 J•mol-1 separately, were
also higher than the melting point (1083℃)and the specific heat (24.47 J•mol -1) of Cu.

There was an interesting phenomena that velocities of flyers from CuO/Al/Cu target were
higher than that from CuO/Cu target. This implied that an chemical reaction happened
between CuO and Al layers in CuO/Al/Cu target, whose released chemical reaction energy
accelerated the flyer’s velocity. The reaction formula was shown as follow (1),

3CuO+2AlAl2O3+3Cu+1193.35 kJ·mol-1              (1)
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Fig. 6 A plot of single and multiple layer flyer’s velocity as a function of laser energy with
different thickness. The flying distance was 0.8 mm and the hole diameter of spacer ring

was 0.8 mm.

3.4 Initiation results of three kinds flyers

The laser-driven flyers from Cu, CuO/Cu, and CuO/Al/Cu targets at different laser
energies were used to initiate PETN columns. The whole experimental initiation results were
shown in Table I. The three kinds flyers were all driven to impact the PETN columns at seven
different laser energies. It could be seen that Cu flyer had three successful initiation results,
and the number of CuO/Cu flyer was four. The CuO/Al/Cu flyer had the least successful
initiation result, which was only one.The laser-driven flyers from CuO/Al/Cu target, which
had the higher velocity than that from CuO/Cu, didn’t have a higher initiation rate. This was
because the energy released from the oxidation-reduction reaction made the flyer heated. A
part of the flyer began to evaporate. The flyer would be more thin and be more fragile. This
would influence the topography of flyers and be bad for initiation. So both of velocity and
topography could influence the initiation results of flyers.
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TABLE I. Experimental results of initiating explosive by laser-driven flyer.

4 CONCLUSIONS

The single layer targets of Cu and the multiple layer targets of CuO/Cu, and CuO/Al/Cu
were driven by laser to generate flyers. The velocities of flyers were measured by a
time-of-flight method. It was found that the Cu flyer had a higher velocity when the flying
distance was 0.8 mm, and the thickness was 5 µm. Velocities of flyers from CuO/Al/Cu target
were higher than that from CuO/Cu target, which was because there was an chemical reaction
happened between CuO and Al layers in CuO/Al/Cu target. The unconfined pentaerythritol
tetranitrate explosive columns were impacted and initiated by laser-driven flyers launched
from the three kinds of layer targets at different laser energies. It was found that CuO/Cu flyer
had the highest successful initiation rate.
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flyer/m·s-1

Detonation or
not
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264 3389 Yes
337 4020 Yes

Cu

376 3065 No
67 2105 No

109 2500 No
161 2649 No
203 2909 Yes
264 3149 Yes
337 3252 Yes

CuO/Cu

376 3305 Yes
67 2352 No

109 2507 No
161 2702 No
203 3100 No
264 3265 Yes
337 3791 No

CuO/Al/Cu

376 3652 No
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Combustion Properties of Firing Materials

H.S.Zhou, X.H. Xie *and S.Y. Liu

ABSTRACT

The transient pulse testing is used in bridgewire-charges to measure the
electrothermal performance non-destructively rather than by the conventional
inspection. The conventional inspection has the disadvantage of destruction with a
number of products tested, while the transient pulse testing can give a dynamic
electrothermal curve at a user’s command. In addition, the transient pulse testing can
be used to measure a passel of products one by one rather than by a statistical spot
check. Unfortunately, a statistic spot check cannot provide the firing reliability of
products efficiently. The other way round, the transient pulse testing may put an end
to the possibility of loss for users absolutely. The reason that the transient pulse
testing is not devastating for products is that these mixtures of a product have a
required thermal stability, and then are simultaneously able to be responded reliably
by a very small pulse current. We have determined that these red matches based on
Si/Pb3O4/DDNP mixtures electrothermal responsibility curves. Firing performance,
measurements of the transient pulse testing, and electrothermal parameters are
presented in this paper.

Key Words: transient pulse testing; electrothermal parameter; red match;
nondestructive inspection

INTRODUCTION

The method is developing, of the firing controlling and performance forecasting,
yet it is not well rounded. Rosenthal equations are trying to improve. In 1994 and in
1997, this field articles were respectively called for in the sheet of meeting motive
and call for papers by the International Symposium on Explosives and Pyrotechnics
(E&P). Literatures reported the firing reliabilities and performance forecasting by
using thermal parameters and modeling EEDs with the Monte—Carlo Code. The
new red match head, consisting of an electrically insulting substrate with bridgewire
is investigated.

H.S. Zhou, School of Medicines, Anhui University of Science and Technology, Huainan, Anhui
232001, China.
X.H. Xie*,S.Y.Liu, School of Chemical Engineering, Anhui University of Science and
Technology, Huainan, Anhui 232001, China.
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EXPERIMENTAL

The apparatus consists of an IT-4 electric parameters instrument and a DR-3
system of transient process testing and nondestructive inspection with an IBM lap top
computer, similar to that used for digital data processor. A schematic of the testing
systems is illustrated in Fig. 1. The control circuitry of current may control the
reference voltage of a power supply, i.e. zero current value. The power supply
outputs a constant value of current. The analog circuit makes the initial voltage
output zero. The program-controlled amplifier will magnify the voltage values
between the two ends of a bridge wire. The A/D convertor may change analog data
into digital data. The memorizer saves testing signals. The collection controller can
control the start and end, the collection speed and scope of the A/D convertor and so
on. The coupling provides a channel for data transfers between an instrument and a
computer. The computer dominates the whole apparatus to adjust the setting of
conditions of the nondestructive inspection or the transient firing process.

RESULTS & DISCUSSION

When the constant current value is separately set to 0.08A and 0.1A, the red
matches are tested repeatedly. The results calculated are listed in Table 1 and Table 2.
Under 0.08A, the electrothermal parameters don’t vary markedly. And the errors are
from the apparatus itself. Yet, when the testing current is 0.1A, compared with the
data in Table 2, we can find that all of the electrothermal parameters other than the
resistance values change obviously during testing repeatedly. It shows that after
electrified with 0.1A, the electrothermal performance varies sharply.The durative
time electrified is lasting for 0.1s. The sampling interval setting is 2.0×10-5s. The
amplificatory multiple is selected as 16×50. The memory capability is 4k.

Fig. 1 Apparatus

These red matches based on Si/Pb3O4/DDNP mixtures are tested by the nondestructive
inspection. Each of them weighs 0.03～0.04g approximately. These experimental results are
listed in Table 3.

In Table 3, 120 red matches are tested. Thereinto, the temperature increments of four of
them are less than 25.0℃, individually 24.6℃, 24.7℃, 24.9℃ and 24.9℃; five of them more than 
38.0℃, individually 38.1℃, 38.1℃, 36.6℃, 36.7℃ and 39.9℃. The temperature constants, only 
two of them, are under 9.00×10-3•s-1, and separately 8.08×10-3•s-1 and 8.45×10-3•s-1; and
fourteen of them preponderate over14.0×10-3•s-1. The heat loss coefficients fasten between
4.0×10-4•℃-1 and 7.0×10-4•℃-1, one of them less than 4.0×10-4•℃-1 and eleven of them more than

Display Control circuitry of current Power
supply

Computer

Coupling Controller
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7.0×10-3•℃-1, two of them more than 8.0×10-3•℃-1, individually 8.0×10-3•℃-1 and 8.2×10-3•℃-1.
Compared with those parameters, the heat capacities are more of dispersing, six of them less
than 5.0×10-6J•℃-1 and six of than more than 9.5×10-6J•℃-1.

CONCLUSIONS
The investigation concerns the transient pulse testing for commercial electric

detonators. The critical ignition condition and the testing system are discussed. It is
concluded that the transient pulse technique can be used not only in the
nondestructive inspection, but also in the firing performance testing. The transient
pulse testing can display the dynamic process of nondestructive inspection and firing
reliability of mining detonators.

The relationship between the firing performance and the nondestructive
inspection is discussed. Rosenthal modeling is effective to calculate the
electrothermal parameters. Also, a farther research is needed to consummate the
transient pulse testing for commercial detonators and other EEDs.

