
Proceedings 
36th 

International Pyrotechnics Seminar 
and Symposium

23 – 28 August 2009 
ROTTERDAM, The Netherlands





-i-

Proceedings 
36th International Pyrotechnics Seminar and Symposium

23 – 28 August 2009 
Rotterdam, Th e Netherlands

INTERNATIONAL ADVISORY COMMITTEE

B. Berger, SUISSE
B. Douda, USA

E-C. Koch, BELGIUM
A. Miyake, JAPAN

H. Östmark, SWEDEN
J. Oxley, USA

A. Tappan, USA
R. Webb, NETHERLANDS

SCIENTIFIC COMMITTEE

A. van der Heijden, NETHERLANDS
W. de Klerk, NETHERLANDS

J. van Lingen, NETHERLANDS
J. Zevenbergen, NETHERLANDS

V. Weiser, GERMANY
G. Chen, USA

SEMINAR CO-CHAIRS

W. de Klerk, NETHERLANDS
J. van Lingen, NETHERLANDS



-ii-



-iii-

Preface
The last Pyrotechnics seminar in Europe took place two years ago in France, followed by a 
regular seminar last year in Fort Collins (USA). At that moment it looked as if there would be 
no venue for the 36th IPS symposium, which would be a pity after celebrating the 40th year 
anniversary and having 35 conferences in a row. Taking this in mind, making fast calculations 
and asking for permissions, we decided to arrange the next meeting, the 36th IPS symposium in 
The Netherlands, in one of the largest harbor cities of the world, Rotterdam. 

The 36th IPS symposium is organized by one of the core areas of TNO, namely Defence Secu-
rity and Safety. TNO, as independent research organization, is involved in many areas, including 
the fi eld of pyrotechnics, that way a good correlation between national R&D and international 
exchange of information could be made. Although there are several research activities in the fi eld 
of pyrotechnics taking place in The Netherlands, never before an IPS or any other international 
conference on the research of energetic materials was held in the country.

With the support of some sponsors and TNO Defence, Security and Safety, we were able to 
organize this symposium with a large group of enthusiastic people. All the aspects were handled 
with care and the management at the conference venue supports us with fl exibility in this less 
stable economical period. The scientifi c committee received more than 40 abstracts, ranging 
from good to very good quality, and scheduled them in the different sections. Besides that they 
propose a candidate for the Frank Caver Bursary, and decided on the best candidate for the TNO 
travel fund. During this conference also the winner of the 2008 Frank caver bursary will give the 
presentation, so two Frank Carver bursary awards at one conference. For the fi rst time speakers 
have been invited to present their work at the IPS. These invited speakers have been granted dou-
ble time slots so that they can really go into the matter.

The conference this year contains a wide variety of topics to be presented by scientists from all 
over the world. The applications of these studies are military but also applicable to the civilian 
area. Over the years improvements are made in the different pyrotechnic areas. This year there 
will be two presentations with history, namely one related to the development of fl ares (by mr. B. 
Douda) and one on the materials (by mr. B. Berger). Both presentations show the development of 
the application of pyrotechnic materials in the military fi eld.

We hope you all will have a great period in Rotterdam, The Netherlands in both scientifi c and 
social activities.

Co-chairmans of the 36th International Pyrotechnics Seminar and Symposium,

Wim de Klerk   Joost van Lingen
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GENESIS of INFRARED DECOY FLARES 
A summary of the early years from 1950 into the 1970s 

Bernard E. Douda, Naval Surface Warfare Center, Crane Indiana USA 

ABSTRACT 

This is a narrative that describes how the current infrared decoy flare evolved from a binary mixture 
consisting of magnesium and Teflon® to which Kel® F oil #10 was added followed by the addition of 
Kel® F wax to replace the Kel® F oil, followed by the addition of Viton® A to replace the Kel® F wax 
resulting in what is commonly known as MTV, a magnesium-Teflon®-Viton® A composition. The 
narrative provides a short summary of the origin of fluorocarbon materials and the early history of the 
Sidewinder missile. This is followed by a presentation of technological improvements that were needed to 
develop the Sidewinder missile and infrared flares. Also included is a short description of novel flare 
concepts such as the forward launched decoy, the kinematic flare, the aerodynamic flare, spectral flares, a 
Roman Candle flare, Balls of Fire decoy flares, covert flares, RITA-FLORA flares, mini-flares, 
pyrophoric flares, castable flares, and an extremely high radiative intensity infrared flare. Persistent 
problem areas are discussed that involve degradation of flare performance with high Mach windstream, 
attempts to shield the flare from the windstream, problems with ignition at high altitudes, and the 
formation of hydrogen from the magnesium reaction with moisture. This is a summary of the book, 
Genesis of Infrared Decoy Flares: The early years from 1950 into the 1970s of 26 January 2009.

1.0 INTRODUCTION 

The evolution of decoy flares did not 
follow a direct or pre-planned path. Instead, the 
development was influenced by many factors 
and requirements existing at the time. One of the 
most important of these is that the Naval 
Ordnance Test Station (NOTS), Inyokern China 
Lake, California, commissioned in 1943, had an 
assigned mission to develop rockets and 
missiles. This mission became the basis for the 
requirement that drove flare developments.  

As the NOTS team developed rockets 
and missiles, they often needed to augment the 
radiative signal of a target, drone, or other 
device under test. To serve this need, they 
developed target flares, augmentation flares, and 
flash signals. A flash signal, for example, might 
be used to mark a spot where fuze function of a 
rocket or missile takes place. Target 
augmentation flares might be placed on a drone 
to increase the signature to make tracking easier. 
Tracking flares facilitate tracking by optical 

instrumentation operators who might not 
otherwise see the missile in flight at high 
altitude and also to locate the missile on film 
records. These devices initially operated in the 
visible region of the spectrum. As technology 
progressed, NOTS became concerned with 
infrared target augmentation as early as 1954. 
Hence, these devices needed to operate in the 
infrared spectral region. Making the conversion 
from illuminating compositions to infrared 
compositions highlighted the many 
technological challenges that existed.  

2.0 HOW TEFLON®, VITON®, AND    
KEL-F® CAME INTO BEING 

In 1996, Mr. Davis Shryer related the 
following to me from personal recollection of 
how tetrafluoroethylene was discovered and also 
the background of the evolution of Kel-F® wax, 
Kel-F® elastomers, Viton® A and other 
fluorocarbon materials. He said, as far as the 
USA is concerned, the story has to begin with E. 
I. Dupont, which invented and produced 
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fluorocarbon refrigerant gases (Brand named 
"Freon") in the first decades of the 20th century.  
An E. I. Dupont researcher named Dr. Roy 
Plunkett was experimenting in the 1930s with a 
tetrafluoro monomer (C2F4), derived from by-
products of the "Freon" process. One day in his 
laboratory Dr. Plunkett attached a small cylinder 
of this gas to an apparatus intending to introduce 
the gas into a reaction vessel.  When he opened 
the cylinder valve, no gas emerged.  The 
incident became known as "Plunkett's 
Perplexity", because upon removing and 
weighing the C2F4 cylinder, he found that its 
weight had not changed.  Where then were the 
contents?  To find out what had happened to the 
gas, he cut open the cylinder and found a white 
waxy solid. This, in 1938, was the discovery of 
polytetrafluoroethylene (PTFE) that was later, 
branded "Teflon®". Subsequently, E. I. Dupont 
produced PTFE for seals, gaskets, etc for use in 
chemical processes of the Manhattan Project, 
where highly corrosive intermediates such as 
sulfur hexafluoride were processed.  

The M. W. Kellogg Company (Kellogg) 
produced chlorotrifluoroethylene (CTFE, 
C2F3Cl) plastics and lubricants for the 
Manhattan project and at the end of WW II 
elected to manufacture them commercially 
under the brand name “Kel-F®”. Dr. Miller at 
Cornell University had developed CTFE under a 
U. S. government contract. Kellogg also 
produced fluoroelastomers that were copolymers 
of CTFE and vinylidene fluoride (VF2), an 
available monomer.  It turned out that these 
elastomers had a lower degree of oil resistance 
than 3M’s fluoroacrylates and were extremely 
difficult to process into finished rubber goods.  

During their research on the CTFE/VF2 
polymer elastomers, Kellogg obtained very 
small experimental quantities of 
perfluoropropene (C3F6, also known as 
hexafluoropropylene) and copolymerized it with 
VF2 to create an elastomer they believed to be 
superior for turbine engine O-rings. 
Unfortunately, the C3F6 was prohibitively 
expensive for Kellogg to produce or purchase. 
However, E. I. Dupont produced the C3F6 and 
made it commercially available. Concurrently in 
the 50s, the Air Force had been sponsoring the 

development of chemically resistant elastomers 
for aircraft engine O-rings, gaskets and seals. In 
1956, E. I. Dupont approached Air Force 
scientists at WPAFB with the C3F6/VF2 
copolymer they brand named “Viton® A”. In 
1956, the E. I. Dupont Company was the first to 
market Viton® A. Subsequently, the Air Force 
dropped 3M’s fluoroacrylates and Kellogg’s 
CTFE copolymers from consideration, the E. I. 
Dupont C3F6/VF2 copolymer being a superior 
elastomer. In 1957, Kellogg sold its process and 
its small factory to the 3M Company.  

3.0 CHRONOLOGY of INFRARED 
COMPOSITION EVOLUTION 

Research in fluorocarbon chemistry 
started at NOTS in 1950 but that research was 
directed toward development of higher energy 
ingredients for rocket igniters and propellants. 
Those researchers became the leaders in 
developing the polymer technology that later 
would be needed for decoy flare development. 
In 1950, NOTS researchers added a 
fluorochlorocarbon (Kel -F® oil # 10) to a 
binary mixture of magnesium and 
tetrafluoroethylene (Teflon®). This is the 
earliest record of mixing a tertiary blend of 
magnesium-tetrafluoroethylene and a 
fluorochlorocarbon. At that time, this blend was 
being considered for igniter application and the 
researchers probably did not realize that the 
tertiary mixture might have infrared radiative 
properties that some day would be suitable for 
infrared flares. In 1950, the requirement for 
infrared flare development had yet to be 
established.  

The T-131 tracking flare developed at 
NOTS about 1955 was the first infrared source 
for drone use. Six to sixteen of these are needed 
on the F6F-5K drone to provide a suitable 
signature. The grain most likely consisted of 
magnesium, Teflon®, and Kel-F® wax. The 
first addition of Kel -F® wax to a binary mixture 
of magnesium and Teflon® took place in 1955. 
That blend was not optimized for infrared flare 
radiation. It was in the spring of 1956 that the 
exact composition formulation of 54% 
magnesium, 30% Teflon®, and 16% Kel -F® 
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wax was discovered. That formula showed the 
best decoy flare performance up to that time.  

The NOTS Model 702 flare is the first 
application of an infrared flare as a target 
tracking flare and is the forerunner of all 
infrared flares. The composition consists of 54% 
magnesium, 30% Teflon®, and 16% Kel-F® 
wax. The NOTS Model 704A flare may have 
been the first countermeasure flare to be 
developed. It also had a composition which 
consisted of 54% magnesium, 30% Teflon®, 
and 16% Kel-F® wax. In a 1958 document, it 
states the NOTS Model 704 flare was tested for  
decoy effectiveness against the Sidewinder 
missile. The commercially developed W137 
flare is one of the earliest magnesium-Teflon® 
formulated flares. It was developed by the US 
Flare Division of the Atlantic Research 
Corporation and was designed primarily for use 
with the Pogo-Hi rocket. The W137 flare might 
have contained only a binary mixture. If it 
contained a tertiary ingredient at all, that 
ingredient would have been Kel-F® wax. The 
W137 flare dates to before October 1959. 

E. I. Dupont started to market Viton® A 
in 1956. The first replacement of Kel-F® wax 
with Viton® A in a magnesium-Teflon® 
formula took place in 1959. Prior to 1959, Kel-
F® wax was the standard material added to a 
binary mixture of magnesium and Teflon®. The 
first report of the shock-gel process for making 
decoy flare composition also took place in 1959. 
The first record of an infrared composition with 
the exact formula 54% magnesium, 30% 
Teflon®, and 16% Viton® A (MTV) is 5 July 
1960. This is a formula that is optimized for 
flare performance and is a formula still in use 
today. One might conclude that MTV for 
application to infrared decoy flares was 
discovered on 5 July 1960. The first extrusion of 
this composition is 10 November 1960. In 1960, 
the NOTS Model 711A is the first flare used for 
evaluation of weapon systems. The NOTS 
Model 711A grain consists of 54% magnesium, 
30% Teflon® and 16% Kel-F® wax. 

From 1955 through 1959, flares were 
being developed with a composition containing 
Kel -F® wax. The 54% magnesium, 30% 

Teflon® and 16% Kel-F® wax formula was 
considered the “NOTS Standard” infrared 
composition prior to the introduction of Viton® 
A. From about 1956 onward, replacement of 
Kel-F® wax with Viton® A in flares under 
development containing magnesium-Teflon® 
composition formulae was taking place. New 
flare developments after 1956 also would 
contain Viton® A.  

4.0 ORIGIN of the SIDEWINDER MISSILE 
SEEKER  

The development of the Sidewinder 
missile required extensive testing and 
evaluation. That generated a need for tracking 
flares of all types and ultimately the infrared 
decoy. But first it is helpful to review the 
Sidewinder missile evolution. The saga of the 
development of the Sidewinder missile revolves 
about one brilliant scientist at NOTS with a 
vision. Dr. William Burdette McLean, father of 
the Sidewinder missile, began to conceive of the 
Sidewinder missile in the 1940s. Dr. McLean 
proposed the air-to-air target seeker to the 
Washington DC hierarchy in November 1947 
and demonstrated it in February 1948.  

The ingenious management talent of Dr. 
McLean, in the environment of NOTS China 
Lake during the 1940s and 1950s, is one of his 
attributes that made the Sidewinder missile a 
success.  He organized teams of individuals 
whom he selected. He either personally 
interviewed and hired prominent scientists for 
his teams or had them assigned from other 
segments of NOTS China Lake but only after a 
personal interview and selection process.  Not 
only did the individuals need to have 
outstanding technical talent and reputations but 
they also had to have a driven work ethic and a 
can-do attitude. Work after hours, at the 
swimming pool, during an evening dinner at his 
home and in the middle of the night was the 
norm. To cope with the urgency, he often 
assigned the same goal to multiple competing 
teams to increase the probability of an early 
solution to the problem at hand.  

A team composed of Dr. Lucien M. 
Biberman of the Office of Associate Director for 
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Research and Development of NOTS and Mr. 
Edwin G. Swann and Mr. John J. Miyata of the 
Research Department Optics Branch of NOTS 
was created by Dr. McLean to solve the detector 
and tracking difficulties when operating in a sky 
background. Their task assigned prior to 1951 
was to design a photocell and electronic 
components for a heat homing system. The 
report of the group describes the design of the 
photocell and electronic details of an infrared 
homing device for a rocket. They discuss 
variables associated with the amplifier 
bandwidth and time constants of lead sulfide 
cells, a limiting design factor. They show how a 
multi-slit scanner and a special slit pattern can 
be used to strongly suppress the sky background. 
They describe an amplifier that uses the signal to 
control currents in four precessing coils or 
control circuits that represent the direction and 
radial distance of the target image from a 
reference on the missile axis. 

Dr. Marshall D. Earle of the Aerospace 
Corporation in Los Angeles California, in 1978 
while describing the principles involved in 
infrared tracking devices wrote, “The 
phenomenal success of this type of missile is 
from two achievements: the development of 
short-time constant high sensitivity 
photoconductive detectors and development of 
means by which a small target which occupies 
only a small part of the field of view can be 
distinguished from its background.” This was 
the seminal achievement of Dr. Biberman’s 
team. 

The first flight tests of the EX-0 
Sidewinder missiles took place starting 14 May 
1952. The missiles were fired at an F6F-5K 
drone aircraft from an A4-D aircraft. The 
Sidewinder missile was introduced into the U. S. 
Navy Fleet in 1956.  

5.0 TECHNOLOGICAL IMPROVEMENTS 

There were many technological areas 
that needed improvement in order to conduct 
flare, rocket and missile evaluations efficiently. 
A photoconductive cell detector with sufficient 
sensitivity was needed. Computational methods 
and hardware were inadequate. Radiometric and 

spectral instruments were either non-existent or 
in their embryonic state. Measurement capability 
was needed in the infrared, ultraviolet and the 
visible for utilization on the ground and in the 
air. No airborne radiometric or spectral 
instrumentation existed. Equipment to test and 
evaluate flares to simulate functioning at altitude 
and at high Mach also did not exist. The NOTS 
team undertook to improve each of these 
deficiencies locally or by contract. 

5.1 Photoconductive Cell Detectors

 Photo-conductor technology was critical 
to the development of the Sidewinder missile by 
NOTS. The lead sulfide photoconductive cell 
was chosen to be the detector of visible energy 
radiated from rockets and missiles and later of 
near-infrared radiation from the targets, aircraft, 
missiles and rockets. Without this device, the 
Sidewinder missile would not be able to engage 
its target. Lead sulfide and lead selenide 
detectors also were needed to measure radiative 
output in the visible and near-infrared region of 
tracking flares, augmentation flares, and infrared 
decoy flares. In the early 1940s, the detectors 
had not been sufficiently developed to allow 
direct application into a device. Mainly they 
lacked sensitivity. Additional development was 
needed, some of which took place at NOTS.  

In 1951, Dr. Biberman of the Office of 
Associate Director for Research and 
Development and Mr. Swann and Mr. Miyata of 
the Research Department Optics Branch of 
NOTS, reported on the Design of Photocell and 
Electronic Components for a Heat Homing 
System. The technology developed and reported 
in that study provided one of the critical 
technologies needed to build the Sidewinder 
missile. 

In 1957, the China Lake team evaluated 
lead selenide nitrogen-cooled photoconductive 
cells. They made measurements of spectral 
response and blackbody radiation. Detector 
research at China Lake, including lead sulfide 
studies, continued into the late 1960s.  

5.2 Thermodynamic Computations and the 
Analog Computer
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 About the same time, 1950, Dr. William 
S. McEwan of the NOTS Research Department 
reported on a system for the computation of 
gaseous products of combustion to determine 
their equilibrium composition and 
thermodynamic properties of the combustion 
gases.  

In 1951, Dr. McEwan and Dr. Sol 
Skolnik developed an analog computer that 
electrically simulated the conditions of 
temperature, pressure and composition of rocket 
and missile combustion products. With these 
improved computational capabilities, they were 
able to make better and quicker estimates of 
rocket and missile performance.  

5.3 Radiometric and Spectral Measurement 
Instrumentation

 The ability to perform radiometric and 
spectral measurements was also needed to 
measure the radiative and spectral output of 
rocket and missile plumes, exhaust plumes of 
aircraft and the output of flares of all types. 
During development of tracking flares, China 
Lake employees needed the ability to measure 
characteristics of energy radiated from the 
burning devices in the visible region as well as 
in the infrared region of the spectrum. 
Fortunately, the Technology Department had an 
ongoing effort to continually improve the 
equipment and techniques while other 
developments were in progress. In addition, non-
government laboratories also were building 
improved measurement instrumentation. 
Collectively, these efforts provided improved 
means to make measurements thereby enabling 
flare developers to better assess their 
technological advances. The following are some 
examples of instrumentation developments and 
improvements. 

Trajectory measurement of the Target 
Rocket Mk 3 was reported in July 1946. 
Between June 1956 and January 1957, Mr. 
David Gilbert and Mr. Frank B. St.George 
measured flare radiant output using a locally 
developed NOTS Model 34A radiometer. This 

radiometer used a lead sulfide detector capable 
in the 0.5μm to 3.0μm bandpass region.  

About 1954, Dr. Earle, Johns Hopkins 
University (JHU), constructed a Rapid Scan 
Spectrometer that might have been the 
forerunner to the Perkin Elmer Model 108 
spectrometer that became ubiquitous in 
pyrotechnics laboratories.  

In mid-1956, the Eastman Kodak 
Company developed ground and airborne 
instruments for measuring the infrared radiative 
output of jet engines, rockets, and flares. They 
installed a Perkin Elmer Rapid Scan 
monochrometer into an F-94 pylon tank. The 
monochrometer was wrapped in a heating 
blanket. Its line of sight was through a sapphire 
window.  

In 1955 -1956, China Lake developed a 
photometric system for measuring intensity and 
duration of pyrotechnic signals. Initially the 
instrument was intended to measure the output 
of flash signals for the Sparrow II and III guided 
missiles and a flash signal for the Sidewinder 
missile exercise head.  

During a 1960 Conference, Mr. Armin 
T. Wiebke of NOTS described instrumentation 
that had been developed at China Lake. That 
instrumentation included a vacuum phototube 
for measurement in the visible region and lead 
sulfide cells mounted behind interference filters 
for infrared measurement in the 2μm to 3μm 
bandpass region.  

In 1961, a China Lake team reported 
development of a color wheel radiometer using 
eight filters covering the range from 2μm to 
6μm bandpass region. The radiometer was used 
to acquire spectral information about the Mk 28 
Mod 0 target flare (NOTS Model 711A flare) 
and the NOTS Model 712A target augmentation 
flare.  

Also about 1960, another China Lake 
team developed an airborne color wheel 
spectral-radiometer to measure radiant energy in 
the 2μm to 5μm bandpass region. It was 
packaged in a 5-inch diameter tube by 92 inches 
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long and could be mounted on any aircraft 
equipped to carry Sidewinder missiles. The 
instrument was designed to function at altitudes 
up to 50,000 feet and at speeds of Mach 1.6. The 
data are recorded on 16-mm film.  

A second type of NOTS airborne 
radiometer was developed about 1961. It was a 
fixed-band device utilizing a lead selenide 
detector cooled with liquid nitrogen and an 
optical interference filter with a 2.5μm to 5.0μm 
bandpass. This equipment was mounted under 
the wing of an F-3D aircraft for measuring the 
radiative output of airborne flares.  