Table 1 The nondestructive inspection results of red matches under 0.08A

Product
sequence

Repeating
order

Temperature
increment

/℃

Resistance

/Ω

Temperature
constant

/×10-3·s-1

Heat loss
coefficient

/×10-4W·℃-1

Heat capacity

/×10-6J·℃-1

1 30.8 2.66 9.90 5.54 5.48

2 31.0 2.66 9.69 5.49 5.331

3 30.3 2.66 11.60 5.62 6.53

1 29.1 2.76 11.80 6.07 7.18

2 28.7 2.76 10.70 6.16 6.612

3 28.2 2.76 12.70 6.27 7.96

Table 2 The nondestructive inspection results of red matches under 0.1A

Product
sequence

Repeating
order

Temperature
increment

/℃

Resistance

/Ω

Temperature
constant

/×10-3·s-1

Heat loss
coefficient

/×10-4W·℃-

Heat
capacity

/×10-6J·℃
-

1 71.5 1.75 9.00 2.45 2.20
2 66.9 1.74 10.20 2.60 2.64
3 61.9 1.74 13.30 2.81 3.73

1

4 58.0 1.74 14.50 3.00 4.35
1 55.9 1.81 7.85 3.24 2.54
2 52.6 1.81 11.20 3.44 3.85
3 52.2 1.80 14.00 3.45 4.83

2

4 51.0 1.80 12.00 3.53 4.23
1 62.2 1.93 8.28 3.10 2.57
2 54.9 1.93 11.30 3.52 3.97
3 64.9 1.93 8.69 2.97 2.58
4 55.4 1.93 16.10 3.48 5.60
5 62.2 1.93 8.66 3.10 2.69
6 60.2 1.93 9.26 3.21 2.97
7 45.4 1.93 20.00 4.25 8.50

3

8 55.9 1.93 13.30 3.45 4.60
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Table 3 The nondestructive inspection results of commercial red matches

Index
Variety
range

The
proportion /%

The
maximum

The
minimum

25～30 53.33

30～35 32.50

Temperature
increment

/℃ 35～38 6.67

39.3 24.6

10～11 7.50

11～13 43.33
Temperature

constant
/×10-3·s-1

13～14 19.17

15.5 8.08

4～5 18.33

5～6 37.50
Heat loss

coefficient
/×10-4W·℃-1

6～7 34.17

8.15 3.99

5～6.5 32.50

6.5～8 40.83
Heat capacity
/×10-6J·℃-1

8～9.5 16.67

10.5 4.53
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Morphology from Detonation and Deflagration

H.S.Zhou, X.H. Xie*and K.B. Li

ABSTRACT

We have synthesized novel zinc oxide nanometer powders via detonation reaction
with respect to the presence of an energetic precursor, such as lithium nitrate and
zinc nitrate. The detonation products of emulsion explosives were characterized by
scanning electron microscopy. Powder X-ray diffraction and transmission electron
microscopy were used to observe the structures. It is concluded that the
morphologies of products grown from detonation and deflagration are different. The
oxides produced by these methods can be used for distinguishing explosive reaction
styles of explosives.

Key Words: Emulsion explosives; deflagration; detonation

INTRODUCTION
More recently, it was reported that these oxides nanomaterials have generated

tremendous interests in both the scientific and engineering community, which has
visibly led to rapid and intense growth in research focus.

In this paper, we report the judging methods of oxide nano-powders from
different explosive reaction, which we believe, have never been reported. This
novel method allows us to distinguish reaction kinds by observing nanometer oxide
powders grown from explosives.

Until now, there are a few reports concerning the difference of detonation soot
and deflagration products of emulsion explosives by testing micro-morphologies of
explosive reaction, which is a kind of promising technique for judging deflagration
probability of emulsion explosives.

EXPERIMENTAL PROCEDURES
The detonation soot was then studied by use of X-ray diffraction (XRD).

Scanning electron microscopy (SEM) analysis was performed with JEDL
JEM-1200EX (Japan) for detonation synthesized Lithium zinc oxides. XRD
analysis was carried out on an XRD-6000 Shimadzu (Japan) diffractometer using

H.S. Zhou, School of Medicines, Anhui University of Science and Technology, Huainan,
Anhui 232001, China.
X.H. Xie*,K.B.Li, School of Chemical Engineering, Anhui University of Science and
Technology, Huainan, Anhui 232001, China.
Email: xxh1963@163.com
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Cu Kα irradiation with input power of 50 kV and 150 mA. The divergence slit angle, 
scattering slit angle and receiving slit height were selected as 2, 2°, and 0.3 mm.
The diffraction intensities were measured every 0.028 step for 1 s in the wide 2θ 

range from 10 to 80° at room temperature (293 K). After sintered at 600℃ for 1

hour，the shape and size of the as-obtained particles were observed by transmission
electron microscope (TEM, Tecnai G2 20 S-twin).

RESULTS AND DISCUSSION

Figure 1 and Figure 2 shows the XRD patterns of the dynamically synthesized
zinc and lithium composite oxide. We obtained a nanosized diamond texture
containing zinc and lithium composite oxide. It is obvious that the Bragg reflection
peaks of the dynamically synthesized zinc and lithium composite oxide are
broadened, which may result form small grain size and/or presence of microstrain.
Here the mean grain size for deflagration synthesized zinc and lithium composite
oxide refers to the mean size of crystallites of crystalline particles. XRD analyses
were conducted at a fixed temperature in the present study; a precise determination
of the structural parameters need more experiments including both high temperature
and low temperature experiments. Explosive detonation is nonequilibrium
processes, generating a short duration of high pressure and high temperature.

Figure 1. XRD pattern of zinc oxide zinc oxide (50%AN, 600℃).
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Figure 2. XRD pattern of zinc oxide (66%AN,600℃).

Figure 3 and Figure 4 are morphologies by TEM. Transmission electron
microscopy was used to characterize the products. Comparing with that from

deflagration reaction ， zinc and lithium composite oxide with smaller primary
particles from detonation reaction and a variety of conglobulation were found.

Figure 3. TEM image of detonation synthesized lithium oxides.

Figure 4. TEM image of deflagration synthesized lithium oxides.
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CONCLUSIONS

The zinc and lithium composite oxides with a fine conglobulation formed after
detonation wave rather than deflagration wave treatment due to a higher quenching
rate are different from that of the deflagration products. It might also provide a new
discriminance for the explosive reaction styles. Explosive detonation is strongly
nonequilibrium processes, generating a short duration of high pressure and high
temperature. Free metal atoms are first released with the decomposition of
explosives, and then theses metal and oxygen atoms are rearranged, coagulated and
finally crystallized into zinc and lithium composite oxide during the expansion of
deflagration process. For emulsion explosive deflagration, the pressure, the
temperature and the adiabatic gamma were lower than those of detonation process,
but higher than those of combustion or sintering processes. The inherent short
duration, high heating rate and high cooling rate of detonation prevent the oxides
crystallites from growing into larger sizes and induce bulbil-like crystals.
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The Novelty High-Nitrogen and Environmental Friendly

Energetic Azide Compounds

Bidong WU, Li YANG, Tonglai ZHANG, Zunning ZHOU

(State Key Laboratory of Explosion Science and Technology,

Beijing Institute of Technology, Beijing 100081, China)

ABSTRACT

The novel high–energy–density–materials (HEDM) energetic azide compounds Zn(N2H4)2(N3)2]n (1),
[Cd2(N2H4)2(N3)4]n (2), Co(en)2(N3)2(NO3) (en=ethylenediamine) (3), [Cu2(en)2(N3)4]n (4) and
[Cd(en)(N3)2]n (5) were synthesized and characterized by elemental analysis and FT–IR spectrum.
Their nitrogen contents are 65.60%, 49.04%, 47.38%, 53.95% and 43.68%, respectively. The crystal
structures were determined by X–ray single crystal diffraction. The results show that the molecular
units have distorted octahedral structures. In addition, the sophisticated various intriguing structures
can range from discrete structures to three–dimensional arrays due to N3

– various coordination modes.
Thermal decomposition mechanisms were investigated based on differential scanning calorimetry
(DSC). The kinetic parameters of the first exothermic process were studied by applying the
Kissinger’s and Ozawa’s methods. In the end, the sensitivity was tested. So azide compounds were
insensitive and of good thermal stability. The results of all the studies show that they were the novelty
high–nitrogen and environmental friendly energetic compounds and had the extreme potential
application as the energetic materials.

Introduction

Green energetic materials as novel high–energy–density–materials (HEDMs) have attracted
significant attention from many researchers due to their excellent thermal stability, mechanical
insensitivity, better performance, economic and environmentally friendly synthesis processes [1].
These modern HEDMs derive most of their energy either from oxidation of the carbon backbone or
their very high positive heats of formation. Examples of the first class are traditional energetic
materials, such as TNT (2,4,6-trinitrotoluene), RDX (1,3,5-trinitro-1,3,5-triaza-cyclohexane) and
HMX (1,3,5,7-tetranitro-1,3,5,7-tetraazocane). Examples of the second class of energetic materials are
modern nitro-compounds, which are attributed to increasing numbers of inherently energetic C−N,
N−N and N−O bonds, such as CL-20 (Hexanitroisowurtzitane, HNIW).