In 1962, Baird Atomic, Incorporated, 
reported the development of a turret mounted 
scanning spectrometer capable of making 
spectral measurements using cooled lead 
selenide detectors of 0.2μm resolution in the 
1.5μm to 4.7μm bandpass region at altitudes 
above 65,000 feet.   

As part of infrared spectroscopy 
research at China Lake in the mid-1960s, the 
investigators continued to evaluate circular 
variable filters. The quest for improved 
instruments for measurement of infrared 
radiation from missiles, aircraft and flares was 
continuing with vigor. During 1964 and 1965 
meetings of the Infrared Information Symposia, 
many papers on detector materials and 
transmission glasses were presented. Also 
included were presentations about a high 
performance interferometer for airborne 
applications, an airborne infrared spectrometer 
system, an infrared band ratio technique to 
determine temperature, and a method to obtain 
the concentration ratio of carbon dioxide to 
water (CO2/H2O) in rocket exhaust plumes.  

In May 1963, Mr. Regelson of China 
Lake filed for a patent for an infrared calibration 
lamp. His objective was to provide an infrared 
calibration source that was suitable for field use 
where environmental conditions make it difficult 
to use laboratory type standards. Another 
objective was to provide an infrared source that 
offered a combination of accuracy, ruggedness, 
low cost and was small enough to serve as an 
internal source for radiometric equipment. 

ALA-17 flares and ALA-34 flares were 
tested at Eglin Air Force Base about 1970 with 
an Air Force developed Airborne Infrared Decoy 
Evaluation System (AIDES), a 2-color 
radiometer operating in the 3.8μm to 4.9μm 
bandpass region with a lead selenide detector 
and in the 1.8μm to 2.7μm bandpass region with 
a lead sulfide detector. The AIDES pod is 
mounted in or on a MacDonnell Aircraft 
instrumentation pod, which is suspended from 
an F-4C aircraft. The AIDES pod carries an 
AIM-9B Sidewinder and an AIM-4E Falcon. 

5.4 High Altitude Simulation Chamber

 A High Altitude Simulation Chamber 
(HASC) was built at NOTS in support of their 
High Altitude Research Program (HARP). To 
fill the need for evaluating performance of flares 
at high altitude, Dr. George S. Handler of China 
Lake took the lead to install a rapid scanning 
infrared spectrograph in the HARP high altitude 
chamber about 1963. A photo multiplier tube is 
used to record visible and near infrared energy, a 
lead sulfide cell is used for the 0.5μm to 3.0μm 
near infrared and a lead selenide cell is used for 
the 4.5μm to 6.0μm bandpass region. Later, 
during 1970, the HASC was modified to enable 
experiments at 0.8 Mach and 40,000 feet 
altitude.  

6.0 NOVEL CONCEPT DEVELOPMENTS 

6.1 Forward Launched Decoy 

About 1964, the Air Force wanted a 
forward launched infrared decoy for supersonic 
vehicles such as the B-70 bomber. Mr. Knapp 
and Mr. Graff of Picatinny Arsenal under an Air 
Force contract explored rocket propelled flares. 
This approach appeared feasible using a 
magnesium-Teflon® composition. They needed 
very high radiant output from the flare for 20 
seconds at 70,000-foot altitude. The perforated-
can flare concept (related to the shielded flare 
concept) was also considered for incorporation 
into the forward launched decoy flare design. 

6.2 Kinematic Flare (Thrusted flare) 
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A rocket-boosted flare that is fired 
forward from the aircraft was reported in 1962. 
It has fins to provide aerodynamic stability. 
Initially, there is a thrust of 250 pounds for 0.5 
seconds after which the unit is in free fall. The 
flare burns for about 10 seconds.  

6.3 Aerodynamic Flare

 The RR-82 decoy flare developed about 
1961 by the Universal Match Corporation is 
about 1.88 inches in diameter by 11 inches long 
and contains a composition consisting, in parts 
by weight, of 50 parts magnesium, 40 parts 
Teflon®, and 10 parts titanium. The flare pellet 
only burns on one end. The burning time at 
ground level is 10 seconds. The cartridge has 
“pop-out” drag fins to partially control the 
trajectory. This design may have been the first 
so-called aerodynamic flare decoy. 

6.4 Spectral Flares (Color-Adapted flares) 

In late 1958, an Armour Research 
Foundation team conducted a task to originate 
and develop concepts for infrared flares 
optimized to radiate effectively in the 3.0μm to 
5.5μm bandpass region. The importance of the 
longer infrared bandpass was being recognized. 
By the mid 1960s, an understanding of missile 
operations and radiation emission from 
pyrotechnic flames was becoming more mature. 
As a result, the objectives of new research 
contracts became more specific. One such an 
example is a project to develop a pyrotechnic 
source that radiates in a narrow wavelength band 
and emits selectively. The preferred radiation 
produced must be (1) in the specific infrared 
bands that result from the radiation produced by 
aircraft (and spacecraft) and (2) must also 
operate in the sensitive region of the detector 
used in the missile guidance system. The 
requirement of this effort may have been the 
first attempt to create a pyrotechnic decoy that 
radiates in regions that correspond to radiative 
regions where aircraft radiate. Today one might 
identify such a decoy as a “spectral or color 
adapted” flare. Perhaps in the mid 1960s the 
researchers did not appreciate how important it 
would be to have a decoy that would radiate 
with the proper spectral properties. In 1972 the 

China Lake team continued toward their thrust 
to achieve a better color ratio (aka spectral 
inversion) between the 3μm to 5μm and 2μm to 
3μm bandpass region. 

6.5 Roman Candle Flare 

 As early as 1972, the Grumman Aircraft 
Company started development of a hydrocarbon 
fuel infrared decoy also known as the “Roman 
Candle” decoy flare. The project goal was to 
investigate and demonstrate the use of on-board 
fuel from the aircraft to generate infrared 
decoys. This includes investigation of rapid 
gelling, gelling additives, the quantity necessary, 
decoy size, burning duration, ejection velocity, 
spectrum matching to the aircraft, and rapid 
cycling of ejection. 

6.6 Balls of Fire Decoy

 The object of the Balls of Fire concept, 
first suggested by the Rand Corporation in 1954, 
was to develop an infrared decoy to protect B-
47, B-52 and B-58 bomber aircraft from infrared 
missile threats in the 1.8μm to 2.8μm (lead 
sulfide) bandpass region. Their concept was to 
make a four-inch diameter shell containing a 
thermite composition such as aluminum-
tungsten oxide. These burning spherical shells 
would be dispensed from aircraft to serve as an 
infrared decoy. Some additional concept 
variations for this device were: an enclosed 
reaction, a fusible shell, an intumescing shell, a 
reaction with ejection of combustion products 
through ports in the shell (perforated-can 
concept), and impinging flames.  

A 2-mm thick graphite shell which had 
38 seven-sixteenth holes distributed over the 
sphere surface was tested. During the burn, 
incandescent particles were ejected through the 
holes to form a cloud. The spouting of these 
particles resulted in the device being labeled a 
“spoutnik”. Perhaps this is a play on the word 
Sputnik, it having been launched on October 4, 
1957. The plan was to launch these decoys in a 
forward direction suggesting that even at that 
early date, dispenser location and ejection 
direction were known to be important factors for 
defeating some threats. The Balls of Fire decoy 
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flare development ultimately was not adopted, 
however the concept was to be revived again 
about 1966 using improved materials. 

6.7 Low-Visibility Flares (Covert flares) 

In 1955, the Universal Match 
Corporation had a contract with the Wright Air 
Development Center for airborne infrared 
countermeasures. The principal investigator was 
Dr. Herbert Ellern, the author of two well-
known books on military pyrotechnics. 
Originally the work was concerned with 
dispersal of low-visibility pyrotechnic mixtures. 
Their goal was for the flare to radiate intensely 
in the near infrared with minimum visibility but 
invisible beyond one-half mile (for covert uses). 
Even at that early date, researchers and 
operational personnel recognized the benefits of 
a low-visibility pyrotechnic decoy or what might 
be called a covert flare. This goal later was 
abandoned as being too difficult to achieve 
adequate radiated levels of energy in the 
required wavelength band. The focus of the 
effort was changed to the adaptation of 
conventional white light producing flare 
compositions of the so-called RITA flare type. 

6.8 RITA-FLORA Flare Developments

 The RITA-FLORA flares make up a 
family of flares developed by Picatinny Arsenal 
for the Air Force for protection of the B-52 
bomber. Their contents evolved from an 
illuminating composition to one that radiates in 
the infrared. The RITA-FLORA developmental 
evolutions lead to the development of the ALA-
17 MTV flare.  

6.9 Mini-Flare Development 

In November 1967, Picatinny Arsenal 
was requested by the Electronics Command at 
Fort Monmouth to develop a mini-flare for a 
dispenser, which the Electronics Command had 
developed. The nomenclature assigned is 
believed to be the XM-126 dispenser. The 
dispenser designed for the UH-1D helicopter 
carries 154 mini-flares. There are two dispensers 
per aircraft. The flare is 1-inch in diameter by 
2.75 inches long and weighs 0.16 pounds. The 

Navy wanted to adapt this flare to their 
helicopters and forward air controller aircraft 
but the Army developed flare was not bore-safe, 
which prevented Navy use without later 
modification. A feature of the dispenser design 
is that if a flare does not ignite, photodiodes in 
the dispenser will cause another flare to be fired 
immediately. 

6.10 Pyrophoric Flares, Liquid or Solid 
Materials

 Prior to 1968, Dr. N. W. Rosenberg and 
Mr. W. K. Vickery of the Air Force Cambridge 
Research Laboratory, Laurence G. Hanscom 
Field, Bedford Massachusetts and Dr. D. B. 
Ebeoglu of Eglin Air Force Base reported 
measurement of infrared emissions from liquid 
pyrophoric fluids consisting of a mixture of 80% 
trimethylethylene (TME) and 20% 
triethylaluminum (TEA). They observed that the 
material was not affected by altitude when 
dispensed at 10,000 feet and that the power was 
reduced by a factor of 10 at speeds of 275 knots 
in comparison to static performance.  

Under contract to the Air Force 
Cambridge Research Laboratory, Dr. Katz, Mr. 
Ase and Dr. Raison formed a team at the Illinois 
Institute of Technology Research Institute to 
study liquid pyrophorics for countermeasures. 
The team made small-scale laboratory studies on 
the rheological and combustion properties of 
aluminum alkyls with a number of additives. 
Larger scale work was extended to flight tests in 
which 2-pound and 4-pound charges of  liquid 
pyrophoric materials were dispensed from an F-
100D aircraft at 10,000 feet altitude while 
infrared measurements were made with an F-4C 
aircraft trailing 10,000 feet behind. In 1970, they 
reported that all the liquid pyrophoric materials 
exhibited very rapid rise times of less than 0.250 
seconds and very high intensities in the long 
wavelength 3.9μm to 4.9μm region. Intensity 
was much lower in the region of 1.7μm to 
2.7μm. They compared their results to the RR-
80 flare. They stated that the ratio in the two 
wavelength regions could be useful as a 
countermeasure against two-color seekers. 
Mixtures tested included TEA and TMA in a 
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range of mixtures with octane, pentane and 
polyisobutylene. 

The objective of the Advanced Cost 
Effective (ACE) project of 1981 was to develop 
a liquid pyrophoric flare design, which was 
compatible with the current ALA-17 pyrotechnic 
flare canister and the AN/ALE-20 dispenser 
system for the B-52 bomber aircraft. A key 
technology to be addressed in the ACE project 
was to develop a means of metering the liquid 
pyrophoric fuel to achieve adequate burning 
times and radiant intensities. Two sizes tested 
were 2.5 inches in diameter by 5 inches long and 
2.5 inches in diameter by 10 inches long. The 
long design was prompted by the poor reliability 
of the ALA-17 flare and the AN/ALE-20 
dispenser, which made it necessary to dispense 
two or more flares to protect the B-52 aircraft. 
The long flare would replace the need for 
dispensing two flares.  

About 1982, a Naval Research 
Laboratory team studied catalyzed combustion 
of carbon fibers from carbon fiber-resin 
composites. They also studied how a liquid 
pyrophoric can ignite carbon cloth. 
Impregnating the cloth with 10% lead acetate 
lowers the spontaneous ignition temperature of 
the cloth. 

6.11 Castable Compositions for Decoys and 
Flares

A U. S. Patent 2,984,558 for a Plastic 
Pyrotechnic Compound by Mr. Edward Rolle 
and Mr. John Q. Tabor, Jr. dated 16 May 1961 
addresses a tracking flare with a composition 
that can be cast or molded at room temperatures 
without the application of either heat or 
pressure, and which will harden without 
developing cracks or fissures. The patent 
discloses a formula that is equal amounts by 
weight of a resinous compound and a fuel.  

In the early 1960s, development of 
compositions with polymeric melt system 
technology is disclosed in three patents. One 
entitled Solid Composite Propellants Containing 
Lithium Perchlorate and Polyamide Polymers
discloses a mixture that is heated to 225 °C. A 

homogeneous fluid viscous mass results at that 
temperature.  Another entitled Slow Burning 
Propellant Composition describes a mixture of 
molten Teflon® with a solid oxidant. The third 
for a Gas-Generating Composition uses a 
softened plasticized styrene-acrylonitrile 
copolymer as a binder fuel.  

About 1962, the Air Force sponsored a 
task to conduct research and to determine 
feasibility of castable infrared flares. The team 
headed by Dr. Waite noted that after seven years 
of work related to the magnesium-Teflon® flare 
composition, a problem still remains with 
compositions containing Kel-F® wax. Those 
compositions exhibit unsatisfactory ignition and 
unsatisfactory combustion at altitudes above 
100,000 feet and show marked attenuation in 
radiative output and a decrease in burning rate 
with altitude and airflow. In addition, the 
combustion tends to snuff-out at velocities 
above Mach 3. Dr. Waite’s team asserted that 
significant improvement in the state-of-the-art 
for infrared chemical sources must evolve from 
the use of a new source material. They claimed 
to have developed such a material in the form of 
a bulk polymerizable fluorocarbon that replaces 
the Teflon®.  

In 1966, Dr. Hal Waite formed 
Ordnance Research Incorporated, Fort Walton 
Beach Florida. There he continued his 
fluorocarbon polymer and cast flare composition 
development primarily under contract with the 
Air Force at Eglin Air Force Base.  

In 1965, NOTS investigators continued 
to explore the propellant casting process to make 
infrared flares. The binders were fluoroacrylates 
and fluoromethacrylates. Viton® LM, being less 
expensive than acrylates, was used as a 
plasticizer. Magnesium was the fuel and 
Teflon® was the oxidizer. A modified vacuum 
casting process was used to load the flares.  

6.12 Extremely High Radiative Intensity 
Infrared Flare

 The NOTS Model 723 target 
augmentation flare, developed by NOTS China 
Lake before 1974, is one of the largest 
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magnesium-Teflon® flares ever constructed. 
Only two flares were ever built. The units were 
ignited electrically. Viewed in a vertical static 
test, the flare yielded 186 kW/sr over a 60 
second period. There is no case material. The 
device is 12 inches in diameter by 16 inches 
long and weighs 70 pounds. The grain consists 
of 54% magnesium, 30% Teflon® and 16% 
Viton® A. 

One can only speculate the purpose of 
building this flare. It might have been scientific 
curiosity, it might have been to get scaling 
parameters for an after-burner flare, or it might 
have been for entertainment. Whatever the 
reason, the results are amazing. 

7.0 PERSISTENT PROBLEM AREAS 

7.1 Windstream, Atmospheric Pressure and 
Altitude Effects

 It had repeatedly been observed that 
performance drops off when flare compositions 
are required to function at elevated altitudes, 
high windstream and reduced pressure,. Often 
the burning rate decreases and the radiant 
intensity is reduced. These undesirable effects 
are a major concern and many efforts were 
initiated to correct or at least minimize those 
flare performance deficiencies. After all, fighters 
and bombers will use infrared decoy flares for 
self-protection at very high speeds and very high 
altitudes.  

During the early and mid 1960s, NOTS 
engineers continued to study flare performance 
at high altitudes. They needed a method to 
obtain infrared output performance data of flares 
under actual use conditions. They installed a 
modified fuel tank under the fuselage of an A-
4E aircraft and attached the flares to radial arms 
extending from the front of the tank and attached 
a radiation detector to a rear fin 14 feet from the 
flares. Associated electronics were mounted 
inside the tank. Feasibility flights at 30,000 feet 
altitude and 0.8 Mach indicated that the 
radiometer response was insufficient. They 
studied the discrepancy in the HARP facility. 
They also brought additional instrumentation to 

the task to determine the cause of the 
performance fall-off with altitude.  

Functioning at very high altitude is a 
requirement of the magnesium-Teflon® 
composition. To further understand its behavior, 
in 1961 Mr. Besser of NOTS conducted studies 
for use of this composition for rocket grain 
igniters at 70,000 and 100,000 feet simulated 
altitude.  

Repeatedly during tests, windstream 
(high Mach), reduced atmospheric pressure 
(altitude), and low temperatures at high altitudes 
were all noted as causing flare performance 
degradation. Various hypotheses were put 
forward as the reason. What one must realize is 
that these parameters are interrelated and are 
difficult to simulate in ground tests. Eventually, 
the Air Force contracted with the Armour 
Research Foundation to study this matter. In a 
1967 report, Dr. Raison reported the results of 
an altitude and wind velocity study to determine 
wind velocity and altitude effects upon flare 
performance. They concluded that wind velocity 
and altitude greatly affect the infrared radiative 
output. They also reported that burning time is 
largely a function of altitude. Not long 
thereafter, the Armour Research Foundation 
team flight-tested a number of flares at very high 
altitudes. They collected relative radiative 
intensity versus Mach number data, which 
probably was the first time such information was 
recorded. 

As decoy flare testing continued at 
NOTS, deficiencies or weaknesses in flare 
performance were observed. One of these was 
the affect of airflow on flare performance. To 
evaluate this feature, in mid-1970, a team of 
investigators was assembled to conduct 
laboratory studies of the airflow effect. The team 
consisted of Dr. Elliott Raison of the Illinois 
Institute of Technology Research Institute, Mr. 
Balwanz of the Naval Research Laboratory and 
researchers at the Naval Weapons Center China 
Lake. The team confirmed the marked reduction 
of infrared radiant intensity when flares are 
exposed to airflow. This may be the first time 
this characteristic of decoy flares was confirmed 
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although the degradation had been noted for 
many years during tests. 

7.2 Concepts Involving Shielding from 
Windstream

 As already mentioned, flare 
performance is degraded substantially when 
ejected at high Mach velocities. To shield the 
flame from the windstream, many methods have 
been tried to protect the flame. As part of the 
1954 Balls of Fire concept, a 2-mm thick 
graphite shell, which has 38 seven-sixteenth 
holes distributed over the sphere surface, 
contained the pyrotechnic composition. During 
the burn, incandescent particles are ejected 
through the holes to form a cloud.  

About 1956, the RITA flare jacketed 
variant was pressed into a steel wire mesh screen 
in the form of a cylindrical sleeve extending 
over the complete wall area. The premise is that 
the flame would spew through the mesh 
openings while the burning composition would 
be shielded from the windstream. The perforated 
can design concept is similar in that the flame 
spews simultaneously from all the holes in the 
surface of the flare case.  

The perforated-can flare concept 
(related to the shielded flare concept) was also 
considered for incorporation into a forward 
launched decoy flare design. In another design, a 
conical nose shield was placed on the nose of the 
device to shield the combustion products from 
degradation due to the windstream. Another 
concept related to shielding the flame is the 
infrared filtered flare wherein the composition is 
burned enclosed and the infrared radiant output 
is filtered. In 1960, a variant of the filtered flare 
was explored. The research team proposed to 
change the spectrum of an MTV flare to match 
that of an aircraft by surrounding the flame with 
a three-inch diameter filter envelope to remove 
undesirable wavelengths. To protect the filter 
envelope, they introduced a coaxial stream of air 
at 150 miles per hour between the flame and the 
envelope. In laboratory experiments, they 
showed the envelope could be protected. They 
used a Pyrex® tube around the RITA flare and 
also explored a Corning 7-56 filter.  

In the mid-1960s, the Armour Research 
Foundation team studied the effects of 
windstream on the RR-80 flare. The purpose 
was to develop a flare that would not be affected 
by windstream. They added a wire mesh shield 
in one case and in the other an annular shield 
with apertures to protect the combustion reaction 
from the windstream. They reported a 5-fold 
reduction in the radiative output at Mach 0.3 and 
more at higher speeds.  

In spite of all the various approaches to 
protecting the flame from the windstream in 
order to reduce flare performance degradation, 
none of the concepts performed well enough to 
be incorporated into a production device.  

7.3 Rise Time

 Rise time is an expression applied to a 
flare parameter that describes the quickness that 
the flare reaches peak intensity after ignition. 
That feature is important for countermeasure 
effectiveness. If the flare departs from the field 
of view before the peak radiant intensity is 
achieved, the result often is a failure to decoy 
the missile. Because normally a flare falls out of 
the field of view quickly, it is important to have 
a short rise time.  

Throughout the 1960s as decoys were 
tested for countermeasure effectiveness, it was 
learned that many of the flares had a rise time 
that was too long. Notably, the ALA-17 flare 
and the MK 46 Mod 1 flares both had a slow 
rise time that needed correction, especially at 
elevated altitudes and higher wind speeds. Two 
main approaches were taken to shorten the flare 
rise time. One is to alter the flare composition to 
a much faster burning rate. The other is to alter 
the grain configuration such that a greater 
surface area is burning at the same time. Both 
methods were employed to improve flare 
performance

7.4 Ignition at High Altitude 

Many of the early flares had ignition 
compositions that failed to ignite the grain at 
high altitudes and high wind speeds. This 
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deficiency manifested itself mainly in flares 
designed to protect bombers and fighters. As a 
result, an extensive effort to reformulate igniter 
compositions and to formulate new 
compositions was undertaken.  

In general, there was a problem with 
compositions containing Kel-F® wax. Those 
compositions exhibited unsatisfactory ignition 
and unsatisfactory combustion at altitudes above 
100,000 feet and showed marked attenuation in 
radiative output and a decrease in burning rate 
with altitude and airflow. In addition, the 
combustion tended to snuff-out at velocities 
above Mach 3.  