N N N
M

N N N

M

M

N N N

M

M

N N N

M

MM
N N N

M

M

M

μ-1 μ-1, 3 (EE) μ-1, 1 (EO) μ-1, 1, 3 μ-1, 1, 1
Table 1 Different coordination modes of the azido ligand

At the present time, researchers have also paid intense attention to the azido ligand due to its
various coordination modes [2-11] (Table 1). The sophisticated various intriguing structures of
azido–metal complexes, ranging from discrete structures to three–dimensional arrays, were promoted
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the development of coordination chemistry. Moreover, the azido ion was studied mainly due to its
explosive nature, ability of forming pure and mixed ligand complex, its ambidentate nature and
bridging capacity, and so on. In particular, azide compounds were insensitive and of good thermal
stability. Consequently, many scientists have done many researches on energetic azide coordination
compounds [12-16].

In order to deepen the studies on the azide complexes which had potential application as energetic
materials, the novel multi–ligand coordination complexes of Zn(N2H4)2(N3)2]n (1), [Cd2(N2H4)2(N3)4]n

(2), Co(en)2(N3)2(NO3) (en=ethylenediamine) (3), [Cu2(en)2(N3)4]n (4) and [Cd(en)(N3)2]n (5) were
synthesized and their crystal structures, the thermal decomposition mechanisms and sensitivity
properties were studied in the present work [17-19].

Experimental

General caution: The azide compounds are energetic materials and tend to explode under certain
conditions. Appropriate safety precautions (safety glasses, face shields, leather coat and ear plugs)
should be taken, especially when these compounds are prepared on a large scale and in dry states.

All reagents and solvents were all analytically pure commercial products. The starting material,
sodium azide, is a commercial product and should be recrystallized before using.

The title compounds were prepared as following: a solution containing M(NO3)2 (0.05 mol) in 100
ml of deioned water was charged into a glass reactor with a thermo-water bath. The reaction solution
was stirred with a mechanical agitator and heated to 60~70 oC for using. Hydrazine hydrate (purity:
80%, 0.10 mol) or ethylenediamine (0.10 mol) and sodium azide (purity: 98%, 0.10 mol) dissolved in
50 ml of deioned water respectively, and they were added to the aqueous solution during 30~35 min
with continuous stirring and keeping at 60~70 oC. Then the solution was cooled to room temperature
naturally. The precipitate was collected by filtration, washed with ethanol, and dried the products in an
explosion–proof dryer. The yields were 59%, 85%, 65%, 78% and 45%. Single crystals suitable for
X–ray measurements were obtained by recrystallizing the products with the deionized water at room
temperature. The analysis results verify that they just were the title compounds according to the IR
spectra and elemental analyses.

Molecule structure

The perspective views of the compounds are shown in Figure 1. Detailed information
concerning crystallographic data collection and structures refinement are summarized in Table 2.

Table 2 Crystal data and structure refinement

compounds 1 2 3 4 5
CCDC/ CSD CSD 421952 CSD 418604 / / CCDC 747371
Empirical formula ZnH8N10 Cd2H8N16 CoC4H16N11O3 Cu2C4H16N16 CdC2H8N8

Formula mass 213.53 457.02 325.21 415.40 256.56
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic
Space group P1 P21/c C2/c C2/c P21/n
Z 1 4 4 8 4

a, b, c (nm)
0.4121(1)
0.6281(1)
0.7072(2)

1.2555(2)
1.1724(2)
0.7842(1)

1.3671(4)
0.9447(2)
0.9343(3)

1.7665(4)
0.6328(1)
2.6063(6)

0.6548(1)
1.0170(2)
1.2246(2)
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α, β, γ(°)
68.443(6)
89.360(11)
89.197(9)

90
94.555(2)
90

90
100.349(3)
90

90
100.725(3)
90

90
90.228(2)
90

Dc (g·cm–3) 2.083 2.638 1.820 1.928 2.090

1 [Zn(N2H4)2(N3)2]n

2 [Cd2(N2H4)2(N3)4]n 3 Co(en)2(N3)2(NO3)

4 [Cu2(en)2(N3)4]n 5 [Cd(en)(N3)2]n

Figure 1 The molecule structures of the title compounds

From Figure 1, the azido groups have different coordination modes.
In 1 and 3, the central zinc(II) and cobalt(II) cations are coordinated by two azido groups acting

as μ–1 bridging ligands and four N atoms of the bidentate hydrazine ligands or ethylenediamine.
In 2 and 4, there are two crystallographically independent sets of Cd(II) ions and three types of

azido ligands in different coordination modes and hydrazine or ethylenediamine acts as bidentate
bridging ligands. The Cd(1) and Cu(1) cations are coordinated by one azido group act as μ-1 bridge
linking, one azido group act as μ-1, 3 (EE) and two azido groups act as μ-1, 1 (EO) bridges linking.
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The Cd(2) and Cu(2) atoms are coordinated in a distorted octahedral environment by azido groups
acting as μ-1, 3 (EE) and μ–1 bridging ligands.

In 5, four azido groups act as end–to–on (μ–1, 1 EO) bridging ligands linking Cd1 centers and
two N atoms of the bidentate ethylenediamine ligands linking Cd1 center.

The crystal results show that 1 belongs to triclinic and others belong to monoclinic. The metal(II)
cations contribute the six empty orbitals to accommodate the lone pair electrons from ligands, that is
to coordinate with six N atoms from both hydrazine or ethylenediamine molecules and azido groups.
It can be seen from the packing diagrams that all of these intermolecular hydrogen bonds are to extend
the structure into a 3D supermolecular structures and make an important contribution to enhance the
thermal stability of the compounds.

Thermal decomposition

The DSC and TG–DTG determination were carried out to investigate the thermal behavior of the
azide compounds. It can be seen that there was one or two main exothermic stages in the DSC curves
which were to correspond to the successive stages in the TG–DTG curves. This result will illuminate
that the azide compounds have good heat-resistant because the decompositions of the title compounds
occur in the temperature range of 450～600 K with the first exothermic stage. The physicochemical
properties of the azide compounds are tabulated in Table 3.
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Figure 2 The DSC curves under the N2 atmosphere with a heating rate of 10 oC·min–1

Table 3 Physicochemical properties of the azide compounds
Compound 1 2 3 4 5
Tm

a / K / 505.0 / / 504.0
Td

b / K 495 559.8, 606.8 517.9, 635.9 498.75, 622.05 538.0
N c / % 65.60 49.04 47.38 53.95 43.68

a Melting point / DSC endothermic peak; b Thermal degradation / DSC main exothermic peak;
c Nitrogen content.
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Non-isothermal kinetics analysis

In the present works, Kissinger’s method and Ozawa’s method are widely used to determine the
apparent activation energy (Ea) and the pre–exponential factor (A). The Kissinger equation (1) and
Ozawa equation (2) are as follows, respectively:

   2
p Pln = ln a aβ T RA E E RT (1)

  plg lg ( ) 2.315 0.4567a aAE RG E RT             (2)

Tp is the peak temperature, K. A is the pre–exponential factor, s−1. Ea is the apparent activation
energy, kJ∙mol–1. R is the gas constant, 8.314 J∙K–1∙mol–1. β is the linear heating rate, K∙min–1 and G()
is reaction mechanism function.

Based on the first endothermic peak temperatures measured with four different heating rates of 5,
10, 15 and 20 K∙min–1, Kissinger’s method and Ozawa’s method were applied to study the kinetics
parameters of the complexes. From the original data, the apparent activation energy Ek and Eo,
pre-exponential factor Ak and linear coefficient Rk and Ro were determined and showed in Table 4. So
the Arrhenius equation of the compounds can be expressed as follows: (E is the average of Ek and Eo)

lnk = 8.53–102.48×103/RT for 1; lnk = 12.88–140.75×103/RT for 2;
lnk = 3.152–57.25×103/RT for 3; lnk = 6.147–80.28×103/RT for 4;
lnk = 13.90–153.50×103/RT for 5.