An example of several flares that had 
high altitude ignition problems were the Mk 21 
Mod 0 tracking flare which had marginal 
ignition above 35,000 feet altitude, the MK 33 
Mod 0 tracking flare, and the Mk 37 Mod 0 
tracking flare. The NOTS Model 39A pyrogen 
squib was developed to get better high altitude 
ignition. The CT-144 igniter mix also was 
developed for better ignition reliability. The FD-
30 igniter composition consisting of 10% boron 
and 90% barium chromate was found to be a 
good high altitude ignition mixture. The FW-210 
ignition mix consisting of manganese dioxide 
and zirconium was found to be effective at high 
and low altitudes. Composition PL 6503 is a 
high altitude ignition composition that sustains 
ignition at 150,000 feet altitude (1.1 torr). It 
consists of 54% magnesium (3-5μ), 30% 
Teflon® #1 (600μ), and 16% Viton® A. 

7.5 Hydrogen Formation from the 
Magnesium-Moisture Reaction

 The formation of hydrogen resulting 
from the reaction of moisture with magnesium 
powders has plagued energetic compositions 
containing magnesium powder for a very long 
time. During 1944, Dr Hart of Picatinny Arsenal 
reported the dichromating of magnesium 
powders in igniter compositions used in 37 mm 
tracer ammunition in order to reduce the 
undesirable formation of hydrogen. He coated 
the magnesium by immersion in a 5 percent 
aqueous solution of sodium dichromate and 
sodium hydrogen sulfate at room temperature. 

He stated that he found no earlier work to coat 
powdered metals. Up to that time, magnesium 
and aluminum fuels had been coated with 
linseed oil to provide protection and to serve as a 
binder of the composition. Dr. Hart observed 
further that the finer the magnesium granulation 
the more reactive with moisture, that the 
presence of strontium nitrate improved the 
resistance of magnesium to the reaction with 
water, and that sodium oxalate accelerates the 
reaction of magnesium with water.  

Mr. Louis Lo Fiego of the Bermite 
Division, Whittaker Corporation Saugus 
California reported that in 1945 as one of his last 
duties as an officer in the U. S. Navy during 
World War II, he had the task to destroy 
unserviceable pyrotechnic items returned from 
the South Pacific. Black powder used in many 
pyrotechnic trains had failed to ignite or sustain 
burning after being subjected to high 
temperature and humidities. In many cases the 
potassium nitrate in the black powder separated 
from the sulphur and carbon, forming beautiful 
crystals. This negated the usefulness of black 
powder as an ejection or ignition charge in 
pyrotechnics. Black powder delay trains were 
found to burn erratically or not at all. 
Magnesium powder was found deteriorated 
because moisture reacting with the magnesium 
formed hydrogen gas, magnesium oxide and 
magnesium hydroxide. At the end of World War 
II, the general consensus was that the reliability 
and performance of pyrotechnics left much to be 
desired.  

As reported in a 1951 report, Mr. Donat 
B. Brice of NOTS conducted an evaluation of 
chromated magnesium powder as an igniter 
material and concluded that the potassium 
dichromate washed magnesium powder as an 
igniter component gave the same performance as 
observed previously with vinyl-coated 
magnesium powder.  In this instance, the igniter 
material is a mixture of 50% coated magnesium 
and 50% potassium nitrate, by weight. This 
mixture was under consideration for use in 
igniters suitable for ignition of ballistite. 
Ballistite is a smokeless propellant made from 
two explosives those being nitroglycerine and 
nitrocellulose. 
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Starting work in August 1953, Mr. 
Ralph M. Moon, Jr. of the Rocket Department at 
NOTS, China Lake studied the evolution of gas 
from coated magnesium-black powder igniter 
mixtures. The Mk 125 Mod 2 igniter for the 
NOTS Model 103H 2.75-inch FFAR rocket 
motor developed sufficient pressure to burst the 
blowout disc. Mr. Wiebke of China Lake 
reported that a mass spectrographic analysis 
revealed that the gas released when the blowout 
disc yielded was 95% hydrogen. The hydrogen 
was formed by a reaction between the vinyl-
coated magnesium and moisture in the black 
powder in the igniter charge. 

The degradation of flare performance 
due to the reaction of moisture with magnesium 
persists today. In this regard, atomized (blown) 
magnesium is less susceptible to degradation 
than is ground magnesium.  

8.0 SAFETY ISSUES

8.1 Bullet Impact 

During a test of the RR-115 flare for 
parasitic ignition, Dr. Handler China Lake 
reported in 1968 that impact from a 50-caliber 
projectile can ignite magnesium-Teflon®-
Viton® A compositions. This had never been 
tried previously. The RR-115 flare is a 2-inch by 
3-inch by 5-inch rectilinear flare. The grain 
composition is 66% magnesium and 34% 
Teflon®. Two flares were rigidly mounted 3-
inches apart for the test. The bullet impact into 
the first decoy did not ignite the second 
parasitically. As a result of this experiment, Dr. 
Handler recommended that all future flares be 
designed to not ignite parasitically and 
concluded that the RR-115 flare is extremely 
safe and has excellent radiative properties both 
in the laboratory and in flight.

8.2 HERO 

HERO is the acronym for Hazards of 
Electromagnetic Radiation to Ordnance. During 
the late 1950s, it was known that the Mk 6 Mod 
13 torpedo exploder mechanism could be set off 
by radio frequency (RF) energy. Also, there 
were aircraft carrier incidents during which 

electro-explosive devices contained in ordnance 
were initiated while the ordnance was being 
loaded onto the aircraft. As a result, Emissions 
Control (EMCON) measures were 
recommended but were unpopular with the U. S. 
Navy because EMCON could mean loss of vital 
communication with planes during operations. 
By 1952, EMCON had been de-emphasized; but 
by 1956, EMCON had been changed from a 
recommended action to a requirement as a result 
of growing awareness of the need for a HERO 
program. Even today, Navy decoy flares and 
other energetic materials must meet the 
requirements of the HERO program. They must 
be designed such that they cannot be initiated 
unintentionally by ambient radio frequency (RF) 
energy. Radars aboard a Navy vessel are a good 
example of devices that can radiate sufficiently 
to initiate ordnance that is not properly shielded. 

9.0 SUMMARY 

9.1 The “Genesis” book 

Genesis of Infrared Decoy Flares: The 
early years from 1950 into the 1970s. 26 January 
2009: NSWCCR/RDTR-08/63: The accession 
number in NTIS or DTIC is ADA495417.  It 
contains descriptions of the flares and 
compositions mentioned herein and much more.  

9.2 Summary 

We summarized information from the 
“Genesis” book to show the interrelationships of 
the Sidewinder missile and fluorocarbon 
developments with the evolution of MTV decoy 
flares. We discussed technological deficiencies 
and improvements, novel flare concepts, and 
persistent problem areas related to flare 
development. We listed a number of “First 
Time” flare events and the date of their 
occurrence. We pointed out the possible origin 
of the bullet impact test and the need for HERO 
tests for safety aboard navy vessels. In all of 
this, we tried to emphasize the vast amount of 
work that was going on during a 20-year 
window; first to develop suitable flares, later to 
correct their deficiencies, and finally to improve 
their performance.  
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ABSTRACT 
 

Adding different chemicals (Ba, benzene, silicon rubber) modifying the physical and chemical 
properties of nanoaluminum powders, synthesized by the plasma electro-condensation process. Recently, 
to characterize these powders, X-ray diffraction, TEM, BET analyses, and simultaneous TG/DSC 
analyses were performed. The most suitable selected nanoaluminum was Ba-doped powder, because of its 
high oxidation rate in air under heating, its high conversion degree in the temperature range 20-11000C, 
its considerable burning rate enhancement for the samples with ammonium perchlorate and essential 
decreasing of agglomeration phenomenon as compared to micro-Al. However, X-ray diffraction analysis 
did not reveal the presence of Ba in Ba-doped nano-Al, and the chemical states of Ba in nanopowder are 
still not elucidated. X-ray photoelectron spectra of Ba 3d and Al 2p in Ba-doped nano-Al were measured. 
Results show that the surface layer of particles is composed of Ba2+ ions bonded to BaO and Al3+ ions 
boded to Al2O3. Ion sputtering allowed measuring of X-ray photoelectron spectra at the different depth of 
the particles. The chemical states of Al and Ba within powder were analyzed as functions of the distance 
from the surface. The core of the particles contains more metal Al and metal Ba.  

 

1. INTRODUCTION 
 
Nanoaluminum powder, due to 

increasing of the burning rate, decreasing the 
agglomeration, and enhancing the specific 
impulse of solid rocket propellants, has become 
a leading candidate to be used as an appropriate 
substitution/addition to micron-sized aluminum 
in high-energy systems. Characterization of the 
particle diameters, size distributions, oxide layer 
thicknesses, morphology, thermal behavior, and 
combustion parameters is important in 
predicting performance for these specific 
applications. Recently, the plasma electro-
condensation process was elaborated [1,2], and 
nanoaluminum powder, synthesized by this 
technique was fabricated and investigated. To 
prevent the self ignition of this highly-reactive 
powder, different chemicals to stabilize the 
metal powder were applied (Ba, benzene, silicon 

rubber). Our previous investigations [3] 
provided the first comparison between the 
thermal behavior and combustion of different 
types of plasma-synthesized nano-aluminum and 
conventional micron-sized aluminum particles. 
Ba-doped nano-aluminum was found to have an 
average particle size of 43 nm, and an ideally 
spherical particle shape. Experiments show that 
the thermal behavior and combustion parameters 
of nano-aluminum are strongly dependent on the 
compounds being used during the particle 
fabrication process. Additionally, the 
considerable changes in the chemical activity of 
Ba-doped nano-aluminum were found during the 
powder storage, resulting in the oxide layer 
degradation. Out of the studied series, the most 
suitable selected aluminum is Ba-doped powder, 
which is aged for 4 months, because of its high 
oxidation rate in air under heating, its high 
conversion degree in the temperature range 20-
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11000C, and its considerable burning rate 
enhancement for the samples with ammonium 
perchlorate. Moreover, the process of Ba-doped 
nano-aluminum could be catalyzed by platinum 
metal: at temperature of 5400C a dramatic one- 
step oxidation of 60% of the active metal was 
found. Results obtained indicate for nano-sized 
aluminum modified by barium considerably 
larger steady burning rate with the essentially 
decreasing of agglomeration phenomenon as 
compared to micro-Al. However, the structure of 
these Ba-doped nanoaluminum particles and the 
Ba chemical states and distribution within 
nanoparticles are still unclear. X-ray 
diffractometry did not show any crystalline 
phase in nano-Al except metal aluminum. In this 
paper, the objective is to study the chemical 
states and distribution of Ba and Al within Ba-
doped aluminum nanoparticles by X-ray 
photoelectron spectroscopy (XPS). 
 
2. EXPERIMENTAL SECTION 
2.1. Materials and Samples 

 
During the plasma-synthesis process, the 

argon gas flow delivers the precursor micron-
sized Al powder doped with 1.5 at% of barium, 
which is equivalent to 7.5 mass%Ba, to an 
argon-filled reactor, where aluminum powder 
evaporates in a high-temperature plasma zone 
[1, 2]. Subsequent condensation of metal vapor 
represents a fabrication of the nano-sized 
aluminum doped with Ba. Particle size 
distribution and TEM images were presented in 
detail [3]. 

Sample for XPS analysis was prepared by 
cold-pressing of nano-powder into the In-foil of 
thickness of 400 microns. The field of analysis, 
as shown in Fig. 1, is a circle of 1.1 mm in 
diameter. 

 
2.2. Experimental techniques 

 
X-ray diffraction patterns were obtained 

at room temperature using a Rigaku 
“Geigerflex” X-ray diffractometer, employing 
CuK  radiation. Samples were finely ground; the 
diffraction angle of 2  was scanned at a rate of  

 

 
 
 

Figure 1. Sample for XPS analysis: field of 
analysis is darker than the rest of the 

nanoaluminum powder, which is cold-pressed 
into In-foil. 

 
 
 
20min-1. The average particle size was 
calculated by using the Sherrer’s equation. 

High resolution scanning electron 
microscopy (HRSEM) analysis (JEOL JSM 
7401F, Japan) and atomic-force microscopy 
(NTEGRA Prima Basic, NT-MDT, Russia) were 
used for characterization of the particle 
morphology. For AFM analysis the semi-contact 
mode was applied with an etched silicon 
cantilever having a tip radius of 10 nm and 22o 
apex angle. Data were taken in ambient air with 
a force constant of 5,5 N/m. 

X-ray photoelectron spectroscopy (XPS) 
measurements were performed using a Perkin 
Elmer PHI 5500 ESCA system equipped with a 
hemispherical analyzer with base pressure 8x10-

10 Torr in the vacuum chamber. The Al-K  
radiation (photon energy 1486,6 eV) was the 
excitation source with power of 300 W and 
voltage of 14 kV. The high-resolution spectra 
were measured at a pass energy of 11,75 eV with 
0,1 eV/step. Doublet Ba 3d was measured at a 
pass energy of 29,35 eV with 0,125 eV/step. 
Every peak was fitted to Gaussian-Lorenzian 
shaped peaks using a non-linear-least-squares 
fitting program.  

The sputter was carried out using an Ar+ 

ion gun (with accelerating voltage of 2 keV) at a 

In-foil 

Powder  
Al/Ba 

Field of  
analysis  

1.1 mm 
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raster area 2x2 mm2. The average sputtering rate 
is approximately 20  min-1.  

3. RESULTS AND DISCUSSION 
3.1. Chemical Composition, Particle Size 
and Morphology 

 
X-ray analysis reveals that sample 

contains the only one crystalline phase – 
aluminum metal, no indications of any 
crystalline were found. The active Al content is 
70% [3], therefore, 30% of powder was 
supposed to be amorphous material. The average 
sizes of Al nanoparticles, determined from XRD 
line broadening, were 45 nm (111), and 41 nm 
(200). Particle size distribution calculated from 
TEM images is plotted in Fig. 2. 

The nano-sized Al particles were 
visualized by HR SEM (Fig. 3) and AFM (Fig. 
4). Both confirmed our previous results that the 
particles are ideally spherical with a Gauss 
particle-size distribution revealing an average 
particle diameter of 43 nm [3]. Assuming that 
particles within a particular size fraction are 
coated by a passivating oxide layer of the 
equivalent thickness ( R0), the R0 value was 
found to be around 3 nm. 
 

 
 
 

 

 
 
 
 
 
 
 
 

 
 
                                   
 
 
 

Figure 3. HR SEM image of nano-aluminum 
powder doped with Ba 

 

 
 

Figure 2. Nano-aluminum powder doped 
with Ba: particle size distribution obtained 

by TEM  [3].

Figure 4. 3d-presentation of AFM- image of nano-aluminum powder doped with Ba. 
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3.2. X-ray Photoelectron Spectroscopy 
 

Composition distribution of the 
sample was defined on the base of the 
survey XPS spectra, which were measured 
on unsputtered surface, and at the different 
depth sputtered for t=10, 20, 30, 45, and 55 
minutes. Figure 5 shows XPS survey spectra 
on unsputtered surface (Fig. 5a) and at the 

depth, corresponding 45 minutes of 
sputtering (90 nm). Survey spectra reveal 
that the sample is composed of several 
phases, including aluminum, barium, and 
oxygen phases. The maximum sputtering 
time was selected as 55 minutes (110 nm) to 
analyze the most of the particles, 
considering the particle-size distribution 
(Fig. 2).  

 

 
 

Figure 5. Survey XPS spectra of nano-Al doped with Ba: a) unsputtered surface; b) after 
sputtering, t=45 min. 
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Figure 6. HR XPS spectra of Al 2p: ) –unsputtered surface; b) – after sputtering, t=10 min, 

c) t= 45 min. Curve I represents experimental data, II – synthesized spectrum (closest to 
experiments approximation), III – metal aluminum peak, IV – peak of Al3+ ions bonded to Al2O3.  
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High-resolution (HR) spectra of Al 2p 
(Fig. 6) indicate that both aluminum metal and 
Al3+ ions peaks are found on the unsputtered 
surface (t=0), and at the different distances from 
the sample surface (t=10…55 min). The metal 
aluminum peak 72,9 ± 0,1 eV corresponds to the 
literature reference value [4], whereas Al3+ ions 
peak changes from 75,7 eV at the surface (Fig. 
6a) to 76,3 eV after 45 min of sputtering, 
exceeding the literature reference value [4], as a 
consequence of the differential charging. This 
phenomenon is well-known for heterophase 
system with insulator, i.e., the binding energy of 
insulator is shifted to the high energies.  

Based on the HR XPS spectra (Fig. 6), 
the atomic ratio Al0/Al3+ at different distances 
from the sample surface could be calculated 
(Table 1). 

Geometrical analysis of the experimental 
scheme – nanoparticles powder, which is cold-
pressed into indium-foil (Fig. 7) - reveal that the 
atomic ratio Al0/Al3+ should became 
independent on the sputtering time at the certain 
distance from the sample surface (H0). Every 
particle consists of the oxide layer of about 2-4 
nm [3, 5-7]. The H0 value supposed to 
correspond qualitatively to the average particle 
radius: indeed, the average particle radius, 
according [3] is 22 nm, whereas H0 value is close 
to 20 nm, as shown in Table 1.  

 

Table 1. Atomic ratio  Al0/Al3+ at different distances from the sample surface. 
Data accuracy 5%. 

 
Sputtering 
time, min 

Distance from  
the sample surface, 

nm 

Al0/Al3+ 

0 0 13/87 

10 20 38/62 

20 40 39/61 

30 60 43/57 

45 90 46/54 

55 110 45/55 

 

         
 
                                      
 

 
 
 
 
 
 
 

 
 

Figure 7. Schematic representation of XPS-sample: nanopowder particles are cold-pressed 
into In-foil and simplified scheme of the Al particle covered with the Al2O3 oxide layer.  

 

Al2O3 

Al 

Distance from 
the sample 
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Figures 8-10 shows XPS spectra of Ba 
3d. The total Ba content not exceeds 1% of the 
total aluminum content within the sample. 
Differential charging was compensated by peak 
Al 2p (Fig. 6a).  

Corrected XPS spectra for Ba 3d5/2 are 
found at 780,2 ± 0,2 eV, which could be 
ascribed to BaO.  Figure 8 reveals that even after 
20 minutes of sputtering, one peak of 
synthesized spectrum is not sufficient for 
appropriate approximation of the experimental 
data, and the additional peak should be 
introduced into approximation. Figure 9 presents 
2-peaks synthesized spectrum after 45 minutes 
of sputtering, where the new peak at 779,0 ± 0,2 
eV is appeared. Doublet Ba3d is shown in 
Figure 10, as a result of two-peak 
approximation: the peak of Ba2+ ions bonded to 
BaO, and the metal barium peak. The binding 
energy difference between peaks in doublet is 
15,3 ± 0,2 eV.  

Based on the HR XPS spectra, the 
atomic ratio Ba0/Ba2+ at different distances from 
the sample surface could be calculated (Table 2). 

Thus, the composition distribution on 
unsputtered surface and in the core is 
summarized in Table 3 and Figure 8. The metal 
barium concentration on the unsputtered surface 
seems to be zero at sputtering depth below 20 
nm, changes from 0,02% to 0,11% for the 
distance from the surface increasing from 20 to 
110 nm. The metal aluminum shows the 
concentration increase from 4% on the 
unsputtered surface to 23% on the depth of 110 
nm. Aluminum oxide and barium oxide seems to 
be independent on the sputtering depth, 
indicating (i) the statistically equal concentration 
of oxide shell of the Al-core nanoparticles and 
(ii) statistically equal content of BaO in the 
Al2O3 oxide shell (below 1%).  

 
Table 2. Atomic ratio Ba0/Ba2+ at distances from the sample surface. 

Data accuracy 5%. 
 

Sputtering  
time, min 

Distance  
from the 
sample  

surface, nm 

Ba0 / Ba2+ 

0 0 0/100 
10 20 0/100 
20 40 6/94 
30 60 10/90 
45 90 13/87 
55 110 27/73 
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Figure 8. HR XPS spectra of Ba 3d5/2: a) – unsputtered surface; b) – after sputtering, t=10 

min, c) t= 20 min. Curve I represents experimental data, II – synthesized spectrum (closest to 
experiments approximation). 
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Figure 9. HR XPS spectra of Ba 3d5/2: a) – after sputtering, t=45 min, b) t= 55 min. Curve I 

represents experimental data, II – synthesized spectrum (closest to experiments approximation), III 
– peak of Ba2+ ions bonded to BaO, IV –metal barium peak. 

 

 
Figure 10. HR XPS spectra of Ba 3d at t= 55 min. Curve I represents experimental data, II – 

synthesized spectrum (closest to experiments approximation), 2 – peak of Ba2+ ions bonded to BaO, 
1 –metal barium peak. 
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Table 3. Composition distributions of the surface and the core of nanoaluminum sample 

 (atomic concentrations)  

Sputtering 
time, min 

Distance from 
the sample 
surface, nm 

O Al0 Al3+ Al(total) Ba0 Ba2+ Ba(total) 

0 0 68,1 4,1 27,5 31,6 0,00 0,36 0,36 
10 20 55,6 16,7 27,3 44,0 0,00 0,40 0,40 

20 40 51,8 18,6 29,2 47,8 0,02 0,38 0,40 

30 60 49,1 21,1 28,0 49,1 0,04 0,36 0,40 

45 90 49 23,3 27,3 50,6 0,05 0,35 0,40 

55 110 49,2 22,7 27,8 50,5 0,11 0,29 0,40 

 

 
 

Figure 11. XPS composition distribution as a function of sputtering time (distance from the 
sample surface): atomic concentrations of oxygen (O), metal aluminum Al(0), aluminum ions 

Al(3+), metal barium Ba(0), and barium ions Ba(2+). 
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4. SUMMARY 
 
The Ba-doped nanoaluminum powder shows 
exclusively suitable thermal behavior in 
oxidation reaction, a considerable burning rate 
enhancement and appropriate agglomeration 
process suppression in combustion process being 
incorporated into solid propellants. SEM, TEM 
and AFM investigations reveal these 
nanoparticles to have a spherical shape with the 
average particle size of 43 nm. XPS spectra of 
Ba 3d and Al 2p in Ba-doped nano-Al were 
measured. Results show that the outer surface of 
particles is composed of Ba2+ ions bonded to 
BaO and Al3+ ions boded to Al2O3. Ion 
sputtering allowed measuring of X-ray 
photoelectron spectra at the different depth of 
the particles. Thus, no metal barium were 
detected at sputtering depth less than 20 nm, but 
Ba0 atomic concentration arises from 0,02% to 
0,11% with the sputtering depth increasing from 
20 to 110 nm. The metal aluminum shows the 
concentration increase from 4% on the surface to 
23% on the depth of 110 nm. Aluminum oxide 
and barium oxide seems to be independent on 
the sputtering depth, whereas the core of the 
particles contains more metal Al and metal Ba, 
than the oxide shell.   
 