Table 4 Peak temperatures of the first exothermic stage at different heating rates and the
kinetic parameters

Peak temperatures Tp / K
Heating rates  / K·min–1

1 2 3 4 5
5 485.95 486.05 491.25 474.95 495.4
10 495.15 492.85 517.85 498.75 504.0
15 504.45 499.35 523.15 500.05 515.4
20 510.35 504.95 541.15 500.95 518.6
The calculation results by Kissinger’s method
Ek / kJ·mol–1 101.07 140.30 54.50 78.35 153.30
ln (Ak/s−1) 8.53 12.88 3.152 6.147 13.90
Rk –0.9962 –0.9875 –0.9777 –0.8952 –0.9949
The calculation results by Ozawa’s method
Eo / kJ·mol–1 103.89 141.20 59.95 82.21 153.70
Ro –0.9968 –0.9889 –0.9833 –0.9114 –0.9954

Sensitivity test

Impact sensitivity was determined by Fall Hammer Apparatus. The compound was placed
between two steel poles and was hit by 10.0 kg drop hammer. The test results showed that h50 were
>50cm, 26.0cm, 15.5cm, 8.0cm and 42.3cm, respectively. According to the method of flame
sensitivity test, the compound was compacted to a copper cap under the press of 58.8 MPa and was
ignited by standard black powder pellet. The test results showed that h50 were 15.0cm and 22.45cm for
4 and 5, respectively, and they were not firing for 1, 2 and 3. Therefore, the results of all the studies
showed that they had good sensitivity and an extreme potential application as energetic materials.
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Table 5 The sensitivity test of the title compounds
Compound 1 2 3 4 5

Impact sensitivity h50 / cm >50 26.0 15.5 8.0 42.3
Flame sensitivity h50 / cm no fire no fire no fire 15.0 22.4

Summary and Conclusions

The five novel high–nitrogen and environmental friendly energetic azide compounds were
synthesized and characterized. The crystal structures show that the M(II) ion is six–coordinated in a
distorted octahedral geometry. Thermal analysis indicates that they have good heat-resistant and good
sensitivity. Non–isothermal kinetics analysis results indicate that the Arrhenius equation and the
kinetic equation can be expressed as follows, respectively:

lnk = 8.53–102.48×103/RT for 1; lnk = 12.88–140.75×103/RT for 2;
lnk = 3.152–57.25×103/RT for 3; lnk = 6.147–80.28×103/RT for 4;
lnk = 13.90–153.50×103/RT for 5.
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Effect of Porous Copper on Thermal Decomposition of Ammonium

Perchlorate

Ye Yinghua, Shen Ruiqi, Wang Chengling, Hu Yan, Zhu Peng

（ School of Chemical Engineering, Nanjing University of Science and Technology,

Nanjing, China）

ABSTRACT

Porous copper film, which consists of micro-holes and nano-dendrites, was prepared by

electrodeposition technique with hydrogen bubbles template. The porous copper/ammonium

perchlorate (AP) composite was obtained by embedding AP into porous copper film. The

methods of differential scanning calorimetry (DSC)-thermogravimetry (TG) synchronization

thermal analysis have been applied to investigate the thermal decomposition of the composite

and the catalytic characteristics of the porous copper. The results show that the porous copper

makes the temperature exothermic peak decrease immensely. On the DSC plot of porous

copper/AP, there is even no endothermic peak corresponding to the transition from

orthorhombic to cubic crystalline form. It indicates that the porous copper can produce

excellent catalytic effect on AP. The catalytic mechanism of the porous copper on the thermal

decomposition of AP is explored as well.

Key words: Ammonium perchlorate, Thermal decomposition, Porous copper, Catalytic effect

1 Introduction

AP is often applied as the key energetic material for rocket technologies and plays an

important role in the propellant, so, since 1970s, a great amount of effort has been paid to better

understand its thermal decomposition. On the other hand, much research on new catalyzer has

been carried on to enhance the performance of AP. Applying nano catalysts to adjust propellant

combustion performance has become the hot point, most of which focuses on nano metal oxide.

Nanoscale copper powder has excellent catalytic properties and can be applied as catalyzer in

chemical industry. In the reaction of energetic materials, nanoscale copper shows high catalytic

performance and it performs significant catalytic effect on the thermal decomposition of

HMX[1], GAP[2] ,RDX[3]and AP[4-5]. Because of the large surface area of porous copper, it

possesses special catalytic performance. In this research, the catalytic performance of porous

copper for the thermal decomposition of AP was investigated by DSC-TG and the catalytic

mechanism has been preliminary analyzed.

2 Experiment

2.1 Preparation of porous copper film

The purity of nickel plate and platinum mesh used in the experiment were 99.9% and

99.95%, respectively. CuSO4•5H2O, H2SO4, NH4Cl and NH4ClO4 used in the experiment were

analytical reagent grade.
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The electrochemical procedure was carried on by CHI 1140A electrochemical workstation

(Shanghai, China). A traditional three-electrode system was applied to prepare porous copper

film. A saturated calomel electrode acted as the reference electrode. A piece of nickel with the

area of 1cm×1cm was used as cathode, and a platinum mesh with the area of 2.5cm×2.5cm was

used as anode which was located above the cathode. The distance between the two electrodes is

2cm. The basic constituents in the copper electrodeposition bath were CuSO4 (0.2mol•L-1),

H2SO4 (1.0mol•L-1), with NH4Cl (10mmol•L-1) as additives. The copper was deposited at room

temperature with electricity density of 2A•cm-2 for 30s. In the deposition process, the hydrogen

bubbles arising from the electrochemical reduction of H+ functioned as the dynamic template

for metal electrodeposition. Porous copper film was electrodeposited, and grew within the

interstitial spaces among the hydrogen bubbles.

2.2 Preparation of porous-copper/AP composite

There are three methods to prepare porous-copper/AP composite. The first one is peeling

porous copper from the substrate and crushing it to mix with AP. The second one is using

20μm copper powder to mix with AP. And the third one is introduced below. The methanol 

solution containing AP was embedded into porous copper film with ultrasonic for 5 min.

Then, the substrate was placed into a vacuum drier to remove the methanol. Finally, the

porous-copper/AP composite was achieved after methanol volatilization.

2.3 DSC-TG synchronization thermal analysis

To investigate the reaction mechanism of porous copper/AP composite, the pure AP and

porous copper/AP composite samples were performed respectively on a DSC-TG (NETESCH)

coupling system. All the thermal behavior of them were carried out in a closed pans. This

system can provide the thermal analysis data and the information of the evolution of ge

nerated gases. Furthermore, the evolution of gases could provide the information of the

chemical reactions occurring during thermal decomposition [6-8].

3 Results and Discussion

3.1 Characterization of porous copper films

The microstructures of the porous copper films were characterized by SEM (Hitachi

S-3400N Ⅱ JEOLJSM-6380LV) and laser scanning confocal microscope (OLYMPUS

FLV300). As shown in Fig. 1(a), the porous copper consists of numerous dendrites in all

directions which construct the pore wall forming mechanically self-supported films.

Therefore, the characterization results show that there are small holes under the surface pore

of film, and the sponge-like wall of film is made up of small copper dendrites. Then, porous

copper film was characterized by XRD (D8 ADVANCE). The image of laser scanning

confocal microscope is shown in Fig. 1(b). Under the preparation condition, the surface pore

size of the porous copper film is about 80μm, the thickness of the film is about 130μm, and 

the diameter of crystal grain in pore wall is about 500nm.
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(a) SEM image of porous copper film (b) Three dimensional topography of laser scanning

confocal microscope

Fig. 1 Images of porous copper film under the preparation condition

Fig. 2 XRD pattern of the porous copper film

Fig.2 shows the XRD pattern of the porous copper film, in which the copper and nickel

feature diffraction peaks were identified. The corresponding standard spectrums are

JCPDS04-0836 and JCPDS00-40850, respectively. It is clear that the peaks of the nickel in

the XRD pattern are caused by the nickel substrate, and only the porous copper film is

obtained in electrodeposition process.

3.2 The DSC plot of porous copper

The heat of reaction of the porous copper is determined by DSC. The porous copper can

be obtained under fundamental condition. DSC is performed from 50 to 500°C at a heating

rate of 15°C /min with the N2 flow rate of 30ml/min.
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Fig. 3 The DSC plot of porous copper

As shown in Fig.3, the endothermic peak (<100°C) is caused by the evaporation of

moisture at the surface of porous copper. The DSC plot keeps horizontal, indicating that there

is no physical or chemical reaction.

3.3 TG/DSC analysis of AP

The TG/DSC test of AP was performed in a flowing atmosphere of nitrogen (30 mL min-1).

For experiments carried out under nonisothermal conditions, the instrument was programmed

to heat the sample from room temperature at constant heating rates of 15 °C min-1. The

temperature range of the test was 50 °C-500 °C.

Fig. 4 TG/DSC plot of AP

The DSC plot in Fig. 4 shows that an endothermic peak and two exothermic peaks

appeared in the temperature range of 50 °C-500 °C, which was same as that in reference [9].
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The endothermic peak at 247.89 °C was the crystal lattice change peak of AP, at which

temperature the rhombic crystalline changed to the cubic form. The TG plot shows that the

mass loss started at 320 °C, indicating that the peaks at 339.89 °C and 431.89 °C were the

decomposition exothermic peak and there were gas products. According to references, the

decomposition exothermic reaction of AP was as follows:

4 4 2 2 2 2 22 2 3 2NH ClO N H O Cl O H         
(1)

The DSC test of the porous copper/AP composite material was performed in a flowing

atmosphere of nitrogen (30 mL min-1). The weight of the sample was 1.17 mg. For experiments

carried out under nonisothermal conditions, the instrument was programmed to heat the sample

from room temperature at constant heating rates of 15 °C min-1. The temperature range of the

test was 50 °C-500 °C. The DSC plot of the porous copper/AP composite material is shown

in Fig. 5.