5. ACKNOWLEDGEMENTS 
 
Financial support of the Russian Foundation of 
Basic Research (RFFI grant #07-03-00894a) is 
gratefully acknowledged. 
 

6. REFERENCES 
 
1. G.Pavlovetz, SCIENTIFIC AND 
TECHNOLOGICAL BASICS OF 
PRODUCTION AND USE OF ULTRA-SIZED 
METAL POWDERS FOR THE HIGH-
ENERGETIC COMPOSITIONS, Section of 
Application Problems, Prezidium of Russian 
Academy of Science, Moscow 1999, p.80. 
2. V.I. Kononenko, V.G. Shevchenko. PHYSICS 
AND CHEMISTRY OF THE POWDERED Al-
BASED SYSTEMS ACTIVATION. 
Ekaterinburg, Ural Department, Russian 

Academy of Science, 2006. ISBN 5-7691-1756-
7. 
3. A. Pivkina, Yu. Frolov , D. Ivanov, D. 
Meerov, K. Monogarov, A. Nikolskaya and S. 
Mudretsova, PLASMA SYNTHESIZED 
NANO-ALUMINUM POWDER: THERMAL 
PROPERTIES AND BURNING WITH 
AMMONIUM PERCHLORATE, Proceedings 
of 33rd International Pyrotechnics Seminar, 11-
16 July 2006, Fort Collins, Colorado, USA, pp. 
141-152. 
4. JF Moulder, WF Stickle, PE Sobol, KD 
Bomben, in: J Chastain (Ed), HANDBOOK OF 
X-RAY PHOTOELECTRON 
SPECTROSCOPY, Eden Prairie MN, Perkin-
Elmer Corporation,1992. 
5. Mary Sandstrom, Betty Jorgensen, Bettina 
Smith, Joseph Mang, and Steven F. Son,
Proceedings of Thirty-First International 
Pyrotechnics Seminar, Fort Collins, Colorado 
July 11-16, (2004) 241. 
6. R. Franchy, Surf. Sci. Reports 38  (2000) 195. 
7. X. Phung, J. Groza, E.A. Stach, L.N. Williams 
and S.B.Ritchey, Mater. Sci. and Eng. A 359 
(2003) 261. 
 
 



-28-



-29-

I-3

Multimedia Mass Balance Approach to Estimation of Pyrotechnic Emissions

B. Schwegler

Walt Disney Imagineering Research and Development

ABSTRACT

Emission characterization from pyrotechnic devices under real-world use conditions is a com-
plex process, not only because of the pyrotechnic chemistry itself, but also because of the fate 
and transport of those emission products in a variety of post-emission environments and condi-
tions.  In most cases, direct emission estimates are impossible due to the hazard and the relatively 
large areas involved.  Two highly desirable prerequisites should be present which can greatly 
simplify the interpretation of existing data, even when those data are diffi cult to collect and may 
not be complete.  Those prerequisites include the presence of more than one tracer compound or 
element, which have different physical and chemical behaviors in the environment. These dif-
ferences include physical characteristics of solubility, diffusivity, sorption and vapor pressure as 
well as chemical characteristics of reactivity, bioconcentration and catalysis.  The second prereq-
uisite is a good characterization of the specifi c elements as they behave in the compartments of 
the underlying mass balance equation used to develop emission estimates.  We have investigated 
the use of metals, organics and chlorides to develop a mass balance representation of emissions 
from a regularly scheduled pyrotechnics show over a shallow body of water, in an area with a 
highly variable meteorological background.  
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ABSTRACT 
 
Most Energetic Materials (EM) are harmful for man and nature. The use of ammunition will inevitably 
cause the introduction of EM into the environment. An additional introduction of EM in the environment 
was caused by war actions (World War II) and the historical practice of dumping ammunition, mostly in 
surface waters but also in landfills. 
 
TNO investigated the environmental impact of the historical dumping site in the Oosterschelde that 
contains ammunition from the period 1945-1967.  
 
TNO also developed a new sampling strategy to evaluate the soil quality from large surface areas like 
military proving grounds. The environmental impact was investigated by means of chemical analysis and 
biological tests. This information was used as input in migration models (such as the PEARL model) to 
predict the mobility of the contamination into the environment. An important parameter in the model is 
the geohydrological description of the site. 
 
The results of this TNO investigation can be used for the construction of new military proving grounds or 
the modification of the existing areas, to make them less vulnerable for contamination with EM. TNO 
assists the Netherlands MoD to get the necessary environmental permits for the use of the ammunition on 
the present training areas. 
 
 
Introduction 

 
Contamination of soil, water and air by 

ammunition and substances that are released 
when munitions are used or dumped, possibly 
affect the environmental quality. The substances 
may be harmful to people and the various 
organisms present in the soil or water and 
therefore affect the ecosystem. TNO has 
developed reliable and accurate tools to detect 
and measure these munitions-related 
contaminations in the environment. 

 
The use of ammunition may cause harm 

to the environment due to non-reacted energetic 
material as well as their reaction products. The 
effects of shooting ranges, dump locations and 
the production or demolition of munitions sites, 
may contribute to a decrease in quality of the 
different environmental compartments (soil- and 
groundwater, sediment, surface water, and air). 
TNO Defence, Security and Safety has been 
commissioned by the Dutch Ministry of Defence 

to carry out extensive studies into the effects of 
munitions-related substances, to identify the 
bottlenecks and allow them to respond to policy 
amendments and changes in national and 
international environmental law and legislation. 

 
Most energetic materials are harmful for 

man and nature, even low concentrations of 
certain energetic materials (EM) can already be 
toxic or even carcinogenic. This is a well-known 
fact since the large-scale production of 2,4,6-
trinitrotoluene (TNT) during World War I 
caused a high mortality amongst the personal 
working in these factories. TNT is still in use as 
high explosive. However newly developed 
explosives like 1,3,5-trinitro-1,3,5-
triazacyclohexane (RDX) and 1,3,5,7-tetranitro-
1,3,5,7-tetrazocane (HMX) are also toxic. 

Munitions contain many different 
substances (e.g. propellants, explosives, 
pyrotechnics and heavy metals) that may or may 
not be harmful to the environment and human 
health. This is also true for their reaction 
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products. On shooting ranges (e.g. up to calibres 
of 40 mm), heavy metals such as lead and 
copper are known to contribute to the 
contamination of the soil [1]. Shooting ranges 
with larger calibres also show a risk of unreacted 
energetic material that enters the environment 
[2], potentially affecting the biological 
community. Fortunately the main component in 
propellants, nitrocellulose, is non-toxic. The 
additives used in these propellants, however, 
like dinitrotoluene (DNT), nitroglycerine (NG) 
and diphenylamine (DPA) are toxic to very 
toxic.  

In the pyrotechnics we find a large 
number of heavy metals like lead, antimony, 
strontium and barium compounds that could be 
dangerous for the environment. Besides the risks 
that may be introduced on land, similar risks 
exist for changes in the aquatic system due to, 
for example, old dump sites. 

 
Not only the energetic materials are 

harmful to the environment, also their reaction 
products could be very dangerous. The 
decomposition of EM will produce a large 
amount of combustion products. The release of 
energetic material to the environment is mainly 
coupled to the use of ammunition or the 
destruction by open burning and open 
detonation. But also during other parts of the life 
cycle of ammunition, man and nature are 
exposed to energetic materials, e.g. during 
production, maintenance and modification (see 
also the paragraph on Life Cycle of 
Ammunition).  

 
A special case of the introduction of 

munitions related substances into the 
environment is due to the dumping of 
ammunition. This is mainly done in surface 
waters (sea, lakes) but also in landfills. After 
World War II, large amounts of ammunition had 
to be removed from the surface. Demilitarization 
facilities did not exist at that time, for this reason 
the only possible solution in the Netherlands was 
sea dumping. 

In the Netherlands a few munitions-
dump sites exist, originating from the dumping 
of Second World War munitions. Large 
numbers, containing mainly TNT or Comb-B-
compositions (RDX and TNT in a 60:40 ratio) in 

steel bodies, have been dumped at sea. Due to 
corrosion of the steel outer-shell, the munitions 
may start to leak their chemical content (Figure 
1). This may cause harm to the aquatic 
environment of the dump location. 

 

 
Figure 1: Corrosion of sea dumped 

ammunition. 
 
The MoD of the Netherlands has 

committed itself to the environmental laws, 
which prohibit the introduction of toxic 
components into the environment that may cause 
environmental effects. These regulations are 
most stringent for surface waters like the North 
Sea, the Wadden Sea and the IJsselmeer.  

 
To evaluate the possible environmental 

effect of energetic materials, the concentrations 
of these substances are measured at the areas 
with a possible high concentration of 
ammunition (e.g. dumping sites at sea and 
impact areas on military proving grounds). The 
concentrations are also measured at reference 
locations. In addition to the chemical analysis 
the biological effects are studied (e.g. bioassays, 
bio-monitoring). In order to get reliable values 
for these concentrations, new sampling 
strategies are introduced, focussing on the 
sampling of large surface areas. 

 
On land, the introduction of energetic 

materials into the environment can cause the 
contamination of ground water supplies in the 
longer term. This scenario can be calculated 
with models that predict the mobility of 
chemicals in the soil, depending on their 
solvability in water, their absorption on soil 
particles, the geo-hydro graphical description of 
the site and the local meteorological conditions.  
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With the results of the environmental 

studies performed by TNO the Dutch MoD will 
be able to decrease the environmental 
vulnerability of its existing proving grounds. In 
case of surface water contamination by energetic 
materials or munitions related substances, TNO 
can determine the actual concentrations and their 
possible biological effects. This proof is 
necessary for the Dutch MoD to get the permits 
for the present and future ammunition use in 
these areas. 

 
Toxicity of Energetic Materials 

 
Hundred years ago it was noticed that 

certain energetic materials were rather toxic for 
mankind. The production and handling of the 
main high explosive in these days, TNT, resulted 
in a high mortality of personnel working in the 
ammunition factories. All these materials can be 
absorbed by the skin. It is therefore very 
important to avoid contact with these materials. 
The next chapter will deal with the life cycle of 
ammunition. In that chapter the exposure 
potential of the different phases in the life cycle 
is discussed. 
 

Not only the energetic materials 
themselves are rather toxic, also their reaction 
products can be. Besides inert molecules like 
water (H2O) and carbon dioxide (CO2), products 
like carbon monoxide (CO) and nitrogen oxides 
(NOX) will be formed. More dangerous are the 
larger molecules that will be formed. The 
reaction of high explosives is in general an 

incomplete reaction from the point of view of 
oxygen. The explosive molecules exhibit a 
shortness of oxygen; during the very fast 
reaction some oxygen of the atmosphere can 
create some percentage of after burning. A large 
amount of sooth will be the result (the black 
smoke) with carcinogenic potential. The 
combination of halogen atoms and organic 
molecules will be responsible for the formation 
of dioxins. Especially the open burning and 
detonation will result in an uncompleted reaction 
of the energetic material. Ammunition is 
designed to react when ignited, starting with the 
ignition train (e.g. blasting cap, igniter, booster, 
main explosive). When a stimulus form the 
outside is introduced, this will result in an 
incomplete reaction of the entire article, causing 
energetic material to be spread as well as other 
combustion products. 
 

Energetic materials that are dispersed in 
ground and water are subject to decomposition 
and bio degradation. These processes can result 
in the natural cleaning of the environment at the 
end. This is in most cases, however, a long-term 
process that is dependent on the EM 
concentration, the soil composition and the 
temperature (amongst others). In this process 
certain intermediate products may be formed 
with even more toxic characteristics. For 
example, the bio degradation of TNT will result 
in the formation of 2,4- and 2,6-amino dinitro 
toluene (2,4-ADNT, 2,6-ADNT), both products 
are highly toxic and more toxic than TNT 
originally was. 

 
Table 1 Toxicity data of some energetic materials [3] 

Energetic Material MAC-TGG  mg/m3 Toxicity 
DNB Dinitro Benzene 1 high 
DNT Dinitro Toluene 0,15 high 
TNT 0,1 moderate 
Picric Azide 0,1 high 
Tetryl  1,5 high 
RDX Trimethylene 
Trinitramine 

1,5 moderate 

EGDN Ethylene Glycol 
Dinitrate 

0,3 high 

NG  Nitro Glycerine 0,5 high 
WP White Phosphorus 0,1 high 
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Life Cycle of Ammunition 
 

During the different phases of the 
ammunition life cycle (Figure 2), people can be 
exposed to energetic materials or their reaction 
products. The risks for exposure to these 
substances are described here. 

During the production personnel 
working in a factory have a high-risk exposure 
to energetic materials. Occupational Health 
measures should be used to lower the exposure 
concentrations. 

 
Figure 2: The lifecycle of ammunition 

 
Transport and storage are normally low 

risk concerning the exposure to energetic 
materials. The EM is well enclosed in the 
ammunition articles. Aging of the ammunition 
may however be the cause of leakage, e.g. the 
exudation of TNT from HE (high explosive) 
shells and bombs. 
 

Maintenance and control translates to a 
moderate risk of exposure, as the packaging of 
the ammunition will be opened. TNO measured 
high concentrations of carbon monoxide in 
propellant cases [4]. Personnel involved in this 
maintenance operation complained having 
severe headaches. Adequate breathing protection 
and Occupational Health guide lines, combined 
with the modified protocol describing the 
venting of the cases before inspection could 
prevent this problem. 
 

Testing and use of ammunition 
translates in a moderate risk to exposure, 

especially to the reaction products (Figure 3). 
The environmental impact is clearly visible. The 
dense cloud consists of the combustion products 
from the propellant and the igniter. Unburned 
propellant grains are projected from the muzzle 
and distributed in the soil tens of meters from 
the gun [5]. 

 

 
Figure 3: Combustion products produced 
by the gun 
 

Modification of ammunition is a 
moderate risk to exposure of energetic materials. 
Some of the components may be renewed, by 
replacing entire components in their casing. 
 

The destruction of ammunition by open 
burning and open detonation is a high-risk 
exposure to EM and its reaction products. The 
same is the case for the dumping of ammunition 
which can create long time exposure risks for 
the society. Demilitarization strategies are 
currently investigated. Internationally the focus 
on recycling and re-use of munitions 
components is growing. 
 

TNO investigated the environmental 
impact of ammunition in the Oosterschelde 
dumpsite (Figure 4). The results will be 
described in next chapter. The environmental 
effects of ammunition on large military proving 
grounds were determined. New sampling 
strategies were introduced by TNO to evaluate 
the soil quality; these will be the subject of the 
following chapters. 
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Figure 4: Map of sea-dumped ammunition 
in the Oosterschelde 
 
Investigation of Sea Dumped Ammunition 
 

The surface of the Netherlands was 
covered with 200.000 tons of ammunition when 
World War II came to an end (Figure 5). This 
ammunition was collected and investigated for 
safety status. The unexploded ordnance (UXO) 
and ordnance in bad shape were destroyed by 
open detonation. The ammunition in good shape 
that could be re-used was put into military 
storage. Finally the ammunition that could not 
be re-used, but was safe for transport, was 
repackaged and prepared for sea dumping. 

 

 
Figure 5: Collected WW-II Ammunition 
 

All together, 60.000 tons of ammunition 
was dumped into sea. Most of it was dumped 
into the North Sea, a small part in the 
Oosterschelde. Combined with later sea 
dumping at this location in the period from 

1945-1967, the Oosterschelde dumpsite contains 
30.000 tons of ammunition. 

On request of the Dutch MoD, TNO has 
investigated the environmental effects of these 
munitions on the aquatic environment. Samples 
from the sediment and the seawater at the 
dumpsite were taken with special equipment, but 
also by divers from the Royal Dutch Marines. 
The divers collected a lot of ammunition for 
investigation of the corrosive action of the 
seawater. The corrosive action was clearly 
visible (see figure 1). 
The corrosion will after time result in the 
dissolution of the energetic materials in 
seawater. TNO estimated that this is a long-term 
process that will take at least 500 years (Figure 
6).  

0 100 200 300 400 500 600
Time in years

relative
concentration

Figure 6: Dissolution of the energetic 
materials in seawater 
 

Concentration measurements of EM 
revealed figures that are in line with the TNO 
assumptions. The concentrations are very low, at 
sub ppb level. This means that the health risk for 
the people is also very low. Additional 
biological tests confirmed that at the present 
time no avers environmental effect could be 
detected (Figure 7). It will however be necessary 
to monitor the dumpsite on regular basis, to be 
sure that the EM concentrations are not 
increasing.  TNO advised the Dutch MoD to 
take no further actions at this point, as the 
natural degradation of the ammunition seems a 
safe and reliable process at this site, thanks to 
the open connection with the sea and the very 
large water refreshment due to the tidal 
movement at this location. 
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Figure 7: Biological test with mussels. 
 
Training shooting activities in surface waters 
 

Due to the shortage of suitable long 
distance shooting ranges at land, the Dutch MoD 
is using proving grounds next to large surface 
waters like the North Sea and the IJsselmeer 
(Figure 8).  
The environmental laws in the Netherlands 
prohibit the introduction of foreign chemicals. 
The MoD has to prove that these introduced 
chemicals will not create higher concentrations 
in the surface waters compared to the natural 
background concentrations. 

 
Figure 8: Map from shooting ranges 
IJsselmeer 

TNO assisted the MoD by the analysis 
of unknown ammunition components, the 
sampling and analysis of the surface waters that 
are exposed to ammunition from the shooting 
range and the expected environmental impact. 
The Dutch MoD receives the necessary permits 
for the continuation of the shooting trials, once 
proven that the ammunition will not introduce 
negative environmental effects in the surface 
waters. 
 
Training shooting activities on land 
 

Most of the military proving grounds in 
the Netherlands are on land. In order to evaluate 
the quality of the soil, new methodologies were 
introduced by TNO to measure the soil quality 
by a limited number of samples that are 
nevertheless representative for the whole range. 
This was realized by the division of the site in 
areas with no contamination, light contamination 
and high contamination. Examples from the last 
category are the firing positions and the impact 
areas.  

Composite samples were created from 
areas of 25 meters by 25 meters, in these squares 
40 small soil samples were taken from the top 
20-cm layer (Figure 9).  
 

 
Figure 9: The extent to which a terrain is 
contaminated by the use of munitions is 
accurately investigated using a grid. 
 

These small samples were homogenized 
and subsequently stored in a dark container at 
minus 20 degrees Celsius. The sampling and 
analysis was internationally tested in a 
cooperative project between Canada, Sweden 
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and the Netherlands. The typical EM 
contamination has a particulate character; 
propellant grains and lumps of high explosives, 
mainly originating from low order detonations. 
The new sampling strategy is especially suitable 
to measure the distribution of particulate 
contamination. 
 

The areas with high EM concentrations 
at the surface are further investigated to get an 
indication of the mobility of the EM towards the 
ground water table. Models can also calculate 
this mobility. An example of such a model is the 
PEARL model that was developed by RIVM in 
the Netherlands to calculate the mobility of 
pesticides in the soil. To predict the vertical 
distribution of energetic material from soil to 
groundwater, TNO has used the PEARL 
(Pesticides Emission Assessment at Regional 
and Local scales) model [6]. The model takes 
into account soil type, weather conditions, 
absorption, etc. Calculations with PEARL show 
that after one year all the RDX has disappeared 
from the surface, while TNT is still present in 
large quantities, see table 2 for the calculated 
results. TNT tends to bind to the soil particles 
whereas RDX travels much easier through the 
(sandy) soil. When these values are compared to 

the actual measurements of explosives on 
military shooting ranges they are not in good 
agreement, although degradation of the 
explosive materials is included in the 
calculations. This deviation may be explained by 
the different behaviour of explosives compared 
to the behaviour of pesticides for which the 
PEARL model was developed originally. 
Explosives are mostly present in fragments 
whereas pesticides are much smaller particles. 
 

EM originating from shooting trials at 
the surface of proving grounds will migrate to 
deeper soil layers due to rainfall. The mobility is 
strongly dependent on the solvability of the EM 
in (rain) water but also on the soil 
characteristics. Models like the PEARL model 
can calculate this mobility. With the PEARL 
model the mobility of some EM were calculated. 
The table indicates the high mobility for RDX. 
After 1 year all the RDX is dissolved from the 
surface. This calculation does not take care for 
the biological degradation that will take place, 
especially with TNT and DNT. RDX is more 
resistant towards degradation. This makes RDX 
a large environmental problem chemical on 
military proving grounds [7].  
 

 
Table 2: Calculated results with PEARL. Where a year is simulated with a monthly soil load of 0.08 
kg/ha applied to sandy soil, weather conditions: wet, groundwater level: -100cm. 