Fig. 5 DSC plot of the porous copper/AP composite material

To investigate the influence of the porous copper structure to the combustion

performance of AP, equivalent mixture of porous copper, scratched from the substrate, and AP

was performed on a DSC system in the same condition, as shown in Fig 6.
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Fig. 6 DSC plot of the mixture of porous copper and AP powder

In addition, equivalent mixture of copper powder with diameter of 20 μm, and AP was 

performed on a DSC system, as shown in Fig 7. Comparing the DSC traces of the three

samples with the pure AP, the crystal lattice change peak of AP in porous-copper/AP

composite improves a little, and the thermal decomposition peak temperature decreases from

421 °C to 280 °C. The area of the decomposition peak is larger than others showing that the

porous copper has catalytic effect on the decomposition of the AP and helps to generate more

energy. Porous copper or copper powder mixed with AP also has some catalytic effect, but

lower than that of the porous-copper/AP composite. There is a small endothermic peak in all

the three samples at about 430 °C. The reaction between Cu powder and AP can only generate

four products, CuO, Cu2O, CuCl and CuCl2. CuO, Cu2O and CuCl2 are all stable below 600

°C, and only CuCl can melt at about 450 °C. So, it indicates that the second endothermic peak

is the melting endothermic peak of CuCl.

Fig. 7 DSC plot of the mixture of copper powder and AP powder

3.4 Discussion of the reaction mechanism of porous copper /AP composite
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The porous copper /AP composite was obtained by embedding AP into porous copper

film, and then the combustion reaction of AP appeared by thermal excitation. The

compositions of the tested samples were analyzed by X-ray diffraction before and after

combustion reaction. The typical XRD spectra of the initial reactants and final products are

shown in Figs. 8 and 9.

Fig. 8 XRD plot of porous copper /AP composite before combustion

Fig. 9 XRD plot of porous copper /AP composite after combustion

The XRD spectrum of the initial composite, as expected, shows two major crystalline

phases, corresponding to AP and Cu, respectively. After the combustion reaction, the XRD

spectrum of the final product exhibits peaks of CuCl and CuO, indicating that Cu has been

oxidated to CuCl and CuO. It can be concluded that Cu is not only the catalyzer but also

involved in the combustion reaction in which AP is the oxidizer. In the reaction, the

decomposition products of AP are N2, Cl2, H2O and may include O2. So, the potential reactive

equation can be deduced based on the test. The final solid products consist of CuCl, in

accordance with DSC plot of the reaction.
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4 4 2 2 2 26 4 2 2 3 12 2 5NH ClO Cu CuCl CuO N H O Cl O          
(2)

4 Summary and Conclusions

Porous copper film was prepared by an electrodeposition technique and the

porous copper/AP composite was obtained by embedding AP into porous copper film.

The DSC-TG analyzing results show that the porous copper makes the temperature

exothermic peak decrease immensely and there is even no endothermic peak

corresponding to the transition from orthorhombic crystalline to cubic form. And the

XRD results indicate that the final product exhibits peaks of CuCl and CuO,

indicating that Cu has been oxidated to CuCl and CuO. It can be concluded that Cu is

not only the catalyzer but also involved in the combustion reaction in which AP is

the oxidizer. The area of the decomposition peak of AP in porous-copper/AP composite was

larger than that of Porous copper or copper powder mixed with AP, which showed that the

porous copper had catalytic effect on the decomposition of the AP and helps to generate more

energy.
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ABSTRACT

Lead styphnate (LS) is a widely used primary explosive, which is very sensitive to electrostatic spark,
and frequently results in unexpected troubles. It is urgent necessary to improve the security of LS,
investigate the electrostatic properties and explore its anti-static mechanism with modern technology.
Graphene nanoplatelets and multi-walled carbon nanotubes modified LS were prepared and
characterized herein. Both the carbon nano-materials can decrease the resistivity of LS dramatically,
and multi-walled carbon nanotubes modified LS decreased from 2.57×1015 to 1.27×105 Ω. The static
electricity accumulations of modified LS were reduced obviously, but they are more sensitive to
electrostatic spark. Linear relationship was found between the surface resistivity and static electricity
accumulation of LS samples.

Introduction

Static electricity widely exists in the environment. Its hazards in the fields of chemical and
electronics industry have aroused considerable attentions for long time [1-3]. Static electricity always
decreases the efficiency of manufacturing production and makes electron devices break down. What’s
more, electrostatic discharge is the main cause of many explosive accidents [4-8]. All explosives are
almost insulators and their electrostatic potentials can develop very high. This can easily generate
spark discharge between them and earthed articles. On the other hand, if electrified bodies close to the
explosives, electrostatic discharge always occur between them and ignite the explosives. To make
explosives safer in the electrostatic environment, characterizing their electrostatic performances, such
as the resistivity, electrostatic spark sensitivity and the accumulation of static electricity， is very
essential and important researches.

Primary explosives are used in small quantities to generate a detonation when subjected to a
small external stimulus, such as flame, heat, impact or electric spark [9, 10]. Lead styphnate (LS) is a
widely used primary explosive as igniter in the detonators, ingredient in the percussion composition or
stab composition. However, LS is very sensitive to electrostatic discharge and easy to accumulate the
electrostatic charges, which endanger the operators during manufacture and applications seriously [11,
12]. Hence, many researches have focused on the electrostatic spark ignition mechanism. Anyway, it is
very significant to select excellent modifier for improving its electrostatic properties and decline of
static electricity accumulation of LS [4, 13-15] for ensuring security.
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Previously, many insensitive substances and conducting materials, such as paraffin, asphalt,
graphite and carboxymethylated cellulose, were added into LS to mend its performances, [11, 13].
Although some proper effects could be obtained, the related technology became more complicated,
sometimes the products are uniform and the high content admixture changed other properties of LS.
Since graphene was reported as the independent existence by Geim, it has been considered as a
promising candidate in various applications [16]. Due to the unusual and excellent mechanical, electric,
thermal and optical properties, grapheme has aroused considerable interests, and it become a hot issue
rapidly [17, 18]. Graphene nanoplatelets were selected to modify LS on electrostatic properties in view
of its preeminent thermal and electrical conductivity. For the same reason, the industrialized
multi-walled carbon nanotubes were chosen to try on LS also. Carbon nanotubes have been
investigated as energetic materials, the flash ignition of single-wall carbon nanotube [19, 20] and as the
replacement of traditional carbon material in black powder and propellants [21, 22]. It is rarely
reported on the application of graphene in the field of primary explosives.

In this work, graphene nanoplatelets and multi-walled carbon nanotubes modified LS were
reported on preparation and characterization with differential scanning calorimeter (DSC), electrical
resistivity, electrostatic spark sensitivity and static electricity accumulation in detail, as well as the
flame sensitivity and 5s delay explosion temperature connection with these merits.

Experimental

Apparatus

Digital high resistance/micro-current measuring instrument (EST121) with the testing voltage
of 100 volt, three electrodes sample mould, Beijing HJH Science & Technology Co., Ltd. (Beijing,
China).

Electrostatic power generator (EST806F), charging condenser (500pF), vacuum discharge
switch, ignition box, sample mould, Beijing HJH Science & Technology Co., Ltd. (Beijing, China);
The electrode gap length is 0.12 mm, negative charge. The electrostatic spark sensitivity is expressed by
the fire energy of 50 % (E50).

The static electricity accumulation testing device is set up by our design as shown in Fig. 1.
The mass of the sample (m), accumulation of static electricity (Q) and voltage (U) can be measured
simultaneously with one experiment. The results can be obtained as displaying in Fig. 2. Digital
charge meter, vibration capacitor electrometer, Faraday canister, electrostatic voltage sensor, Digital
data gathering and processing system (EST406), Beijing HJH Science & Technology Co., Ltd.
(Beijing, China); Digital scales, Shanghai Precision & Scientific Instrument Co., Ltd. (Shanghai,
China).

Digital charge meter (EST111) connected to the Faraday canister was used to measure the
charge of the samples flow into the Faraday canister. Vibration capacitor electrometer connected to the
electrostatic voltage sensor can measure the static voltage of the samples when out flowing from the
flume and into the Faraday canister. Below the Faraday canister, there is a digital scale which can
continuous test the mass of the samples flowed in the Faraday canister. The signals of charge, voltage
and mass were input a computer data gathering and processing system, the continuous data can be
collected in the computer.
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Fig. 1 Schematic of the static electricity accumulation testing device

1-sample hopper, 2-flume, 3-electrostatic voltage sensor, 4-Faraday canister, 5-digital scales,
6-digital voltage meter, 7-digital static charge meter, 8-computer data gathering and processing system
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Fig. 2 Typical Q/U/m-t curves of the static electricity accumulation testing device

Differential scanning calorimeter (DSC), Pyris-1, PerkinElmer Inc. Sample (about 0.5 mg) was
placed in aluminum pans in nitrogen atmosphere for DSC with the heating rate of 10 oC·min-1. 5s delay
explosion temperature is measured with copper detonator shell and Wood’s alloy bath. Flame
sensitivity (50 % firing height, H50) was tested by applying a height adjustable flame sensitivity
instrument, about 20 mg sample was placed to a copper cap and was ignited by standard black powder
pellet.