Explosivea Upper ground water table Concentration on surface after 1 year 

 Max. average 
concentration 

Time to reach 
max. average 
concentration 

Leaching Evaporated Concentration Fraction of original 
amount 

 [μg/l] [days] [%] [%] [μg/kg] [%] 
TNT 0.2 2518 0.3 0.4 140 37 
2,4 DNT 7.2 921 5 0.2 11 2.9 
2,6 DNT 19 731 12 0.7 5.5 1.4 
2A DNT 103 978 99 0.7 81 21 
4A DNT 106 955 99 0.6 75 20 
RDX 130 573 67 0 0 0 
HMX 185 583 97 0 0.3 0.1 
NG 0 - 0 0,3 0 0 
HCE 0 - 0 0,9 0 0 
WP 0.2 6035 1 90 68 18 
a Substances are abbreviated: 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), 2,6-
dinitrotoluene (2,6-DNT), 2-amino-4,6-dinitrotoluene (2A-DNT), 4-amino-2,6-dinitrotoluene (4A-DNT), 
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), 
nitroglycerine (NG), hexachloroethane (HCE), white phosphorous (WP) 
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Comparison of actual measurements and 
calculations with the PEARL model are however 
not very consistent. The PEARL model was 
developed for the calculation of diffusely spread 
contaminants over large surfaces, however the 
EM is scattered in lumps over a limited surface 
area. TNO is working on improved models that 
allow more parameters to be varied. The 
presence of EM at the surface causes exposure 
risks to military personnel in that area. 
Evaluation from the situation at some specific 
training ranges indicates that this risk is not very 
high at the moment.  
 

The most important problem seems to 
be the migration of EM to the ground water 
table. This can be mitigated by the modification 
of the present proving grounds, e.g. by the 
introduction of protective clay layers or lime 
(CaO, [8]) that will stop the migration of EM to 
the ground water. 
 

Energetic materials in the soil of 
military shooting and training ranges mainly 
originate from failures of the ammunition to 
function properly. The larger parts of the high 
explosives and the pyrotechnics in the soil 
originate from duds or low order reactions. The 
propellant residues found near the firing points 
of the guns originate from the pressure drop 
when the projectile leaves the barrel. 
 
Sampling procedure and analysis 

 
As a result of detonating munitions, 

contaminating substances disperse over a 
relatively large area, causing a non-
homogeneous (particulate) contamination of the 
affected area. The concentration of the 
substances in the environment is usually low, 
making it difficult to obtain a representative 
sample of the contaminated area. Therefore, 
TNO uses a method of composite sampling. The 
terrain to be sampled is divided into a grid of 
squares and from each square a sample is taken 
(figure 9). The samples collected over a 
relatively large surface area are then put together 
to form a single representative composite 
sample. 

For the identification of munitions 
related substances TNO uses several techniques 

like Gas chromatography, Liquid 
chromatography, X-ray diffraction, and X-ray 
spectrometry. Besides these techniques also 
solid particles (e.g. surfaces, PM10) can be 
examined using a Scanning Electron Microscope 
(SEM) equipped with X-ray microanalysis, 
which enables one to examine the elements 
present in the sample. To characterize most 
munitions related substances and reaction 
products, TNO follows internationally accepted 
standards (e.g. US EPA standards). 

The possible transport of energetic 
materials in the soil depends on the solubility in 
water, and the adhesion to soil particles. The 
adhesion is also largely influenced by the type of 
soil and the amount (percentage) of organic 
matter present. The spread of the contamination 
to and in the groundwater depends on the 
amount of contamination in the soil, the 
geohydrological properties of the soil and the 
vulnerability of the groundwater system. 
Degradation of the substances in the soil will 
also influence the concentrations reached in the 
ground water. Different types of soil are present 
in the Netherlands, e.g. sandy soil, clay (sea and 
river), peat and combinations of these types. 
Permeability, percentage of organic material and 
redox circumstances, determines the transport of 
the energetic materials. Research has shown that 
certain types of explosives tend to reach the 
groundwater more easily than others. RDX and 
HMX easily travel through the soil and reach the 
groundwater, causing a potential risk to the 
water quality. This transport can be modelled by 
simulation programs, like the PEARL model [6]. 
This model was developed originally to 
calculate the migration of pesticides from soil to 
ground water. Important input in PEARL is the 
rainfall, the solubility in water and the adhesion 
to the soil. TNO used the PEARL model to 
calculate the migration of some explosives from 
the soil surface to the groundwater table (see 
table 1). 

Beside the calculations, laboratory 
experiments were set up to study the leaching of 
explosives by rain (water). These experiments 
were performed in glass columns as can be seen 
in Figure 10. RDX and an RDX plastic bonded 
explosive (PBX) were used for this research. On 
the upper part a diagram is shown of the 
experimental set-up; the lower part shows a 
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photograph of the setup were explosive 
substances are submitted to different types of 
soil samples. 

 

 
Figure 10: Column experiments to study the 
mobility of explosives in soil. On the upper 
part a schematically view of the set-up, on the 
lower part a picture of the actual system. On 
this set-up different parameters can be 
measured in one system. 
 

The water is saturated with different 
types of explosives and led through various soil 
compositions. Also the influence of aerobic or 
anaerobic conditions is studied. These 
conditions may occur as a result of redox 
reactions due to the presence of oxygen, nitrates, 
iron, sulphates and carbon dioxide. Samples can 
be taken at any time for analysis. This enables 
one to measure the concentrations as a function 
of time as well as distance. The experiments 
showed a quick disappearance of the RDX. The 
concentrations became lower than the LOD 
(limit of detection) and were therefore not 
detected. 
 
 
 
 

Future Improvements 
 

Most of the proving grounds are situated 
on vulnerable (from a geo hydrological point of 
view) areas, with mostly sandy soils (Figure 11). 
Some of the training ranges are also located in or 
nearby protected habitats for animals and/or 
plants. In addition, it happens that some of the 
sites are located very closely to drinking water 
reserves, causing a potential threat to mankind. 
Future military training ranges can better be 
located at areas with less vulnerable soils (like 
clay or peat soil). TNO can advise about the 
most suitable locations or about redeveloping 
current shooting ranges to minimize the 
environmental effects. 

 
Figure 11: Location of proving grounds on 
different soil types  
 

The present environmental policy and 
legislation concentrates on the description of the 
contaminated areas and the subsequent 
prioritization for protective measures, like the 
regular cleaning of bullet traps and the 
introduction of mitigation layers to minimize 
migration of contaminants. Also the introduction 
of green ammunition might result in a decrease 
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of negative environmental effects however this 
will be a long-term process before any effects 
will be observed. Research on the present 
munitions related substances remains necessary, 
as this is the ammunition that the Dutch MoD 
still has in stock and will be using. 
 

More research will be necessary to study 
the mobility of energetic materials in the 
environment. This can is realized with 
laboratory investigations on columns filled with 
different soil types as shown in figure 10. Also 
the improvement of migration model might be 
part of future research. 
 

The foreseen improvements of the 
present chemical analysis capabilities will focus 
on the (bio) degradation products of the EM. In 
situ biological soil cleaning on military proving 
grounds might be an important issue for the 
future. Current literature shows a high potential 
in this field [9]. 
 

The Dutch and European legislation on 
environmental issues is currently in 
development. TNO follows these developments 
very closely to be able to advise the MoD. 
 
Conclusions 
 

 Energetic Materials and ammunition 
related substances may pollute the 
environment and cause human health 
effects 

 Regular monitoring is mandatory to 
follow the processes of the exposure of 
these substances to the environment and 
from there to the people. 

 Modification of existing training 
facilities may decrease the vulnerability 
of training ranges for EM 
contamination. 

 

Recommendations 
 

 Future research to the mobility and bio-
degradation of EM 

 Introduction of green(er) ammunition 
 New military training areas are 

preferably located on less vulnerable 
geo-hydrological areas or mitigation 
techniques to minimize the migration 
should be used. Also monitoring of the 
site can prevent environmental effects.  
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PYROTECHNICS
From Black Powder to Nanometric Compositions
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ABSTRACT

This presentation is a review about military pyrotechnics in Europe. Starting with the fi rst pyro-
technic composition named “Black Powder” in the 13th century and the production of the nec-
essary components from natural sources it presents some highlights of the history of this very 
interesting area. For a long period of time military pyrotechnics was considered as an alchemy. 
In the 20th century it becomes a science. Then chemists started to investigate the phenomena of 
pyrotechnic redox reactions using sophisticated chemical analysis methods as well as thermo-
chemical analysis and physical detection methods. Based on these results some special computer 
codes were created to calculate the pyrotechnic reaction, the produced reaction products and the 
perfor-mance. Some well-known compositions such as Black Powder, Boron / Potassium nitrate 
or magnesium containing compositions are still used in military pyrotechnics today. At the begin-
ning of the 21st century a new technology found its way to the fi eld of military pyrotechnics. It is 
the so called “Nanotechnology”. Compositions using this technology are less sensitive towards 
external stimuli like impact, friction and electrostatic discharges. However the performance of 
such compositions can be increased. Tough this technology has two disadvantages: the produc-
tion of the necessary components and the high sensitivity of such compositions during produc-
tion. 
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ABSTRACT 
 

In this work the complex experimental investigation of the microstructure and burning parameters 
of HMX-monopropellant and HMX/Al binary systems was conducted with micro-sized and ultrafine 
components. Initial powders, their mixtures, compact pressed samples, and the combustion products 
collected from a burning surface by QPCB (quench particle collection bomb) technique were investigated. 
Morphology, chemical state and particle size were examined by atomic-force microscopy (AFM), 
scanning electron microscopy (SEM), BET-analysis and simultaneous DSC/TG-analysis. Microscopy 
reveals particles of micro-sized and ultrafine aluminium to be spherical with an average volume diameter 
3.3 m and 180 nm, respectively. It was shown, that HMX-monopropellant burning rate is independent 
on the particle size in the pressure range 20-100 atm. Two mixing technologies to prepare binary 
HMX/Al compositions were applied: (i) conventional "dry" mixing and (ii) "wet" technique with 
ultrasonic processing in diethyl ether. BET analysis reveals that specific surface area is almost identical 
for both mixing types. Applying ultrasonic technique results in a burning rate increase up to 15-20% 
comparing to "dry" mixing (under initial pressure 60 atm). The highest burning rate (34 mm/s) was 
determined for composition with ultrafine aluminium and micro-sized. Influences of the component size 
and the composition microstructure on the burning rate of energetic systems are discussed and analyzed. 

 
 

INTRODUCTION 

One of the key problems of the rocket development is still a problem of the energetic condensed 
systems (ECS) improvement. Alone with the new materials elaboration, the growing attention is paid to 
“upgrading” of the existing high-energy components by decreasing the particle size and changing a 
physical and/or a chemical state of the particle surface.  According to the literature, the intensive study of 
the nano-sized high-energy components and compositions with nano-components shows that the burning 
rate could be sufficiently increased for these compositions in comparison to the systems with 
conventional components. At the same time, the pressure dependency of the burning rate, the ignition 
time delay, and agglomeration phenomena could be decreased. To evaluate agglomeration phenomena the 
QPCB technique was proposed [1].  

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (C4H8N8O8) is known as HMX, and it is one of 
the most important energetic ingredients used in various propellants and explosives. HMX-containing 
compositions have high mass-energy characteristics. Such systems have many advantages (high density, 
potentially high specific impulse) but their combustion characteristics are somewhat non-ideal. It was 
observed [2] that, for a given HMX-energetic binder composition, the burning rate law is locked and that 
there is no way to tailor it (as can be done in AP-inert binder compositions by acting upon the particle 
size). Furthermore the pressure exponent is too high to be acceptable for the motor operation. Attempts to 
act upon the HMX burning rate by the use of additives have not been successful. However, the possible 
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action is to tailor the gas-phase zone, where the highest energy-release takes place. One of the techniques 
to influence the stand-off distance is an addition of aluminium powder. 

Aluminium is one of the main components in propellants, with the general content of about 20%. 
Many factors, such as the content and particle size of aluminium powders and its spatial localization can 
influence the combustion characteristics of these compositions. One of the important parameters for the 
specific impulse loss is a chemical incompleteness of aluminium burning. To evaluate this value we study 
morphology and chemical composition of the combustion products. 

Beckstead [3] reported that the burning rate has a relatively low dependency on the HMX crystal 
size, whereas for AP-based composition this dependency is very strong. The HMX particle size 
distribution and morphology are important parameters in understanding and modelling the microstructural 
response of this material to external stimuli.  

Recently, the cryochemical technique to synthesize the ultra- and nano-sized crystalline 
compounds was reported [4], and some high-energy components were successfully fabricated. The 
question arises, whether the use of ultrafine and nano-sized components has a benefit for energetic 
condensed systems. 

Ignition tests of HMX, by exposing the sample to a given surface heat flux and detecting the 
delay for the first exothermic ignition reaction (rapid deviation of the surface temperature from that of an 
inert material) confirm results obtained by DTA [5]. That is why we used DSC/TG analysis to study the 
thermal behaviour of micro-sized and ultrafine HMX powders. 

This article is focused on the study of morphology and combustion parameters of HMX-based 
composition with aluminium with the particle size variation.  

 
EXPERIMENTAL 

Materials 

To determine metal particle influence on combustion parameters two different aluminium 
powders were investigated: ultrafine aluminium powder ALEXTM (Argonide Corporation, USA) and 
micro-sized spherical aluminium ASD-6.  

Particles morphology, thermal behaviour, and monopropellant burning rate were examined for 
ultrafine HMX, synthesized by cryochemical technique, and conventional HMX.  

Complex comparative study was conducted for binary compositions with 25 wt% of aluminium 
and 75 wt% HMX, as shown in Table 1. 

 
Table 1. Nomenclature of investigated compositions. 

Nomenclature Composition 
mHMX 100% micro-sized HMX 
uHMX 100% ultrafine HMX 
mAl-mHMX 25% micro-sized Al + 75% micro-sized HMX 
mAl-uHMX 25% micro-sized Al + 75% ultrafine HMX 
uAl-mHMX 25% ultrafine Al + 75% micro-sized HMX 
uAl-uHMX 25% ultrafine Al + 75% ultrafine HMX 

 
Equipment 

A theoretical evaluation of the adiabatic temperatures for studied ECS was conducted using the 
TERMPS computer code.  

To investigate materials morphology scanning electron microscopes Phenom and Quanta 200 3D 
(FEI, The Netherlands) were used. Microscope Quanta 200 3D was equipped with an energy dispersive 
spectrometer (EDS).  
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Atomic force microscopy (AFM) images were recorded with NTEGRA Prima (NT-MDT, Russia) 
operated in a tapping mode at ambient conditions. Cantilevers Tl02 (MikroMash, Estonia) with curvature 
radius less than 10 nm were used. 

The BET surface area was determined with FlowSorb III 2305 (Micromeritics, USA) by 
measuring adsorption of gas mixture (30%N2/70%He) on powder surface.  

Investigation of thermal behaviour was carried out using the DSC/TG simultaneous thermal 
analyzer STA 409PC (NETZSCH, Germany). The heating rate of 10°C/min (covering the temperature 
range from 20 to 1100°C) was employed using samples size of 100 mg (for agglomerates) in a dynamic 
argon flow (35 ml/min). Thermal analysis was used to determine the aluminium content within initial Al 
powders and within agglomerates collected during combustion of binary compositions Al/HMX. 
Specially elaborated comparative technique based on analysis of endothermal melting peak of reference 
Al sample and the sample under study was applied.  

Diffraction patterns of HMX powders were measured with a diffractometer DRON-3 using 
CoK -radiation. 

Ultrasonic probe SONOPULS HD2070 (Bandelin, Germany) was used for preparing 
compositions by “wet” mixing technique at 30-60% of maximal power (70 W) and frequency of 20 kHz. 

The experimental investigations of burning rate were performed using a constant pressure bomb 
in nitrogen atmosphere. The calculated average accuracy of the burning rate measurements is 3%. The 
sample pellets were cylindrical (8 mm in diameter) for burning rate experiments and rectangular for 
agglomeration collection. Due to the quartz windows, the combustion process was recorded for the 
subsequent digitizing. To collect the combustion products with metal-containing agglomerates from the 
burning surface QPCB technique (quench particle collection bomb) [1, 6] was used. 

 
RESULTS AND DISCUSSION 

Initial components 

Aluminium. By analysis of AFM images of ultrafine aluminium the particles-size distribution was 
obtained. Particles of ALEXTM (Argonide Corporation, USA) powder are ideally spherical with an 
average volume diameter D43 of 180 nm. As it shown in Table 2, obtained BET surface area is 11.9 m2/g 
(corresponds to an average surface diameter D32 of 190 nm) and agrees with literature data [7, 9]. 
Aluminium content, obtained by EDS, was 84% for ALEXTM, as shown in Table 2.  

Particles of micro-sized aluminium are also spherical with an average volume diameter of 3.3 m, 
as was obtained from the particle-size distribution derived from SEM-images (Fig. 1a). There is a 
difference between obtained diameter and values from literature [8, 9]. Note, that we used a numerical 
particle-size distribution, whereas authors [8, 9] examined a weight distribution.  

Table 2 represents the distribution characteristics, i.e., the average linear diameter <D>, surface 
diameter D32, volume diameter D43, BET specific surface SBET, surface diameter derived from BET 
surface  <D32>, and the active aluminium content of the investigated ultrafine and micro-sized powders in 
comparison to the literature data.  

Table 2. Aluminium powders characteristics. 
Powder type <D>, m D32, m D43, m SBET,m2/g  

(D32, m) 
Active Al, % 

Micro-sized (ASD-6) 1.4 2.7 3.3 1.4 (1.6) 94.7 
ASD-6 [9] 0.85  4.72 0.739  
ASD-6 [8] 4 5.2 6.5   
Ultrafine (ALEXTM) 0.12 0.17 0.18 11.9 (0.19) 84 
ALEXTM [9] 0.12 0.16 0.18 13.889  
ALEXTM [7]    12.1  
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a) b) 
Figure 1. SEM images of aluminium particles: a) micro-sized (ASD-6) b) ultrafine (ALEXTM). 

HMX. Typical SEM image of conventional powder is shown in Fig. 2a. Micro-sized HMX 
consists of large crystals of regular shape. Effective size from BET surface area is 11 m. 

SEM image of as-received ultrafine octogen powder is presented in Fig 2b, whereas AFM-images 
of the pressed pellet surface is shown in Figs. 2(c,d). Ultrafine octogen powder has a complex structure 
with at least three levels: conglomerates of submicron particles with the average size of 10 m (Fig. 2b), 
submicron particles (Fig. 2c), which in turn consist of smaller particles of several hundred nanometres 
(Fig. 2d). Obtained BET surface area for ultrafine HMX is 1.9 m2/g, which corresponds to effective 
diameter 1.6 m. 

 

a) b) 
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c) d) 
Figure 2. SEM (a,b) and AFM (c,d) images of HMX: a) micro-sized; b)-d) ultrafine. 

Figure 3 shows diffraction patterns of micro-sized and ultrafine HMX. For micro-sized powder 
single phase was identified as -HMX. Ultrafine octogen is represented by two crystal phases, i.e., - 
HMX (JCPDS card no. 25-1747) with the mass content 65  5% and -HMX (JCPDS card no. 25-1748) 
with the mass content 35  5%. 
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Figure 3. Diffraction patterns of ultrafine HMX (black line) and micro-sized HMX (grey line). 

Thermodynamic calculation 
 
Thermodynamic properties of Al/HMX composition were calculated with aluminium content 

variation for pressure 60 atm. The maximal adiabatic temperature and local maximum of the condensed 
phase mass fraction are obtained at 20% of aluminium, as shown in Fig. 4 Volume fractions of gaseous 
products are presented in Fig. 5.  



-48-

Specific impulse (Isp) values of Al/HMX compositions, with an optimum expansion from 60 atm 
to 1 atm, were calculated taking into account the alumina content in metal powders. The metal activity 
values of micro-sized and ultrafine Al powders were determined by EDS. At 25% Al content the specific 
impulse of composition with micro-sized metal is equal to Isp for composition with ultrafine aluminium 
and for HMX monopropellant, as shown in Fig.6. 

For further investigation the composition 25% Al/75% HMX was selected. At this aluminium 
content we have a little loss in adiabatic temperature, but the fraction of gaseous products with high molar 
mass (i.e., CO2, H2O) is much smaller than for the mixture with the maximum adiabatic temperature. 
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Figure 4. Adiabatic temperature and molar mass of combustion products. 

 
Figure 5. Volume fractions of gaseous products. 
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Figure 6. Specific impulse for Al-HMX systems. 

Binary compositions 

Initial components were mixed by conventional “dry” process using mixer “Turbula”, time of the 
blending 1 hour, and load mass 10 g. After mixing, samples were pressed by cold isostatic technique at 
pressure load 350 MPa into cylindrical pellets of 8 mm in diameter.  

Figure 7 represents SEM images of the pressed pellets surface of aluminium-HMX compositions. 
We used SEM with back-scattered detector, which allows obtaining “phase contrast”. Thus, the lightest 
component on the SEM-images of Al/HMX composition is aluminium. Analysis of SEM-images of the 
Al/HMX surface reveals that the mixture of ultrafine components has much more uniform spatial 
distribution of aluminium comparing to the mixture with micro-sized components. However, this 
uniformity is quite far from the ideal mixing – the amount of aluminium particles between HMX crystals 
is still very high.  

To improve the mixture uniformity, the ultrasonic process was elaborated and applied (so called 
“wet” mixing). Components were mixed in diethyl ether under ultrasonic processing during 30 minutes, 
obtained paste was dried for 30 minutes under vacuum. After drying reactant mixture was pressed into 
cylindrical samples.  
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a) b) 
Figure 7. SEM images of pressed pellets: a) uAl-uHMX; b) uAl-mHMX  

(white particles – aluminium). 

a) b) 
Figure 8. SEM images of pellet’s surface of system with ultrafine components:  

a) conventional, b) “wet” mixing. 
 

SEM images shows that “wet” mixing (Fig.8b) leads to enhanced homogeneity of compositions, 
comparing to “dry” technique (Fig.8a). 

Figure 9 shows BET surface area values of the final mixtures in comparison to the calculated as 
additive function surface area. Surface area is about the same for both investigated mixing techniques 
(“wet” and “dry” ones), and in turn approximately equal to calculated surface area. This result reveals that 
no particles fragmentation/conglomeration occurs during mixing.  
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Figure 9. BET surface areas of Al/HMX mixtures as result of “dry” (black bars) and  

“wet” (grey bars) mixing technologies and calculated values (white bars). 
 
Combustion parameters 
 
Burning rate. Monopropellant burning rate was measured under nitrogen in the pressure range 

20-100 atm. Two types of HMX particles, i.e., micro-sized and ultrafine powders show identical U(P) 
dependencies, as presented in Fig. 10a. The average density of the micro-sized samples was 1.82, whereas 
for the samples of ultrafine HMX - 1.74 g/sm3. The load increase of micro-sized HMX monopropellant 
from the sample density 1.8 to 1.89 g/sm3 did not result in a noticeable burning rate change. Experimental 
burning rate law thus obtained is U=0.23*P0.93.  
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a) b) 

Figure 10. a) Micro-sized and ultrafine HMX burning rates versus pressure; b) Burning rates 
of Al/HMX: uAl-mHMX (U1), uAl-uHMX (U2), mAl-mHMX (U3),

and monopropellant (dashed line) 
 
Table 3 illustrates good correlation of U(P) dependency with the literature data [10, 11]. Figure 

11 presents our experimental results (dashed line) in comparison to numerous literature data [10-18] of 
the HMX( ) monopropellant burning rate. Note that the most of the literature data were obtained for 
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HMX sample density of 1.7-1.72 g/sm3 with the exception of data [10], where the monopropellant sample 
density is 1.89 g /sm3. 

Table 3. Burning law parameters for HMX monopropellant (U=B*PV).
B  Note 

0.23 0.93 This article 
0.23 0.89 1.7 g/sm3; 3-401 atm [11] 
0.21 0.91 1.91 g/sm3; 36-104 atm [10] 
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Figure 11. Comparison of obtained burning rate law (dashed line) with some literature data. 
 

The burning rate dependencies for binary compositions Al/HMX in the pressure range of 30-100 
atm are presented in Figure 10b. Experiments reveal that composition with ultrafine aluminium and 
micro-sized HMX (uAl-mHMX) has a highest combustion velocity, which is about 25% higher than that 
for composition with both ultrafine components and approximately two times greater than for samples 
where both of the components are micro-sized.  

Burning rate of composition with micro-sized components is even smaller, than for HMX-
monopropellant, and with pressure this difference is increasing, as illustrated in Figure 10b. The reason of 
this effect could be the interrelation between the maximum energy-release zone of HMX (the sum of a 
stand-off distance and a flame thickness, d*) and a distance from the surface where the micro-sized 
aluminium particles burn out (dal). Obviously, the micro-sized aluminium burns out at distance dal > d*, 
which results in burning rate decreasing of mAl-mHMX comparing to HMX monopropellant. With 
pressure d* value drops faster than dal, leading to the pressure exponent decreasing comparing to 
monopropellant. For compositions with ultrafine Al, the interrelation between dal and  d* is reciprocal dal
< d* , which results in temperature maximum approaching to the burning surface, as described in [19], 
and the burning rate increase, as shown in our experiments (Fig. 10b). 

Combustion Residue. Combustion residue was collected during combustion under nitrogen 
pressure 60 atm at the distance from the burning surface 23 mm. Analysis of the combustion residue from 
the burning surface of the binary compositions with ultrafine aluminium and two types of HMX did not 
show any significant difference in the products size and morphology, as illustrated in Figure 12. Both 
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powders contain at least two modes of the particle sizes – one is in the range of tens micrometers, and 
another one – in a submicron range. Applying the comparative thermal analysis technique, specially 
elaborated to study the composition of aluminium agglomerates, we have detected that the amount of 
unburnt aluminium is greatly affected by the HMX particle size. The active aluminium content in the 
combustion products of composition mAl-mHMX is 20.6%, whereas for uAl-mHMX samples is was 
found to be much smaller - 5.8%. 

 

 
a) b) 

Figure 12. SEM images of agglomerates: a)uAl-mHMX; b) uAl-uHMX. 

Mixing Technology. “Green” mixtures to be compacted by pressing to fabricate samples for 
combustion experiments were prepared by two mixing techniques, i.e., “dry” mixing and “wet” mixing 
with the use of ultrasonic probe. Burning rates under initial nitrogen pressure 60 atm of compositions 
prepared by two different mixing techniques are compared in Figure 13. Application of “wet” mixing 
results in about 18% burning rate increase, comparing to “dry” technique. As it was shown, no 
fragmentation occurs during mixing; therefore such a rise could be attributed to a better shuffle of the 
particles.  
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Figure 13. Influence of mixing type on burning rate for Al/HMX compositions:  

“dry” (black bars) and “wet” (grey bars) mixing. 
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However, even for the “wet” mixing the burning rate of composition with ultrafine components 
do not exceeds the burning rate of formulation with micro-sized HMX and ultrafine aluminium. For 
micro-sized components “wet” mixing also increases combustion velocity, but not significantly (about 
6%). 

 
CONCLUSION 

Combustion parameters and morphology of compositions, based on aluminium and HMX, were 
studied at different component’s particle sizes and different mixing techniques. Morphology, dispersity 
and thermal behaviour for ultrafine and micro-sized aluminium and octogen were investigated. Obtained, 
average volume diameter for ultrafine aluminium is 180 nm at chemical activity 84%, and for micro-sized 
one – 3.3 m at 94.7%. Micro-sized HMX consists of large crystals of about 100 m, for ultrafine 
octogen the microstructure is more complicated and generally formed by particles about 200 nm. It was 
established, that burning rates of HMX monopropellants are almost identical for micro-sized and ultrafine 
octogen powders. Obtained U(P) values for micron-sized HMX are in a good agreement with literature 
data. Binary formulations of Al/HMX have been investigated with the particle size variation, containing 
ultrafine or micron-sized Al powders, and ultrafine or micron-sized HMX particles. Aluminium spatial 
distribution within binary compositions is defined by HMX crystal sizes: for ultrafine octogen it is found 
to be much more uniform. The burning rate of formulations with ultrafine aluminium and micro-sized 
HMX is the highest. Replacement of the micro-sized aluminium with ultrafine metal results in 
considerable increase (about 4 times) of the chemical completeness of combustion. It was shown, that 
“wet” mixing allows increasing combustion velocity at about 18 % compare to “dry” one, when ultrafine 
aluminium is used.  
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ABSTRACT 

The use of aluminium nanoparticles (e.g. Al 50P) with various metallic oxides to prepare superthermites 
was reported in numerous recent papers. These compositions have exceptional energetic performances, 
but their fabrication can not be scaled up due to the difficulty in producing or supplying aluminium 
nanopowders. The use of red phosphorus as an alternative reducing agent in nanothermite compositions 
was found to be very promising. Surprisingly, although this substance is a component of many explosive 
compositions, it was never tested with metallic oxide nanoparticles. In a preliminarily study, the reactivity 
of different metallic oxides with red phosphorus was screened. These tests led to classify the oxides 
according to their combustion potential, by ascending order: NiO < Fe2O3 << CuO << PbO2. The 
CuO / P mixture possesses an impressive reactivity, and its combustion residues are supposedly less 
hazardous than those formed with PbO2. CuO-based P-nanothermites were prepared by physical mixing 
of copper(II) oxide nanoparticles with micron-sized red phosphorus particles. The phosphorus content 
was varied from 16 to 50 wt-% in order to investigate the incidence of the proportions on the reactivity of 
CuO / P materials. The impact sensitivity of CuO / P nanothermites is moderate (27–39 J), but their 
friction (< 5–8 J) and electrostatic discharge sensitivities (< 0.12–0.21 mJ) are extremely high. The 
combustion of P-nanothermites (P-NT) gives droplets of molten copper with a typical fractal structure.  
 
 
Introduction 
 Thermites are strong energetic compositions 
which are obtained by mixing a metallic oxide 
with a reducing metal1. Numerous thermite 
compositions can be imagined by varying the 
chemical nature of these phases. For instance, 
Fischer et al. have published the thermochemical 
data for more than one hundred thermite 
compositions2. In this paper, thirteen metals are 
proposed as fuels, but only some of them can be 
really used for pyrotechnic applications. Up to 
now, the aluminium was considered the most 
promising metal for thermite preparation. This is 
why most of the papers dealing with the 
fabrication of nanothermites report the use of 
aluminium nanoparticles (e.g. Al 50P from 
Novacentrix)3,4. Unfortunately, the supply of this 
outstanding material has become very difficult 
due to export restrictions. This led us to 
investigate the use of red phosphorus as an 
alternative reducing agent for nanothermites.  

 Red phosphorus is a powerful reducing 
substance which is used for a long time in many 
pyrotechnic compositions including matches, 
cracks, caps, and tracer / smoke ammunitions5. 
From a chemical point of view, phosphorus is a 
metalloid with a high affinity for oxygen. 
Compared to aluminium, the amount of oxygen 
fixed by phosphorus is 1.45 times higher. In 
addition, the oxidation is supposed to occur 
more easily than for aluminium because red 
phosphorus has a vapour pressure which grows 
quickly when temperature is raised up to 289°C6. 
According to Busky et al., red phosphorus 
sublimates at 416°C7 while micrometric 
aluminium is still solid at this temperature 
(Tm = 667°C). In their paper, these authors refer 
to older US patents describing the formulation of 
phosphorus-based priming compositions8,9. The 
oxidizers mentioned are metallic nitrates (Ba, K, 
Pb) and lead(IV) oxide (PbO2) only. It can be 
pointed out that such compositions can be 
obtained by mixing red phosphorus with nearly 
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all the oxygenated salts. For instance, explosive 
reactions are observed with potassium chlorate 
(KClO3), silver nitrate (AgNO3), potassium 
permanganate (KMnO4) or sodium periodate 
(NaIO4).  
 In this paper, the use of red phosphorus as 
reducing agent in energetic compositions 
containing copper(II) oxide nanoparticles 
(n-CuO) was investigated. A preliminarily study, 
carried out with different metallic oxides, 
revealed that the reactivity of phosphorus-based 
nanothermites can be classified as follows:  

NiO / P < Fe2O3 / P << CuO / P << PbO2 / P 

The MOy : P proportions used to prepare the 
previous formulations were defined in order to 
have an excess of phosphorus (+ 20%) compared 
to the theoretical “ideal” stoichiometry, given by 
the reaction:  

5 MOy   +   2y P      5 M   +   y P2O5  (1) 

The combustion of n-NiO-based P-NT is not 
very energetic and quite irregular. The material 
made of n-Fe2O3 burns very slowly due to the 
partial reduction of the pristine hematite in 
magnetite (Fe3O4). The reactivity of n-CuO / P 
mixture is much better but still less impressive 
than the one of PbO2-based material. However, 
as reaction residues containing copper are a
priori less toxic than those with lead species, the 
study was carried out on n-CuO / P materials.  
 
Preparation of the CuO / P materials 
 The materials were prepared by physically 
mixing the powders of copper oxide and red 
phosphorus in hexane. The homogenization of 
the medium was carried out by magnetic stirring 
followed by a sonication treatment. Two grades 
of commercial copper oxide were used. The first 
one was a nanometric powder (Sigma-Aldrich) 
which was used as received. The second CuO 
grade (μ-CuO) was a classical powder with a 
large particle sizes distribution ranging from 
micron to millimetre (Aldrich, purity > 99.99%). 
This material was preliminarily sieved 
(  < 80 μm) to remove the largest particles with 
a size in the millimetre scale. μ-CuO powder 
was used to prepare reference samples for 
comparing the reactivity and the sensitivities of 
μ-CuO / P mixtures with those of n-CuO / P 
compositions. The phosphorus content was 

varied from 15.7 to 50 wt-% in order to have a 
slight to significant excess of red phosphorus. In 
other words, all the formulations studied have 
negative oxygen balances. The reason is that 
atmospheric oxygen is supposed to play an 
active role in the combustion of these materials, 
so their intrinsic oxygen content has to be lower 
than for a complete oxidation of the 
phosphorous to P2O5. 
 
Microstructure of the P-nanothermites 
 The specific surface areas of the materials 
were calculated by the BET equation from the 
isotherms obtained by nitrogen adsorption. 
Copper oxide nanopowder has a relatively high 
surface area (24.9 m2/g). The observation by 
scanning electron microscopy (SEM) revealed 
that this material is made of nanoparticles 
exhibiting a spherical geometry. The knowledge 
of the shape of the elementary particles allows 
calculating their average diameter from their 
density (6.30 < dCuO < 6.49) and their specific 
area. The as-calculated value is near 40 nm and 
it is in good agreement with the mean size 
measured on SEM pictures. Red phosphorus 
(1.4 m2/g) is made of fragmented particles with 
very irregular shape and a bimodal distribution 
(0.2 - 4 μm; 10 - 50 μm).  
 In P-NT, red phosphorus particles 
(Figure 1A) are homogeneously covered by the 
far smaller metallic oxide nanoparticles. On the 
micrograph presented (Figure 1B), it is possible 
to distinguish the very characteristic shape of 
phosphorus particles under the coating made of 
CuO nanoparticles. This microscopic 
observation is confirmed at macroscopic scale 
by a visual inspection of the colour of P-NT 
samples. Indeed, they have a typical black 
coloration, which proves that the n-CuO (black) 
really encloses the phosphorus particles (red). A 
simple model can be used to estimate the 
phosphorus content above which a P-NT would 
have a red appearance.  
 For this purpose, the covering of any flat 
surface by a compact monolayer of spherical 
particles will be considered. Assuming a 
hexagonal arrangement, the surface (Ap) 
corresponding to the projection of the largest 
section of the particles onto the substrate is 
linked to the whole surface (Aw) by the equation 
(2):  
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  (2) 
 
Furthermore, the “specific section area” (Ss) 
represents 1/4 of the specific surface area of the 
spherical particles (here SBET/n-CuO). Equation (3) 
expresses the criterion which must be fulfilled to 
achieve the covering of the flat faces of 
phosphorus particles, by a monolayer of n-CuO 
nanoparticles:  
 
  (3) 
 
The theoretical phosphorus content (YP) above 
which the P-NT will exhibit a red colour is 
calculated from this equation (YP  88.2 wt-%). 
From an experimental standpoint, the P-NT 
prepared with 50.0 wt-% P has a marked black 
colour.  
 When μ-CuO (grey) is mixed with red 
phosphorus, the resulting P-thermites have 
logically a predominantly red coloration. In this 
case, phosphorus is not enclosed by the μ-CuO, 
and the particles are separated (Figure 1C). On 
this picture, the phosphorus particles have their 
typical smooth appearance. Conversely, μ-CuO 
particles exhibit an irregular surface. They are 
made of entities which are strongly aggregated 
together. 
 The difference in the morphologies of the 
μ-CuO- and n-CuO-based compositions allows 
predicting significant modifications in their 
reactivity. The contact between the phases is 
clearly better for the material fabricated with 
nanoparticles. In addition, the mass transfer 
between the reactants arising during the 
combustion is favoured by the small size of the 
CuO nanoparticles, which react faster and easier 
than the large μ-CuO aggregates. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
Figure 1. Scanning electron micrographs of pure 
red phosphorus (A) and P-thermite compositions 
containing 15.7 wt-% P mixed with n-CuO (B) 
and μ-CuO (C).   
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Combustion mechanism  
 The combustion of a few milligrams of the 
n-CuO / P mixture in a thermogravimetric 
analyzer occurs without significant weight loss 
under a rigorously inert atmosphere. In the 
presence of small quantities of oxygen, the 
combustion of phosphorus initiates the 
combustion of the nanothermite. The reaction is 
so intense that the combustion residues are 
completely ejected from the alumina crucible.  
 In order to understand the mechanism of the 
combustion, calcinations tests were scaled up in 
a tubular furnace. The experiments were carried 
out by heating samples of 0.70 g from room 
temperature to 500°C with a 2 K/min heating 
rate. An argon flow (300 mL/min) was 
maintained in the furnace tube during the 
heating and the cooling phases. After this 
treatment, the weight of the sample containing 
15.7 wt-% of phosphorus remained unchanged, 
indicating that phosphorus did not sublimate and 
phosphoric anhydride did not form. The analysis 
by X-ray diffraction of the residues pointed out 
the presence of several crystallized species, 
namely copper, copper phosphide (Cu3P), 
copper metaphosphate (Cu(PO3)2) and copper 
pyrophosphate (Cu2(P2O7)). In the light of these 
results, the reaction (4) can be proposed: 
 
13 CuO + 5 P   
 7 Cu + Cu3P + Cu(PO3)2 + Cu2(P2O7) (4) 
 
 The P-NT with the intermediate phosphorus 
content (30 wt-%) was calcined using the same 
experimental procedure. In this case, a weight 
loss of 82 % was noticed. The zone of the tube 
above the crucible was homogeneously covered 
by a metallic copper layer after the reaction. The 
macroscopic morphology of this deposit clearly 
indicates that molten drops of copper are 
produced by the reaction. The metal, which is 
intimately mixed with a black phase, strongly 
adheres to the quartz wall. The residues of the 
combustion in the crucible were removed by 
vigorously scraping with a spatula and analyzed 
by X-ray diffraction. Several crystalline phases 
were identified: copper, copper phosphide 
(Cu3P) and copper cyclotetraphosphate 
(Cu2P4O12). In addition, the coldest zone of the 
quartz tube is coated by a film with a pale red 
colour with a yellow shade. The hydrolysis of 

this phase leads to an acidic solution, indicating 
the presence of phosphoric anhydride. However, 
it seems highly probable that this compound is 
actually mixed with phosphorus, which should 
explain the very specific coloration of the 
deposited substance. Equations (5) and (6) 
account for the global reaction:  
 
12 CuO + 5 P  7 Cu + Cu3P + Cu2P4O12 (5) 
 
5 CuO + 2 P  5 Cu + P2O5 (6) 
 
The molar ratio P : CuO which is found by the 
addition of these equations (  0.41) is 
significantly smaller than the one used to 
prepare the composition (  1.10). For this 
reason, it can be reasonably assumed that a large 
part of unreacted phosphorus sublimates when 
the P-NT combusts.  
 From these experiments, it can be concluded 
that n-CuO-based P-nanothermites undergo 
internal reactions which do not require any 
oxygen supply. However, the presence of 
oxygen interacting with phosphorus can initiate 
and favour the decomposition of P-NT.  
 
Sensitivities of CuO / P materials 
 The impact and friction were determined 
with a BAM fall-hammer apparatus and a 
Julius-Peters device respectively. The specific 
experimental conditions used to perform these 
tests have been reported previously10. The 
electrostatic discharge (ESD) sensitivity (in mJ) 
was investigated with an ESD 2008 tester from 
OZM Research. For all sensitivity tests, the 
threshold was defined as the value just above the 
one for which six non-go were observed 
(Table 1).  
 The compositions containing micrometric 
CuO particles can be considered insensitive to 
impact. On the other hand, their nanometric 
counterparts exhibit higher sensitivities, which 
increase with decreasing phosphorus content. 
The sensitivity threshold still remains reasonable 
compared to those of high explosives such as 
RDX, HMX, or PETN. The low impact 
sensitivity is attributed to the absorption of the 
energy released by the material. The Mohs’ 
hardness for copper(II) oxide and P being 3.5 
and 0.5 respectively, the harder particles (CuO) 
tend to insert into the phosphorus matrix upon 
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an impact stress. The friction sensitivity is more 
significant for this kind of materials, and the use 
of n-CuO induces a dramatic sensitization of the 
compositions. The same trend is observed for the 
electrostatic discharge sensitivity, which 
increases by more than two orders of magnitude 
when CuO nanoparticles are used. When an 
electrical discharge passes through the materials, 
the nanoparticles quickly react, and metallic 

copper forms. The conductivity of the material is 
therefore increased, which favours the flow of 
current. With more energy brought to the 
material, the reaction is accelerated. The extreme 
sensitization to friction is attributed to this 
auto-catalytic process. It can be noticed that the 
friction and ESD sensitivity levels of CuO-based 
P-NT are similar to those of primary explosives. 

 μ-CuO / P n-CuO / P 

P (wt-%) Impact (J) Friction (N) Spark (mJ) Impact (J) Friction (N) Spark (mJ) 
15.7 > 49.05 72 56.32 39.24 8 0.21 
30.0 > 49.05 54 56.32 29.43 < 5 < 0.12 
50.0 - - - 26.98 < 5 < 0.12 

Table 1. Sensitivity thresholds to impact, friction and electrostatic discharge for the different CuO / P 
materials studied.  
 The combustion behaviour of P-NT pellets 
ignited by a laser beam was observed by time 
resolved cinematography (TRC, 1000 frames/s). 
The pellets used for this purpose were formed by 
pressing (99 MPa) and have a typical diameter 
of 4 mm and a weight of approximately 100 mg.  
 The CO2 laser used to initiate the 
combustion delivers a continuous power of 
approximately 7 W. The beam is focussed with a 
lens on the surface of the P-NT pellet, and the 
resulting spot has a diameter of about 1.0 mm. 
When the laser beam strikes the pellet, the 
phosphorus evaporates and begins burning in 
contact with air, giving characteristic fumes. 
This phenomenon lasts some milliseconds; then 
the P-NT bursts into flames. These observations 
confirm that the combustion of phosphorus 
initiates the thermite reaction in the presence of 
oxygen. In addition, oxygen is assumed to take 
part in the thermite reaction itself by oxidizing 
the copper phosphide produced by the 
combustion. The combustion is very intense and 
releases large amounts of thick fumes, which 
partly hide the phenomenon and make the 
determination of the reaction rate more difficult. 
For the compositions with a high phosphorus 
proportion (30 and 50 wt-%), spherical droplets 
of molten copper are violently ejected. 
Conversely, a macroscopic flow of molten 
matter is observed for the composition 
containing only 15.7 wt-% of phosphorus. 
Interestingly, the combustion rate, which was 
determined from the video sequences, linearly 

increases with the phosphorus content 
(Figure 2).  
 Materials prepared from μ-CuO with the 
same compositions as their nanometric 
counterparts were pressed in similar conditions 
(99 MPa). In spite of their higher apparent 
density, they are not cohesive enough to be 
properly handled and characterized by high 
speed video. The energy brought by the impact 
of the laser on the surface of the pellet does not 
ignite the material but causes it to fall from the 
metallic support to which it is glued. The poor 
cohesion of μ-CuO-based materials can probably 
be improved by increasing the pressure used for 
pelletizing the powders. The combustion of 
compositions formulated from μ-CuO can be 
initiated by an open flame. Visually, it is 
markedly less intense and more prolonged than 
the one of P-NT.  