Graphene nanoplatelets (Purity: >99.5wt %, Layers: <30, Thickness: 4-20 nm, Diameter: 5-10
μm) and multi-walled carbon nanotubes (OD: <8 nm, ID: 2-5 nm, Purity: >95wt %， Length: 10-30μ
m), Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences (Chengdu, China). The SEM
photos of graphene nanoplatelets and multi-walled carbon nanotubes provided by the merchant are
showing in Fig. 3.

The normal LS (N-LS) and modified LS used in this work were designed as N-LS (1), N-LS +
Graphene nanoplatelets (0.17 %) (2), N-LS + Graphene nanoplatelets (0.33 %) (3), N-LS + Graphene
nanoplatelets (0.50 %) (4), N-LS + Graphene nanoplatelets (0.67 %) (5), N-LS + multi-walled carbon
nanotubes (1.33 %) (6). All chemical reagents were used as purchased from commercial vendors
without further purification. Fig. 4 shows the appearance of these LS samples from 1 to 6.
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Fig. 3 SEM photos of graphene nanoplatelets (left) and multi-walled carbon nanotubes (right)

Fig. 4 The appearance of the LS samples 1 to 6

Results and Discussion

DSC analyses

Fig. 5 shows the DSC curves of samples 1, 5 and 6 at the heating rate of 10 oC·min-1. The
testing sample was dried in a water bath oven at 50 oC to remove any moisture beside crystal and
hydrated water. The decomposition process of LS has one endothermic dehydration process and one
violent exothermic decomposition process. The dehydration processes of the three samples occur all
at 155 oC, and exothermic decomposition begin at about 256 oC. The peak temperature of the
exothermic process of N-LS is 286 oC, the modified samples 5 and 6 are 294 and 291 oC. In one word,
it can be said that the carbon nano-materials can make the LS more stable and the thermal
decomposition mechanism is similar.
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Fig. 5 DSC curves of 1, 5 and 6 with a heating rate of 10 oC·min-1
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Resistivity Measurements

The surface resistance of 1, 5 and 6 were measured by applying the digital high
resistance/micro-current measuring instrument with a three electrodes mould. The surface resistivity
was obtained by the following equation (1) [23, 24] from the tested resistance. The results are listed in
table 1.

2

1

2

ln
s sRD

D

  …………………………………………………………… (1)

Where ρs is surface resistivity, Ω; Rs is tested resistance, Ω; D1 is the diameter of measuring
electrode; D2 is the diameter of shield electrode.

Static Electricity Accumulation Measurements

5 g samples were used to measure the static electricity accumulation of N-LS and carbon
nano-materials modified LS. The flume materials are stainless steel, shellac painted kraft and PVC, 60
cm, and is was installed in 45 degree inclined. The measured results are shown in table 1.

The surface resistivity of modified LS by adding graphene nanoplatelets and multi-walled
carbon nanotubes decreased obviously. This may be attributed to the good conductivity of the carbon
nano-materials. The surface resistivity of 6 is 1.27×105 Ω, which is far below the value of 2.57×1015

of 1. 5 is also decreased the surface resistivity to 60 % of 1. Corresponding to the surface resistivity,
static electricity accumulations of 5 and 6 are much lower than 1. All the LS samples accumulate a
great amount of negative charges after intimately contacted and separated with other substances. After
these samples skim through shellac painted kraft flume, 1, 5 and 6 samples accumulate more static
electricity ion than through stainless steel flume. Polyvinyl chloride (PVC) flume leads the least static
electricity accumulation.

Table 1 Surface resistivity and static electricity accumulation of 1, 5 and 6

Static electricity accumulation /nCSample Resistance
/Ω

Surface resistivity
/Ω Stainless steel

flume
Shellac painted kraft

flume
PVC
flume

1 12.60×1013 2.57×1015 -48.45 -91.45 -47.85

5 7.45×1013 1.52×1015 -20.95 -29.80 -17.90

6 0.62×104 1.27×105 -14.45 -25.05 -13.25
Combining these data of different LS samples, we can find that the static electricity

accumulation is going linearly with the surface resistivity (see Fig. 6). The linear equations are Q =
-18.8 + 26.2 ρs, R = 1.0000 for the stainless steel flume, Q= - 46.5 + 53.3 ρs, R = 0.9930 for the shellac
painted kraft flume and Q= - 22.2 + 27.2 ρs, R = 0.9983 for the PVC flume. The results show
obviously that the bigger the resistivity, the larger the static electricity accumulation. This is due to the
fact that the electric charge is easy to transfer and difficult to accumulate when the sample has a small
resistivity. Hence, improving the conductivity of explosives is an effective method to reduce the static
electricity accumulation and made them safer.

Figure 7 shows the variation of static electricity accumulation versus the content of grapheme
nanoplatelets for grapheme nanoplatelets modified LS. The contents of grapheme nanoplatelets are
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0.17 %, 0.33 %, 0.5 % and 0.67 % for 2, 3, 4 and 5, respectively. 2 didn’t reduce the static electricity
accumulation of LS a lot. From 3 to 5, we can see a rapid decrease of static electricity accumulation
along with the content of grapheme nanoplatelets.
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Fig. 6 Variations of static electricity accumulation of 1, 5 and 6 versus surface resistivity
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Electrostatic spark sensitivity
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The electrostatic spark sensitivity of LS and carbon nano-materials modified LS were tested
under the same condition and the results were shown in table 2. Affected by the morphology and grain
size of sample and the tested conditions as the capacitance, resistance, electrode gap and the
environment temperature and humidity, the reported E50 values of LS in different literatures[4, 12, 15,
25] are not the same. The studied LS is very sensitive to electrostatic stimulation with the value of E50

is as small as 0.28 mJ. Grapheme nanoplatelets and carbon nanotubes modified LS become more
sensitive to electrostatic spark. This may be explained as: carbon nano-materials improved the
conductivity of 5 and 6, and the transfer mechanism of the spark energy to the sample is changed. The
modified samples conduct the electricity between primary explosive particles easily, and sparks occur
in high probability. The result for LS is consistent with those obtained for HMX of which is modified
by graphite by Michel Roux et al. [6].

In order to investigate the mechanism of electrostatic effect further on the LS, the flame
sensitivity and 5s delay explosion temperature of the three samples were tested and compared with the
electrostatic spark sensitivity (table 2). Corresponding to the electrostatic spark sensitivity, 5 and 6
become more sensitive than 1 to the flame and heat stimulations. The difference is 6 more sensitive to
spark, whereas 5 is more sensitive to flame and heat. This can be attributed to the various response
mechanisms of grapheme nanoplatelets and carbon nanotubes to electrostatic flame/heat and spark.
Summary, it can be found that there is some internal relationship between the spark, flame sensitivity
and 5s delay explosion temperature.

Table 2 Different Sensitivities of 1, 5 and 6

Sample Electrostatic spark sensitivity
(E50 /mJ)

Flame sensitivity
(H50 /cm)

5s delay explosion temperature
(T5s /oC)

1 0.28 42 331

5 0.08 49 323

6 0.06 43 321

Summary and Conclusions

Normal LS as well as graphene nanoplatelets and multi-walled carbon nanotubes modified LS
were prepared for investigating their electrostatic properties in detail. The carbon nano-materials can
obviously improve the conductivity of LS, and decrease the static electricity accumulations. On the
other hand, carbon nano-materials made the samples more sensitive to electrostatic spark. The
modified samples also become more sensitive to flame, and the 5s delay explosion temperature
decreased from 331 to 323 and 321 oC for 5 and 6, respectively.
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ABSTRACT 

A new high-nitrogen compound zinc 5,5’-azotetrazolate (ZnATZ) was synthesized with the 
solution of Zn2+ and sodium 5,5’-azotetrazolate(NaATZ) which is prepared by 5-aminotetrazole as a 
staring material. The structure of ZnATZ was characterized by infrared spectroscopy (IR) and elemental 
analysis and the molecular formula C2N10Zn·2H2O was confirmed. The phenomenon of crystal phase 
transformation occurred on ZnATZ under appropriate conditions and the performance changed greatly 
between pre- and post- ZnATZ. The phenomenon was characterized by Thermal Analysis and X-ray 
diffraction (XRD). The explosion property of the product after phase transformation (t-ZnATZ) was 
tested and compared with that of original ZnATZ. It can be confirmed that ZnATZ is sensitive to flame 
and impact, which is an important characteristic for ignition or percussion composition. These properties 
make ZnATZ a candidate for applications in the lead free formula as ignition and percussion composition. 
But t- ZnATZ is too insensitive to be used as primary explosive. 
 