 
Figure 2. Evolution of the combustion rates of 
n-CuO / P compositions according to their 
phosphorus content.  
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Morphology of the combustion residues 
 The combustion residues exhibit a spherical 
shape at all observation scales (Figure 3). The 
first picture (Figure 3A) is a photography of the 
residues left by the combustion of a pellet in a 
TRC experiment. The SEM observations were 
performed on samples prepared by direct 
deposition of the fumes released by the 
combustion onto the surface of graphitized discs 
stuck on metallic supports (Figure 3B, 3C, 3D).  
 The micrometric particles generated by the 
thermite reaction are in fact aggregates of 
nanoparticles welded together. In the light of 
these results, and considering the microstructure 
of P-NT, the following mechanism can be 
proposed:  
- Upon heating, red phosphorus sublimates and 
goes through the layer of CuO nanoparticles 
(Figure 1B), leading to the reduction of oxide 
particles into molten copper and to the 
production of phosphoric anhydride, 
- As the reaction is extremely exothermic, P2O5 
is formed in gaseous state: copper droplets and 
unreacted CuO nanoparticles are projected away. 
Due to its acidic behaviour, phosphoric 
anhydride reacts with CuO to give several 
copper salts according to the reactions (7), (8) 
and (9):  
 
2 CuO + P2O5  Cu2(P2O7) (7) 
 
CuO + P2O5  Cu(PO3)2 (8) 
 
2 Cu(PO3)2  Cu2(P4O12) (9) 
 
In presence of an excess of phosphorus, the 
formation of metaphosphate and the subsequent 
conversion into cyclotetraphosphate preferably 
happens.  
- Copper phosphide, which is not thermally 
stable, is produced by the reaction of copper 
droplets with the phosphorus vapour. For this 
reason, the reaction (10) likely occurs during the 
cooling of copper droplets: 
 
3 Cu + P  Cu3P (10) 
 
The collisions occurring in the copper aerosol 
result in the formation of the large aggregates 
observed in the combustion residues. 

 
 

 
 

 
 

 
 

Figure 3. Fractal structure of the residues 
produced by the combustion of n-CuO-based 
P-NT: TRC residues (A), SEM observations of 
the fumes at different magnifications (B), (C) 
and (D).  
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Conclusions 
 In this paper, the use of red phosphorus as a 
reducing agent for preparing CuO-based 
nanothermites (P-NT) was reported for the first 
time. Upon heating, n-CuO / P materials 
undergo an intensely energetic combustion. 
Similarly to classical Al-based nanothermites, 
P-NT possess a low impact sensitivity but react 
to minimal friction and electrical stress.  
 The study of their reactivity has permitted to 
propose a mechanism for their combustion. 
When these materials are heated, the phosphorus 
sublimates and reacts with the CuO 
nanoparticles. The reaction does not simply 
consist in the reduction of CuO into copper but 
leads to different species whose nature depends 
on the n-CuO : P ratio. 
 The existence of an energetic reaction 
between the phases in the absence of oxygen 
was clearly proven. However, oxygen is 
supposed to play an important role in the 
initiation and the propagation of the reaction.  
 The compression of P-NT powders results in 
pellets with a good cohesion and a combustion 
rate which linearly grows with their phosphorus 
content. The micrometric counterparts of P-NT 
are less cohesive. Their combustion is slow and 
difficult to initiate by a mechanical or an 
electrical stress.  
 In the future, the energy released by the 
combustion of CuO-based P-NT mixtures will 
be measured by calorimetric experiments to 
determine an optimal formulation range. The use 
of smaller (submicrometric) phosphorus 
particles is believed to enhance the reactivity of 
these new thermites.  
 Due to their very specific properties, 
CuO-based P-NT could be fruitfully used for the 
development of pyrotechnically driven electrical 
switches or in incendiary shells.  
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ABSTRACT 
 
Strontium salts are widely used in red flame pyrotechnic compositions, usually combined with 

perchlorate salts as oxidizer.  The potential environmental impact of perchlorate could be avoided by 
using high-nitrogen compounds.  Therefore, the following nitrogen-rich strontium salts were prepared and 
characterized: strontium tetrazolate pentahydrate (1), strontium 1-methyl-5-nitriminotetrazolate 
monohydrate (2), and strontium 1-(2-chloroethyl)-5-nitriminotetrazolate monohydrate (3).  Their 
combustion behavior and both color intensity and purity were investigated in pyrotechnics. These results 
were compared with the US Army in-service signal formulation. 

Pyrotechnic compositions which are used for producing green flame colors contain barium salts, 
usually highly water-soluble and toxic barium nitrate, Ba(NO3)2.  In this research project copper-based 
colorants with energetic anions or ligands were developed.  The compounds diammine 
bis(tetrazolato)amine copper(II) (4), diaqua copper(II) di(1-methyl-5-aminotetrazole) nitrate (5), diaqua 
copper(II) tetra(1-methyl-5-aminotetrazole) nitrate (6) and tetrammine copper(II) dinitramide (7) were 
synthesized and characterized.  

 
 

INTRODUCTION 
Today fireworks are not the only 

pyrotechnic application, since the number of 
civil and military applications of pyrotechnics is 
constantly increasing. Pyrotechnics are used in 
technological fields such as matches, fire 
extinguishers, airbags, and propellants, all kinds 
of flares, military countermeasures (acoustic and 
optic decoy devices), delusion devices and 
igniters.[1] 

Colors in pyrotechnics are obtained by 
the addition of substances, which offer the 
desired flame color. Emission of green light is 
achieved by the addition of barium nitrate, which 
acts both as coloring agent and oxidizer. This is 
true for strontium nitrate, the agent for an intense 
red color. The corresponding light emitting 
species (in the gas phase) are the 
monohydroxides, SrOH and BaOH, and the 
monochlorides, SrCl and BaCl, respectively. On 

this account in common fireworks for red or 
green color potassium perchlorate is added, 
besides its property as oxidizer.  

Potassium perchlorate was proofed to be 
toxic and therefore, its use should be reduced in 
the future. It is a high energy oxidizer with good 
thermal and chemical stability and therefore 
widely used in pyrotechnic applications. 
However, the presence of perchlorates in 
drinking water is a cause of concern, because of 
their known ingestion to inhibit iodide uptake by 
the thyroid gland. A study in which potassium 
perchlorate is replaced by potassium, sodium or 
strontium nitrate is known in literature.[2] 
Another alternative might be the usage of high-
nitrogen compounds, which also offer the 
advantage of (almost) smokeless combustion.[1, 3] 
In this study the high-nitrogen strontium salts 
were prepared: strontium tetrazolate 
pentahydrate (1)[4], strontium 1-methyl-5-
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nitriminotetrazolate monohydrate (2)[5], and 
strontium 1-(2-chloroethyl)-5-nitriminotetra-
zolate monohydrate (3)[6]. Their combustion 
behavior and both color intensity and purity were 
investigated extensively. These results were 
compared with the US Army in-service signal 
formulation. Several pyrotechnic compositions 
containing 1–3 have been investigated in our 
research group yet.[6, 7] 

Other main pollutants are heavy metals 
(especially barium from green-colored 
fireworks). Due inhalation of significant 
amounts of barium aerosols show cardio toxic 
and bronchoconstrinctor effects, a huge consent 
exists to substitute these heavy metal salts. Apart 
from barium, the only elements with a 
noteworthy green flame color are thallium (one 
of the most toxic heavy metals), boric esters and 
copper. Chavez et al. tested green pyrotechnic 
compositions based on boric acid for the 
application in indoor-fireworks, but with a lower 
quality of green light.[8] If copper is used, the 
green light emitting species is CuOH, whereas 
CuCl is responsible for blue light[9] and CuO for 
red light.  

Very often, metal salts and complexes 
containing these substances show a deep flame 
color of the respective cation (green for Cu2+, in 
absence of chlorine) in the flame of a Bunsen 
burner. The in literature known high-nitrogen 
copper(II) compounds diammine 
bis(tetrazolato)amine copper(II) (4)[10], diaqua 
copper(II) di(1-methyl-5-aminotetrazole) nitrate 
(5)[11], diaqua copper(II) tetra(1-methyl-5-
aminotetrazole) nitrate (6)[11], and tetrammine 
copper(II) dinitramide (7)[12] were synthesized. 
Their combustion behavior relating to color, 
smoke production and solid residues was 
determined. Compound 4 and 5 were used as 
coloring agents in pyrotechnic compositions and 
investigated in our research group.[7, 13] 

 
RESULTS AND DISCUSSION 

Syntheses
Strontium tetrazolate pentahydrate (1)[4], 

strontium 1-methyl-5-nitriminotetrazolate mono-
hydrate (2)[5], and strontium 1-(2-chloroethyl)-5-
nitriminotetrazolate monohydrate (3)[6] were 
synthesized with strontium hydroxide 
octahydrate and water as solvent (Scheme 1) 
according to previously published literature. As 

starting materials 1H-tetrazole (8), 1-methyl-5-
nitriminotetrazole (9), and 1-(2-chloroethyl)-5-
nitriminotetrazole (10) were used, respectively.  
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Scheme 1. Syntheses of strontium salts 1–3. 
 
The salts 1–3 were characterized via IR-, 

Raman-, NMR-spectroscopy, and elemental 
analysis and compared to the data found in 
literature. No variations could be detected. 

The copper compounds diammine 
bis(tetrazolato)amine copper(II) (4), diaqua 
copper(II) di(1-methyl-5-aminotetrazole) nitrate 
(5), diaqua copper(II) tetra(1-methyl-5-amino-
tetrazole) nitrate (6), and tetrammine copper(II) 
dinitramide (7) were prepared according to 
known syntheses (Scheme 2).[10, 11, 12]  
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Scheme 2. Syntheses of 4–7. 

 
Therefore, N,N-bis(1(2)H-tetrazol-5-yl)-

amine monohydrate (11) was reacted with 
copper(II) chloride dihydrate in an aqueous 
ammonia solution to obtain 4 as an intense blue 
powder. For the preparation of compounds 5 and 
6 1-methyl-5-aminotetrazole (12), dissolved in 
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H2O, was combined with copper(II) nitrate 
pentahemihydrate in the ratio of 1:1 and 2:1, 
respectively. Tetrammine copper(II) dinitramide 
(7) could be obtained via the reaction of 
ammonium dinitramide (13) and copper(II) 
sulphate pentahydrate in aqueous ammonia 
solution. 

The copper compounds 4–7 were 
characterized via IR-spectroscopy and elemental 
analysis and compared to the data found in 
literature. No variations could be detected. 

Energetic Properties 
The energetic properties such as the 

decomposition temperature (Tdec), sensitivity 
towards impact (IS), friction (FS) and electric 
discharge (ESD), and combustion energy ( cU) 
were determined or adopted from literature. 
Furthermore, the solubility in H2O at ambient 
temperature of each compound was defined. An 
overview of the energetic properties of 1–7 is 
given in Table 1.  
 

Table 1. Energetic Properties of 1–7.
Compound 1 2 3 4 5 6 7 

Formula C2H12N8O5S
r 

C4H8N12O5S
r 

C6H10Cl2N12
O5Sr C2H7CuN11 

C4H14Cu 
N12O8 

C8H24Cu 
N22O8 

H12CuN10 
O8 

M  
[g mol 1] 

315.79 391.80  488.75 248.70  421.78  619.97  343.70  

IS  [J]a > 100 [4] > 40 [5] > 10 [6] > 100 > 30 [11] > 30 [11] > 2.5 
FS  [N]b > 360 [4] > 360 [5] > 360 [6] > 360 > 196 [11] > 120 [11] > 48 
ESD  [J]c 1.0 0.90 [5] 0.75 [6] 0.70 2.0 2.0 0.47 
N  [%]d 35.48 42.90 34.4 61.95 39.85 49.70 40.57 

  [%]e 30 33 39 55 30 54 +5 
Tdec [°C]f 335 [4] 350 [5] 208 [6] 281 142 [11] 168 [11] 183 
  [g cm 3]g 1.88 [4] 2.19 [5] 2.03 [6] 1.99 [10] 1.95 [11] 1.71 [11] 1.98 [12] 
cU  

[cal g 1]h 1308 [4] 1770 –1679 [6] 2234 [10] 1771 2589 1107 

H2O sol. 
[wt%]i 24 (22 °C) 10 (22 °C) 14 (21 °C) 1.5 (22 °C) 13 (22 °C) 8.8 (22 °C) 2.7 (22 °C) 

a) BAM drophammer; b) BAM methods; c) Electric spark tester, d) Nitrogen content; e) Oxygen balance; f) Decomposition 
temperature from DSC (  = 5 °C); g) determined by X-ray crystallography; h) Combustion energy, i) Solubility in H2O (H2O 
temperature). 
 

All strontium salts 1–3 decompose at 
temperatures above 200 °C (1: 335 °C[4], 2: 
350 °C[5], 3: 208 °C[6]). That is one reason why 
they were chosen as potential colorants in pyro-
technic compositions. The copper compounds 
offer lower decomposition points (5: 142 °C[11], 
6: 168 °C[11], 183 °C), whereas 4 is the most 
stable one (281 °C). 

Compounds 1, 2, and 4 are according to 
literature[14] neither sensitive towards impact nor 
friction. Salt 3 is not sensitive towards friction 
but towards impact using energies more than 
10 J. The copper complexes 5 and 6 are sensitive 
towards shock and friction, but less towards 
electric discharge. The most sensitive compound 
7 is very sensitive with a shock sensitivity of 
2.5 J and a friction sensitivity of 48 N- It also 
shows the highest sensitivity towards electric 
discharge. 

For determining the solubility each 
compound was added to 1 mL H2O with constant 

and before noted temperature until the solution 
was saturated. The solubilities of 1–7 are given 
in weight percent (wt%) and were calculated 
according to equation 1. 

wt% = 
SolventompounddissolvedC

ompounddissolvedC

mm
m

· 100          (1) 

 
The determined solubilities are between 

1.5 and 24 wt%. Strontium salt 1 is the most 
soluble compound while 4 is the worst soluble 
one. 7 also is very low soluble (2.7 wt%). The 
values of compounds 2, 3, 5, and 6 are all in the 
same range of about 10 wt%.

All compounds are not sensitive towards 
moisture and stable in H2O. 
 
Combustion Behavior 

Initially the combustion behavior of the 
neat high nitrogen compounds 1–3 was 
qualitatively characterized with a simple smoke 
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test method. Approx. 1 gm sample of each was 
placed in a heated crucible with a gas torch for 
observation of color, smoke, burnability 
(propagation) and level of residue.  Results were 
summarized in Table 2. 
 

Table 2. Combustion Behaviour Summary. 
Compound 1 2 3 
Color Red Red Red 
Smoke No Yes Yes 
Propagation No No Yes 
Residue No Yes No 

Results suggest all straight and pure compounds 
can produce desirable red flame. Unlike 
compound 1, compounds 2 and 3 burned with 
some smoke. Only the compound 3 propagated 
itself after initiation, likely due to lower 
decomposition temperature. 
 
Color and Burn Performance in Pyrotechnics 

The strontium compounds 1–3 were 
investigated as a replacement for potassium 
perchlorate in the US Army in-service M126A1 
Red Star parachute signal composition. This 
work is to study the optical and burn 
characteristics of the high-nitrogen colorants in 
pyrotechnic signal application. Each compound 
was formulated with magnesium powder, 
polyvinyl chloride, and polyester/styrene binder, 
leaving the percent unchanged[15]. The dry 
ingredients were sieved through 10-mesh screen 
and dried prior to mixing in a ceramic bowl 
(20 gm batch). The final dry mixes were made 
into ½” pellets, each with approx. 6 g. The 
pellets were consolidated in a die with two 
increments at a loading pressure of 6000 psi. The 
current M126A1 igniter slurry (aluminum, 
silicon, charcoal, potassium nitrate, iron oxide, 
and nitrocellulose) was applied on top of pellets 
as first fire.  

Static burn test on the experimental 
pellets was conducted in a blackened light 
tunnel. The samples were placed 50 ft from the 
measurement equipment and initiated with an 
electric match. Color was measured with an 
Ocean Optics HR2000 spectrometer after 
calibration. Color measurements were based on 
the 1931 CIE (Committee Internationale 
d'Eclairage) international standard and calculated 
using the Ocean Optics Spectra-suite software. 
The CIE chart displays all the chromaticities 
average human eyes can see. The three values 
calculated based on the CIE color matching 
functions are referred to as X, Y and Z. The 
dominant wavelength (DW) and excitation purity 
(%) for a test sample were numerically 
determined with respect to the coordinates of 
Illuminant C, an established light source. The 
luminous intensity was measured using an 
International Light SEL033 silicon detector 
coupled to a photopic filter and lens hood. 

Static burn test results for high nitrogen 
compounds 1–3 formulated pellets as well as the 
perchlorate-based control pellets[16] are shown in 
Table 3. 
 
Table 3. Experimental Pellets Performance Data. 
Compound 1 2 3 Control 
BT [s]a  10 8.3 11.7 11.8 
AI [cd]b  2779 3876 1562 1570 
II [cd.sec]c  25235 31592 17523 19749 
DW [nm]d  611 611 615 610 
SP [%]e 94 94 96 85 
a) Burn Time; b) Average Intensity; c) Integrated Intensity; 
d) Dominant Wavelength; e) Color Purity. 

 
The representative still images captured 

from the static burn test are illustrated below. 
Result suggests there is no significance 
difference among four sample groups in flame 
size based on visual observation. 
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Figure 1. Static Burn Test of 1 (up, left), 2 (up, right), 3 (down, left) and Control (down, right). 

 
It was also found, all compounds 1–3 

pellet groups burned bright, intense red flame 
and their respective color purity exceeded the 
control value. Especially compounds 1 and 2 
outperformed the control in both average and 
integrated luminous intensity. Compounds 1 and 
3 yielded some broken pellets, suggesting a 
higher consolidation force is required. 
Compound 2 yielded the best pellet integrity and 
burning consistency. Additionally, the pellets of 
compound 3 burned most comparable to the 
control, followed by compound 1 and then 
compound 2. The deficiency in burn times for 
the later two groups can be tuned to longer by 
increase the amount of binder and/or high 
loading density. Variation of magnesium content 
in formulation and particle size/distribution can 
also be considered to adjust burn time. 

The optical and burn characteristics of 
the high-nitrogen red colorants will be further 
investigated concerning their optimal level in red 
star signal composition. The experimentation of 
green colorants in pyrotechnics will also be 
initiated. 

 
 
 

EXPERIMENTAL PART 
All chemicals and solvents were 

employed as received (Sigma-Aldrich, Fluka, 
Acros). 1H and 13C NMR spectra were recorded 
using a Jeol Eclipse 270, Jeol EX 400 or a Jeol 
Eclipse 400 instrument. The chemical shifts 
quoted in ppm in the text refer to typical 
standards, such as tetramethylsilane (1H, 13C). To 
determine the melting points of the described 
compounds a Linseis PT 10 DSC (heating rate:  
= 5 °C per minute) was used. Raman spectra 
were recorded at 25 °C with a Perkin-Elmer 
Spektrum 2000R NIR FT-Raman instrument, 
which uses an Nd:YAG laser with a wavelength 
of 1064 nm. Infrared (IR) spectra were recorded 
using a Perkin-Elmer One FT-IR instrument with 
an ATR unit at 25 °C. To measure Elemental 
Analyses a Netsch STA 429 Simultaneous 
Thermal Analyzer was employed. The impact 
sensitivity (IS) tests were carried out according 
to STANAG 4489 [17] modified according to 
instruction [18] using a BAM (Bundesanstalt für 
Materialforschung[19]) drophammer.[20] The 
friction sensitivity (FS) tests were carried out 
according to STANAG 4487 [21] modified 
according to instruction [22] using the BAM 
friction tester. The electrostatic sensitivity tests 
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were carried out using an electric spark tester 
ESD 2010EN (OZM Research) operating with 
the “Winspark 1.15 software package”.[23] For all 
calorimetric measurements a Parr 1356 bomb 
calorimeter (static jacket) equipped with a Parr 
1108CL oxygen bomb for the combustion of 
highly energetic materials were used.[24] 

 
Strontium tetrazolate pentahdrate (1): Prepara-
tion according to [4]. A solution of 1.00 g 
(14.3 mmol) 1H-tetrazole and 1.90 g 
(7.15 mmol) strontium hydroxide octahydrate in 
20 mL H2O was refluxed for 15 minutes. The 
solvent was removed in vacuo to obtain a 
colorless powder. Recrystallization from H2O 
yielded 2.19 g (97 %) of colorless needles.  
M.p. 335 °C (dec.). IR (Diamond-ATR, cm–1): 
3433 (s), 3250 (m), 3168 (m), 2158 (vw), 
1797 (vw), 1755 (vw), 1663 (w), 1627 (m), 
1446 (w), 1430 (s), 1290 (m), 1200 (s), 
1180 (w), 1163 (s), 1141 (s), 1101 (w), 
1080 (vw), 1018 (s), 1007 (s), 905 (s), 877 (w), 
702 (s). Raman (200 mW, cm–1): 3426 (10), 
3329 (12), 3170 (17), 3131 (57), 2546 (9), 
1434 (27), 1294 (49), 1198 (100), 1187 (68), 
1150 (15), 1134 (26), 1099 (18), 1085 (19), 
1024 (21), 1004 (12), 704 (11), 443 (16), 
240 (26), 193 (43), 86 (10). 1H NMR (D2O): 
8.55 (s, CH), 4.74 (s, H2O). 13C NMR (D2O): 
150.2 (CN4). EA C2H12N8O5Sr (315.79 g/mol): 
calc.: C, 7.61; H, 3.83; N, 35.48; found: C, 7.72; 
H, 3.77; N, 35.44. IS > 100 J. FS > 360 N. ESD 
1.0 J. 
Strontium 1-methyl-5-nitriminotetrazolate mono-
hydrate (2): Preparation according to [5]. A 
solution of 5.31 g (20.0 mmol) strontium 
hydroxide octahydrate and 5.76 g (40.0 mmol) 1-
methyl-5-nitriminotetrazole in 100 mL H2O was 
refluxed for 15 minutes. The solvent was 
removed in vacuo to obtain a colorless powder. 
Recrystallization from H2O yielded 7.44 g 
(95 %) of colorless crystals. 
M.p. 350 °C (dec.). IR (cm–1): 3609 (vw), 
3544 (w), 3319 (vw), 3140 (vw), 2401 (vw), 
2354 (vw), 2311 (vw), 1668 (vw), 1616 (w), 
1515 (m), 1468 (s), 1421 (m), 1374 (s), 
1324 (vs), 1293 (s), 1240 (s), 1114 (m), 
1056 (w), 1024 (s), 990 (m), 878 (m), 771 (m), 
760 (m), 738 (m), 705 (w), 694 (m). Raman 
(200 mW, cm–1): 2965 (11), 1514 (100), 
1470 (34), 1419 (9), 1376 (16), 1346 (30), 
1299 (23), 1239 (5), 1117 (14), 1055 (5), 