Keywords: primary explosive; azotetrazole; characterization; crystal phase transformation; sensitivity 
 
 
Introduction 

 
It is urgent to replace the traditional primary explosives with the enhancement of environmental 

protection consciousness. The traditional primary explosives, such as lead styphnate (LS) and lead azide 
(LA), do not meet the requirements of co-friendly initiating explosive devices and therefore more and 
more researchers focus on green primary explosives. The US researcher, My Hang V [1], insisted that 
green primary explosives must retain energetic properties upon exposure to the atmosphere and must meet 
the demands of six criteria: insensitive to moisture and light; sensitive to initiation but not too sensitive to 
handling and transport; thermally stable to at least 200 ; chemically stable for extended periods; devoid ℃

of toxic metals such as lead, mercury, silver, barium or antimony; free of perchlorate.High-nitrogen 
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materials are environmentally acceptable [2]. Their energy depends on their high heat of formation and 
high gas production of which nitrogen is the major product of decomposition [3]. Tetrazole molecules and 
their derivatives belong to the category of high-nitrogen materials. They are five-heterocyclic compounds, 
aromatic and relatively stable as the five atoms of the rings form a large π bond [4]. The tetrazole 
molecules and their derivatives have high enthalpy of formation, high thermal stability, high nitrogen 
content and low carbon content, which can easily be oxygen balanced [5]. Besides, the final product after 
burning or explosion is mainly nitrogen, so they are environment-friendly energetic complexes. 

Tetrazene and mercury 5 - nitro-tetrazole, especially tetrazene, which are sensitive to stab stimula, 
are commonly used as primary explosives at present. Their sensitivity and performance can be varied with 
the substituent on the rings and metal cations of salt formation. Tetrazolate is one of tetrazole derivatives 
which introduce azo- bond into the tetrazole molecular structure. This not only improves the nitrogen 
content (nitrogen content is 84.3%) but also increases the enthalpy of formation of the compound as well. 

Thiele first prepared sodium 5,5’-azotetrazolate in 1892 and prepared several salts of 
5,5’-azotetrazolate which used sodium 5,5’-azotetrazolate as the starting material[6]. For a long years 
heavy metal salts of 5,5’-azotetrazolate, such as Pb2(OH)2(ATZ) and Hg(ATZ), have been used as 
initiators. Thomas M. Klapotke’s research group investigated in detail the salts of 5,5’-azotetrazolate with 
alkali metal, alkaline earth metal and several trivalent cations as potential initiators. All these compounds 
include water of crystallization, they lose water during storage and become sensitive simultaneously [7]. 

In this paper, we report on the synthesis and characterization of ZnATZ, which is a new member 
of primary explosives. The phenomenon of crystal phase transformation occurred on ZnATZ was also 
described. The elemental and IR analysis revealed that the compound contains ATZ  which is hard to2-  
dissolve in solvent, so it is not easy to get NMR data. We also examined the thermal properties and the 
temperature for water loss of the compound.

 

 
Experimental 

 

CAUTION: While hydrous zinc 5,5’-azotetrazolate is insensitive to shock and friction, the 
anhydrous zinc 5,5’-azotetrazolate is very sensitive. Therefore, it should be handled on small scale and 
safety equipment, such as leather gloves, face shields and ear plugs, are necessary. 

All reagents for the syntheses were purchased from commercial sources and used without further 
purification. Scheme 1 and scheme 2 show the preparation route of disodium 5,5’-azotetrazolate and zinc 
5,5’-azotetrazolate, respectively. 
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Scheme 1 Synthesis of sodium 5,5’-azotetrazolate 
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Scheme 2 Synthesie of zinc 5,5’-azotetrazolate 

 
Preparation of disodium 5,5’-azoterazole (Na2ATZ) 

17g (0.2mol) anhydrous 5-aminotetrazole (5-AT) was dissolved in 100ml of 2mol/L sodium 
hydroxide and heated to 65℃ on a water bath. 20g potassium permanganate was slowly added to the hot 
alkaline solution of 5-AT while stirring over a period of 30 min. After the reaction, excess potassium 
permanganate was titrated by sodium sulfite solution until the reaction solution changed from green to 
yellow. The hot solution slurry was filtered to remove manganese dioxide. On cooling, the filtration gave 
yellow-colored needles of disodium 5,5’-azoterazole penthydrate. The product was washed twice with a 
little alcohol and dried at room temperature. A yellow colored needles of pentahydrate disodium 
5,5’-azotetrazolate was prepared. 

 
Preparation of zinc 5,5’-azoterazole(ZnATZ) 

0.2mol/L solution of disodium 5,5’-azoterazole (Na2ATZ) and a slightly excess 0.5mol/L solution 
of the Zn2+ were prepared by dissolving in distilled water. 50ml distilled water was placed in a beaker and 
heated to 60℃ on a water bath. The solution of Na2ATZ and Zn2+ were added dropwise at 60℃ 
simultaneously while stirring over a period of 20-30min. It was further stirred for 10min at the same 
temperature. After cooling to room temperature, it was filtered, washed with water first, later with alcohol 
and then dried below 60℃. 

ZnATZ contains azo and tetrazole groups, so the product is yellow and not easy to dying. The 
micrograph image of ZnATZ is shown in Fig. 1. ZnATZ is insoluble in water, alcohol, CDCl3, and 
dimethylsufoxide(DMSO). So, it is difficult to obtain crystals by controlling the rapid reaction rate. 

 
Fig.1 The micrograph of ZnATZ (×350) 

 
 
Characterization and results 
 
Vibrational spectroscopy 

Table 1 lists the IR absorption peaks of 5,5’-azotetrazolate and ZnATZ. In the IR spectra, both 
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sodium 5,5’-azotetrazolate and ZnATZ exhibit two intense bands centered at 1400cm-1 for sodium 
5,5’-azotetrazolate and 735cm-1 for ZnATZ, respectively. The bands are assigned to the asymmetric 
N-C=N stretching vibration of the ring and of the azo group, respectively. The appearance of these two 
characteristic bands implies the existence of the ABT dianion. The absorption peak at 668cm-1 is assigned 
to the out-of-plane deformation vibration of tetrazole ring. 3547 cm-1 and 3261 cm-1 belong to the N-H 
asymmetric stretching vibration and symmetric vibration, respectively. 1651 cm-1 is the bending vibration 
bond of =N+-H. 1398 cm-1 is the stretching vibration peak of C-N of tetrazole ring. 1170 cm-1, 1101 cm-1 
and 1057 cm-1 are the stretching vibration peaks of C-N. 774 cm-1, 746 cm-1 and 738 cm-1 are assigned to 
the skeleton vibrations of tetrazole ring. 

 
Table 1 Characteristic data for 5,5’-azotetrazolate and ZnATZ 

sodium 5,5’-azotetrazolate ZnATZ 
IR Raman Elemental Analysis IR Raman Elemental Analysis

3586s  3547m 1534w
3536m  3261m 1489m
3369s  2236w 1439w
3242s  1651s 1247w
2447w  1398m 1423w
2106w  1738s 1400s
1682s  1700m 1131w
1625s 1484m 1101w 1057m
1400s 1423w 1057s 1025w
1165m 1389s 1021w 932w
1096m 1102m 774s 253w
1065m 1068m 746s  
1044w 929w   
774s    
739s    
730s 338w 

calc. 
(Na2C2N10H10O5), 
found/%: C 8.00, 

8.09; H 3.33, 3.30;  
N 46.67, 46.59. 

  

calc.  
(C2H4N10O2), 

found/%: C9.06, 
9.13; N52.26, 

53.26; H1.51, 1.43.

 
Thermal Properties 

In order to evaluate the thermal stability of the synthesized compound, TG-DTG and DSC 
experiments were carried out. The TG-DTG analysis was analyzed by METLER TOLEDO TGAISDTA 
in a 30 mL/min N2 atmosphere from room temperature to 800℃. DSC experiment was performed using 
METLER TOLEDO DSC823e under 30mL/min nitrogen from ambient temperature to 450℃. As was 
shown in Fig.2 and Fig.3, there is a good interpretive agreement of the postulated thermal decomposition 
processes and energy changes between TG-DTG and DSC results. DSC measurements show endothermic 
peak at temperatures between 180.1℃ and 187.7℃.  

The TGA curves show no change in mass below 180℃, the major weight loss between 180 and 
300℃ was due to the dehydration and decomposition of solids, which can be confirmed by the former 
two processes of endothermic and exothermic peaks in the DSC curve. A small endothermic peak appears 
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at about 183℃. Accompanying with the loss of the water, the exothermic decomposition follows 
immediately. This phenomenon gives some hints that it is not possible to dry the compound at higher 
temperature. Namely, the loss of water decreases the stability of the compound. The exothermic step in 
DSC curve indicates the collapses of the stacking of crystal structure and the following partial 
decomposition of the residual. 

Melting point was not observed in the DSC plots of ZnATZ for the reason that it has decomposed 
before melting point. The DSC plot only shows one decomposition peak at 200℃. For a better 
understanding of the decomposition, we did the test at a slowing heating rate (1℃/min), the DSC plot 
shows a round decomposition peak at 197.6℃ and a slightly endothermic peak at temperature of 30℃, 
which shows that the compound can lose water easily at room temperature. The decomposition kinetics 
was studied from DSC curves and the activation energy values are shown in Table 2. The endothermic 
peak in the range 40-60 ℃ for ZnATZ is due to the loss of water of crystallization. The corresponding 
weight loss in the TG curve is 46.54%. From the results of the heat of dehydration and temperature range, 
it is clear that the removal of water molecule from the compound is easy. The weight loss values observed 
in the TG curve did not give clear-cut information regarding dehydrate and decomposition. The results 
only indicate that the tetrazole ring was broken and nitrogen gases were formed. 
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Fig. 2 DSC curve of ZnATZ at the heating rate of 10℃/min 
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Fig.3 TG-DTG curve of ZnATZ at the heating rate of 10℃/min 

 
Table 2 Activation energies of decomposition obtained using DSC 

Eact(kJ/mol)by the method of 
Compound 

Ozawa Kissinger The correctional kinetic equation[8] 
ZnATZ﹒2H2O 134.15 133.02 104.48 
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Polymorphism of Zinc 5,5’-azotetrazolate 
 
Preparation of crystal phase transformation zinc 5,5’-azoterazole(t-ZnATZ) 

0.2mol/L solution of sodium 5,5’-azoterazole（Na2ATZ）and a slightly excess 0.5mol/L Zn2+ 

solution were prepared by dissolving in distilled water. 50ml distilled water was placed in air. The 
solution of Na2ATZ and Zn2+ were added dropwise at room temperature at the same time while stirring 
over a period of 20-30min. It was further stirred at the same temperature. After 10min, the solution turned 
from turbidity to clarification. Continue stirring until the crystal phase transformation was over. The solid 
was filtered, washed with water first, later with alcohol and then dried below 60℃.  

The phenomenon of crystal phase transformation occurred on zinc 5,5’-azotetrazolate (ZnATZ) 
under appropriate conditions and basic performance and explosive properties changed greatly between pre 
and post crystal transformation. The polymorphism and the mechanism of crystal phase transformation 
were characterized by IR, Raman, TG and XRD. It shows that IR and Raman of ZnATZ before and after 
phase transformation (t-ZnATZ) are basically identical and red shift take place in spectra, but there is 
great difference in the peak position and intensity of XRD between them. The results indicate that the 
structure of t-ZnATZ is the same as ZnATZ. However, the crystal form of t-ZnATZ is different from that 
of ZnATZ. So zinc 5,5’-azotetrazolate is polymorphous. The crystal morphology was observed by a 
microscope as is shown in Fig. 4. The two polymorphs of ZnATZ crystals differ in crystal habits. ZnATZ 
shows spherical shape while t-ZnATZ exhibit as rhomb, thus it is applicable to identify the two 
polymorphs by the shape of crystals. 

   
 (a) ZnATZ                       (b) t-ZnATZ 

Fig. 4 Micrograph of ZnATZ and t-ZnATZ 
 

Jochen Scholl et al [9] reported the solvent-mediated polymorphic transformation of L-glutamic 
acid by the dissolution process of the metastable polymorph and gave the mechanism of the 
transformation. However, ZnATZ and t-ZnATZ is insoluble in water, alcohol, CDCl3 and 
dimethylsufoxide(DMSO), so it is difficult to study the transformation of ZnATZ and t-ZnATZ by their 
solubility.  

Fig. 5 shows the characteristic transmission electron microscope of both polymorphs. It is 
worthwhile to note that crystals of ZnATZ are polycrystalline, whereas those of t-ZnATZ are prismatic, 
and that the t-ZnATZ particle is larger than ZnATZ particle. The difference between the crystal 
morphology of ZnATZ and t-ZnATZ may be caused by the size or the structure inside the crystal.  
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(a) ZnATZ               (b) t-ZnATZ 

Fig. 5 TEM of ZnATZ and t-ZnATZ 

The IR spectra of ZnATZ and t-ZnATZ are basically identical and the peak position and intensity 
of t-ZnATZ shifted in comparison with ZnATZ. So did the Raman spectrum.  

Power XRD patterns of ZnATZ and t-ZnATZ were determined at room temperature using a 
Bruker D8 advance diffractometer with Cu-Kα radiation at 40 mA, 40kV. The degree of crystallinity of 
ZnATZ and t-ZnATZ were about 88.5% and 83.8%. In contrast with ZnATZ, the diffraction of t-ZnATZ is 
weak and the diffraction lines are wide with division increased. It shows that the crystal cell of t-ZnATZ is 
less integrated. The peak position and intensity of t-ZnATZ are different from those of ZnATZ (Fig. 6).  
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Fig. 6 XRD of ZnATZ and t-ZnATZ 

 
The XRD data was analyzed by the MS5.0 software and the crystal data of ZnATZ and t-ZnATZ 

are listed in Table 3. Both ZnATZ and t-ZnATZ are triclinic but they have different lattice parameters. So 
they are different crystals rather than the same crystal with different sizes. 

 
Table 3 Crystal data of ZnATZ and t-ZnATZ 

sample ZnATZ t-ZnATZ 
crystal triclinic triclinic 

a 6.9573 8.0040 
b 14.7898 7.9019 
c 102.622 10．1460 
α 53.4600 81.8880 
β 132.3930 67.1720 

Lattice 
Parameters 

γ 688.8300 85.3590 
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Polymorphs of ZnATZ and t-ZnATZ are different in stability. Considering the phase diagram for a 
monotropic system shown in Fig. 7 where 2(t-ZnATZ) is the stable phase and 1(ZnATZ) is the metastable 
phase. At certain temperature, a solution of composition xi is supersaturated with respect to the stable 
phase, both phases could precipitate. According to the Ostwald Law of Stages, ZnATZ 1 is the first to 
precipitate and the solution composition drops to x1. In fact, throughout the whole process, the solution is 
supersaturated with respect to phase 2 so that it is unreasonable to suppose that phase 1 is the major solid 
precipitated phase and there are also some t-ZnATZ nuclei during this process. As these nuclei grow the 
solution composition falls towards the solubility x1 of phase 2 and hence becomes undersaturated with 
respect to phase 1. The ZnATZ crystals start to dissolve with continued growth of phase 2. This 
dissolution-growth process continues until all of ZnATZ crystals disappear and transformation is 
complete.  
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Fig. 7 Typical solubility curves for two monotropic polymorphs[10]

 
Explosive Performance 

The sensitivity of ZnATZ to thermal stimuli was measured by DSC with a nitrogen flow of 30 
mL·min-1 at a heating rate of 2 /min℃ . No endothermic peak was observed but there was a weak 
decomposition peak at T= 197.6℃ (⊿H=1080J/mol). The impact and friction sensitivities were tested 
using standard BAM methods. It can be confirmed that ZnATZ is sensitive to flame and impact which is 
important characteristics for ignition or percussion composition. These properties make ZnATZ a 
candidate for applications in the lead free formula as ignition and percussion composition. But t- ZnATZ 
is too insensitive to be used as primary explosive. The compound is less sensitive to electrostatic 
discharge than LS and has similar flame sensitivity to LS.  

Lead styphnate (LS) is known to have the worst spark sensitivity among all primary explosives 
and is still widely used in modern priming charges. But due to it’s sensitivity to electrostatic discharge, it 
is dangerous to handle and transport. Moreover, the extreme sensitivities and toxicity of LA and LS have 
made their application in initiating devices restricted [11]. So, it is urgent to replace LA and LS. ZnATZ 
has good energetic properties and is much safer to handle and transport than LA and LS. It meets some 
criteria for green primary explosive and can be taken as LA and LS replacement. The reason is as follows: 
no-toxic raw materials, easier to prepare and no harm to environment during the preparation; no heavy 
metals, avoiding the heavy metal contamination; the decomposition product are nitrogen and little CO ; 2
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safer to handle and transport.  
 
 

Summary and Conclusions 

 
This paper studied the preparation and characterization of a new green primary explosive ZnATZ. 

ZnATZ is a high-nitrogen material and shows prospect as a primary explosive. Compared with current 
primary explosives, it has the following privileges. It is easier to prepare, safer to handle and more 
convenient to transport. It is resistant to decomposition upon exposure to moisture, light and heat. Once 
isolated, it is insoluble and stable to most common organic solvents and water. It releases non-toxic metal 
and harmless gaseous by-products to the environment upon detonation. Result shows that ZnATZ is 
sensitive to flame and impact, which is important characteristics for ignition or percussion composition. 
These properties make ZnATZ a candidate for applications in primary explosive as a replacement of LS 
and the other toxic primary explosives. 
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