1027 (59), 992 (6), 882 (10), 788 (4), 762 (13), 
739 (2), 691 (12), 505 (11), 464 (4), 388 (6), 
303 (12), 249 (6), 217 (7), 187 (10). 1H NMR 
(DMSO-d6): 3.68 (s, 6H, CH3), 3.37 (s, 2H, 
H2O). 13C NMR (DMSO-d6): 157.6 (CN4), 
33.1 (CH3). EA C4H8N12O5Sr (391.80 g/mol): 
calc.: C, 12.26; H, 2.06; N, 42.90; found: C, 
12.41; H, 2.25; N, 43.18. IS = 40 J. FS > 360 N. 
ESD = 0.9 J.
Strontium 1-(2-chloroethyl)-5-nitriminotetra-
zolate monohydrate (3): Preparation according to 
[6]. A solution of 1.00 g (6.8 mmol) 1-(2-
chloroethyl)-5-nitriminotetrazole and 0.90 g 
(3.4 mmol) strontium hydroxide octahydrate in 
25 mL H2O was refluxed for 15 minutes. The 
solvent was removed in vacuo to obtain a 
colorless powder. Recrystallization from H2O 
yielded 1.51 g (91 %) of colorless needles. 
M.p. 208 °C (dec.). IR (cm–1): 3501 (w), 
3015 (vw), 2966 (vw), 2852 (vw), 2363 (vw), 
2340 (vw), 1640 (w), 1508 (m), 1462 (m), 
1421 (w), 1380 (s), 1340 (s), 1310 (s), 1257 (m), 
1236 (s), 1130 (w), 1109 (m), 1027 (m), 996 (w), 
954 (w), 904 (w), 871 (w), 771 (w), 764 (w), 
740 (w), 708 (vw), 677 (w), 653 (w). Raman 
(200 mW, cm–1): 3016 (6), 2967 (15), 1647 (5), 
1542 (3), 1507 (100), 1462 (6), 1438 (6), 
1380 (6), 1344 (24), 1291 (7), 1261 (3), 
1245 (2), 1205 (3), 1111 (10), 1031 (37), 
995 (3), 875 (4), 766 (10), 743 (3), 653 (6), 
507 (2), 473 (2), 371 (3), 306 (5), 196 (5). 
1H NMR (DMSO-d6): 4.39 (t, 2H, 3J=5.9 Hz, 
CH2), 3.98 (t, 2H, 3J=5.9 Hz, CH2), 3.32 (s, 2H, 
H2O). 13C NMR (DMSO-d6): 157.7 (CN4), 47.8 
(CH2), 42.1 (CH2). EA C6H10Cl2N12O5Sr 
(488.75 g/mol): calc.: C, 14.74; H, 2.06; N, 
34.39; found: C, 14.85; H, 2.20; N, 34.62. IS > 
10 J. FS > 360 N. ESD > 0.75 J. 
 
Diammine copper(II) bistetrazolylamine (4): 
Preparation according to [10]. A solution of 
8.5 g (50 mmol) copper(II) chloride dihydrate in 
75 mL H2O was added to a solution of 17.1 g 
(100 mmol) 5,5’-bis(1H-tetrazolyl)amine mono-
hydrate in 125 mL aqueous ammonia (25 %) and 
100 mL H2O at 65 °C. After cooling to ambient 
temperature 11.8 g (95%) of the intense blue 
participate was filtered off and washed several 
times with ethanol. 
M.p. 281 °C (dec.). IR (cm–1): 3373 (w), 
3321 (s), 3254 (m), 3127 (m), 3053 (m), 
2915 (m), 2826 (w), 2656 (vw), 1612 (vs), 
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1545 (s), 1497 (vs), 1463 (w), 1445 (m), 
1327 (w), 1232 (s), 1161 (vw), 1141 (vw), 
1123 (w), 1116 (vw), 1017 (vw), 853 (vw), 
806 (vw), 746 (m), 723 (m), 675 (w), 620 (vw). 
EA C2H7CuN11 (248.70 g/mol): calc.: C, 9.66; 
H, 2.84; N, 61.95; found: C, 9.79; H, 3.00; N, 
61.40. IS > 100 J. FS > 360 N. ESD = 0.7 J. 
Diaqua copper(II) di(1-methyl-5-aminotetrazole) 
nitrate (5): Preparation according to [11]. A 
solution of 8.4 g (36.3 mmol) copper(II) nitrate 
pentahemihydrate in 5 mL H2O was slowly 
added to a hot solution of 3.6 g (36.3 mmol) 1-
methyl-5-aminotetrazole in 15 mL H2O. After 
storing the blue solution at 4 °C for several hours 
9.3 g (61%) of blue crystals could be obtained. 
M.p. 142 °C (dec.). IR (cm–1): 3456 (w), 
3398 (s), 3314 (m), 3261 (m), 3203 (m), 
3166 (s), 2443 (vw), 1760 (vw), 1647 (m), 
1597 (w), 1497 (w), 1420 (m), 1326 (s), 
1236 (w), 1139 (w), 1079 (w), 1050 (w), 
983 (vw), 817 (w), 784 (w), 739 (vw), 718 (vw), 
688 (w). EA C4H14CuN12O8 (421.78 g/mol): 
calc.: C, 11.39; H, 3.35; N, 39.85; found: C, 
11.24; H, 3.29; N, 39.25. IS > 30 J. FS > 196 N. 
ESD >2.0 J. 
Diaqua copper(II) tetra(1-methyl-5-amino-
tetrazole) nitrate (6): Preparation according to 
[11]. A solution of 4.2 g (18.1 mmol) copper(II) 
nitrate pentahemihydrate in 5 mL H2O was 
slowly added to a hot solution of 3.6 g 
(36.3 mmol) 1-methyl-5-aminotetrazole in 
15 mL H2O. After storing the blue solution at 
4 °C for several hours 3.1 g (56%) of blue 
crystals could be obtained. 
M.p. 168 °C (dec.). IR (cm–1): 3484 (m), 
3402 (s), 3308 (m), 3256 (m), 3194 (s), 3152 (s), 
1641 (s), 1597 (w), 1497 (m), 1461 (w), 
1399 (m), 1348 (m), 1316 (s), 1132 (w), 
1071 (w), 1053 (w), 1040 (w), 982 (vw), 
828 (vw), 787 (w), 733 (vw), 678 (vw). EA 
C8H24CuN22O8 (619.97 g/mol): calc.: C, 15.50; 
H, 3.90; N, 49.70; found: C, 15.42; H, 3.82; N, 
49.57. IS > 30 J. FS >120 N. ESD > 2.0 J. 
Tetrammine copper(II) dinitramide (7): Prepara-
tion according to [12]. A solution of 0.37 g 
(1.5 mmol) copper(II) sulphate pentahydrate in 
5 mL of aqueous ammonia solution (25%) was 
combined with a saturated solution of 0.37 g 
(3.0 mmol) ammonium dinitramide in H2O. 
After cooling down to 0 °C 0.43 g (85 %) of 
deep violet crystals could be obtained. 

M.p. 65 °C (loss of NH3), 183 °C (dec.). IR (cm–

1): 3566 (vw), 3336 (vs), 3272 (s), 3194 (m), 
2832 (vw), 2589 (vw), 2475 (vw), 1956 (vw), 
1612 (w), 1500 (s), 1425 (s), 1323 (m), 
1272 (m), 1254 (m), 1169 (s), 1010 (m), 
962 (m), 820 (m), 776 (w), 760 (m), 688 (m). 
Raman (200 mW, cm–1): 3335 (2), 3281 (19), 
3180 (2), 1621 (5), 1514 (18), 1439 (16), 
1326 (100), 1285 (7), 1247 (9), 1156 (15), 
1004 (17), 962 (12), 950 (13), 823 (60), 
757 (16), 481 (34), 462 (9), 432 (28), 306 (33), 
180 (9). EA H12CuN10O8 (343.70 g/mol): calc.: 
H, 3.52; N, 40.57; found: H, 3.50; N, 40.35. IS 
>2.5 J. FS > 48N. ESD > 0.47 J. 

 
CONCLUSION 

Three different nitrogen-rich strontium 
salts were prepared. All show a good color 
performance and combustion behavior. 
Especially strontium tetrazolate pentahydrate (1) 
and strontium 1-methyl-5-nitriminotetrazolate 
monohydrate (2) might be a potential “greener” 
alternative to the todays used compositions, 
which contain usually strontium nitrate and 
potassium perchlorate. 

Also the investigated copper(II) 
compounds diammine copper(II) bistetrazolyl-
amine (4), diaqua copper(II) di(1-methyl-5-
aminotetrazole) nitrate (5) and diaqua copper(II) 
tetra(1-methyl-5-aminotetrazole) nitrate (6) offer 
the opportunity to substitute the toxic barium 
salts in pyrotechnic applications. The 
applicability of tetrammine copper(II) 
dinitramide (7) will be restrained concerning its 
high sensitivity characteristics. 
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ABSTRACT 

Near infra-red (NIR) illuminating devices are currently deployed for military operations throughout the 
world and Chemring Defence UK has developed the NIR illuminating composition CC479 used in within 
some mortar systems. This composition ignites and combusts to emit radiation primarily within the NIR 
waveband, increasing the capability of night vision equipment. CC479 and other NIR compositions 
primarily use alkali earth salts based on caesium and potassium, which have strong electronic emission 
characteristics in the NIR. This study investigates whether alternative alkali earth based oxidisers, burn 
rate modifiers and fuels can be integrated or replaced to enhance the NIR spectral output of existing 
compositions. During the trials various compositions were formulated based on a selection of different 
materials and the changes in their spectral outputs were assessed. 

 

Introduction 

Near infra-red (NIR) is commonly used as 
the responsive waveband in night vision 
equipment, this method involves converting 
ambient light photons into electrons. These signals 
are then amplified through a process of chemical 
and electronic measures converting them back into 
visible light. The NIR waveband lies between 
~700nm – 1400nm, while the human eye is only 
responsive to light in the visible light waveband 
(400-700nm) spectrum.  

Military forces in various operations are 
constantly looking for advantages when 
encountering enemy targets, any such advantages 
may prove critical for the safety of their armed 
forces. Having the equipment to engage under 
difficult conditions and using materials which 
reduces the signature of a soldier is a major benefit. 
The 81mm NIR illuminating mortar is one of the 
few systems used for covert illumination. When 
launched this unit separates after a prescribed time 
and ignites a pressed candle of NIR composition 
(CC479). The candle is suspended from a 
parachute system and illuminates an area on the 
ground primarily with NIR radiation. The spectral 
output of this composition has a very low visible 

light output and when viewed with a naked eye is 
almost invisible.   

The intent behind this investigation was to 
modify and assess the burning and spectral 
characteristics of various NIR compositions and 
produce an illuminant that was highly tuned to emit 
in the NIR and have a reduced visible signature. 
The performance of an NIR illuminant can be 
stated as the ratio of the intensity of near infra-red 
to visible light produced, and is referred to as the 
Covert Index. Trials were also conducted to 
determine how spectrally tuned proposed 
compositions were to the response of night vision 
equipment.  

If enhanced NIR illuminants are developed 
and incorporated into future covert illuminating 
systems, the benefit would be to enhance night 
vision systems currently used by the armed forces 
and raise combat capabilities. 

In order to enhance the Covert Index of a 
pyrotechnic, two factors of the compositions were 
considered. Firstly, the effectiveness of the NIR 
emitting compounds, so a material study was 
conducted to help select commercially available 
materials that would have an increased NIR 
signature than those currently used and secondly 
the rate of combustion of the composition. The 



-74-

 

assumption was made that increasing the burning 
rate of an existing composition would lead to an 
increase in NIR emission, however, the faster 
reaction rate and increased energy released per unit 
mass of pyrotechnic, would also produce an 
equivalent and undesirable visible signature 
increase.  

The visible output and illuminating effect 
of a pyrotechnic should reduce with a reduction in 
the combustion temperature of a composition as the 
level of thermal radiation is also reduced. 

A standard composition, based on CC479, 
was prepared and the performance of this 
composition became the baseline against which 
other developed formulations were assessed. The 
influence of incorporating various compounds to 
this baseline composition, on the burn rate and 
spectral output was determined in order to evaluate 
which had the most beneficial effect. 

It was predicted that to provide an optimal 
solution to enhanced NIR illumination, a relatively 
fast burning composition (1-3mm sec-1@STP), 
with reduced visible and increased NIR signature 
could be developed based on cooler burning 
compositions combusting to produce primarily 
gaseous decomposition products.  

As trials progressed it became evident that 
particular additives had a beneficial effect so the 
concentration of these materials was then varied to 
further increase performance. 

Materials 

It is well known that there are several 
alkali earth metal ions (used in the form of salts) 
which emit radiation in the NIR waveband when 
thermally excited by a pyrotechnic reaction, on this 
basis these alkali earth salts were used as the 
primary NIR emitters. A list of compounds were 
initially proposed and down selected based on a 
process of elimination assessing criteria such as:- 

 
1. Cost 
2. Associated chemical hazards i.e. toxicity 
3. Thermal stability 
4. Reactivity 
5. Handling and storage conditions 
6. Decomposition products 

Alkali earth metals potassium (K) and 
caesium (Cs) are commonly used and their salts are 
commercially available, though other such alkali 
metals i.e. rubidium (Rb) may prove to have a 
better spectral output. Currently rubidium salts are 
expensive and have limited commercial 
availability. 

Various compounds including caesium 
azide for example, were assessed and deemed as 
unsuitable for incorporations info formulations due 
to high toxicity and material cost which would lead 
to an immensely elevated unit cost if developed 
into a functioning unit, even with significant 
increases in performance the additional expense 
could not be justified. Other chemicals i.e. caesium 
chromate, caesium dichromate and rubidium 
tetraborate are suspected carcinogens and may also 
have a significant impact on the environment.  

In addition to utilising these alkali earth 
salts, low visibility burn rate modifiers such as 
silicon, boron and zirconium hydride were assessed 
to be suitable additives and could be utilised in 
small quantities to increase the burn rate and in 
turn increase NIR emissions.  

A common approach used to enhance the 
spectral intensity of illuminating or signalling 
composition during pyrotechnic manufacture is the 
addition of a chlorine-donating compound1. The 
formation of the associated metal-chloride ion has 
been shown to have a significantly higher spectral 
intensity than that of the metal ion alone. This 
principal was also assessed during these trials.  

The baseline or standard composition used 
during these trials, based on composition CC479, 
uses caesium and potassium salts as the NIR 
emitters. A formulation matrix was produced using 
various constituent chemicals. Each formulation 
processed had a specific chemical change so 
adjustments could be quantified. Each formulated 
composition was spectrally analysed to determine 
the specific emission peaks and intensity of NIR 
and visible emissions. Other considerations such as 
sensitiveness, cost and burn time were also 
assessed.  

Formulations were derived using a matrix 
that was produced through varying the quantity and 
concentration of constituents which were thought 
to impact the spectral output of NIR composition. 
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The chemicals used during the trials were 
categorised into four groups fuels, oxidisers,
binders and burn rate modifiers. A description of 
the chemical within each category and its role 
within the compositions are detailed below: 

Fuels 
  
 Hexamine (C6H12N4) has been proposed as 
a fuel in some compositions due to its high heat of 
reaction ( Hcomb = 4200KJ/mol), burns without 
producing smoke and leaves minimal residue. The 
nitrogen gas formed during combustion is thought 
to also act to cool the flame temperature by 
reducing grey body emissions from the combustion 
gases.  
 The alternative fuel, more commonly used 
in the manufacture of pyrotechnics, is lactose 
monohydrate (C12H22O11.H2O). Lactose is 
commonly used throughout the pyrotechnic 
industry as a fuel in smoke compositions but is also 
used widely in the food industry, it is a sugar 
notably found in milk, so it is cheap, stable and 
readily available in bulk. This material could offer 
a degree of change to NIR emissions as it is more 
reactive and has a higher heat of combustion 
( Hcomb = 5652KJ/mol) than hexamine and releases 
energy at an increased rate. Increasing the rate by 
which fuel is consumed during this chemical 
reaction could greatly increase the NIR emission 
but as mentioned previously may also have an 
associated increase in the visible emissions. During 
oxidation, lactose combusts to produce carbon 
dioxide and water both of which have no visible 
emission spectra so only a minimal increase in the 
visible output is expected mainly attributable to the 
higher temperature of reaction.  

Oxidisers  
  
 These materials are chemically described as 
oxygen donators, they do not readily combust but 
contribute towards the combustion of other 
materials hence they are commonly used in the 
pyrotechnic and explosive industry. On heating 
these materials undergo decomposition releasing 
oxygen gas which then combines with the fuel to 
form stable decomposition products and significant 
quantities of energy. The heat released from the 
fuel combustion is sufficient to promote further 

decomposition of surrounding oxidiser material 
and a self propagating reaction ensues.    
 
  Oxidisers selected for evaluation during 
these trials are shown in Table 1. The thermal 
excitation of the associated metal ion during 
combustion leads the emissions within the NIR 
waveband2, variation in these oxidisers is believed 
to offer the greatest increase in NIR output.  The 
oxidisers proposed will compliment or replace the 
existing oxidisers used in standard NIR 
illuminating mix composition.  

Table 1 - Oxidisers
 

During the development of composition 
CC479, alkali salts such as potassium perchlorate 
were considered as highly emissive NIR emitters. 
The addition of this chemical to the composition 
proved catastrophic for high pressure systems such 
as those used for mortar applications, as the 
pressure index of the composition was excessive 
resulting in violent pressure bursts of the confined 
system. Taking this into account careful 
consideration has been made on which oxidisers 
were purchased for these trials. Rubidium and 
caesium compounds are expected to have lower 
reactivity than potassium salts.  

Binders 
 
Binders are materials incorporated into 

pyrotechnics to bind the constituent chemicals of a 
composition together3. They should provide good 
mechanical properties for the system and can help 
control the burning rate of a reaction as they reduce 
the propensity of a combustion wave to propagate 
through composition. They are often inert 
polymeric chemicals and reduce the total energy of 
a system, they are usually in a solid form (large 
particle size), but are dissolved in a solvent and 
dispersed into a composition as a solution. During 
processing the solvent can be removed by 

Compound Chemical formula 
Caesium Nitrate CsNO3 
Caesium Perchlorate CsClO4 
Potassium Nitrate KNO3 
Rubidium Nitrate RbNO3 
Rubidium Perchlorate RbClO4 
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evaporation producing a homogeneous mix of 
ingredients.  
 

Binders such as polyvinylchloride (PVC) are 
chlorine rich and release chloride ions during 
decomposition. A chlorine donor was chosen as it 
may enhance the spectral output of the composition 
through the formation of metal chloride ions.  
 

Additionally, binders are also used to 
desensitise a chemical composition offering 
reduced sensitiveness and presenting a reduced 
hazard. 
 

The binders shown in Table 2 have been 
chosen as they are believed to offer the most 
advantageous properties for NIR illumination, 
including good thermal stability, ease of processing 
and sound mechanical properties.  

Table 2 - Binders

Burn Rate Modifiers 
 
In order to control or enhance the burn rate of 

a composition it is often necessary to add a burn 
rate modifier. These may act by removing energy 
from the combusting system, if inert, or increase 
the energy of the system if particularly reactive. 
Modifiers may also be used to produce a stable rate 
of combustion if a particular system is erratic or 
subjected to pressure changes during its 
combustion. Manipulating the burn rate is a 
requirement when considering the effects of 
emissions.  
 
 Table 3 lists the materials that were down 
selected for use as burn rate modifiers. The choice 
of these materials was based on there use in 
existing compositions 

 
 
Burn rate modifier Chemical Formula 
Silicon Si 
Boron B 
Zirconium Hydride ZrH2 
Copper Salicylate C7H6O3Cu 
 
Table 3 - Burn rate modifiers

  
These materials are only used in relatively 

small quantities as they weren’t expected to 
contribute to either the visible or NIR output 
directly.  

Experimental 

Formulations  
 
A composition matrix was formulated using 

the different chemicals procured and their 
performance base-lined against a standard 
composition. Various chemicals were categorised 
and highlighted for use in enhancing NIR 
compositions the effect of changing the constituent 
chemicals was determined by assessing burn rate 
and conducting spectral analysis.  

 
Based on the suitability assessment that was 

conducted on the aforementioned chemicals the 13 
formulations were prepared, the exact details of 
which are not presented due to commercially 
sensitivity. 
 

All formulations were subjected to 
sensitiveness testing (Bickford fuse, Mallet Friction 
and burn train testing) prior to processing to ensure 
their suitability for use in manufacture.  
 
 
 
 
 
 
 

 
 

Binder Chemical Formula 
Polyvinylacetate 
(PVA) 

(CH2CH(OCOCH3))n 

Epoxy Resin CH2OCH(R)n 
Viton (C2F4)n 

Polyvinylchloride 
(PVC) 

(C2H3Cl)n 
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Pyrotechnic Configurations 
 
All NIR formulations were pressed into 

candles, the configuration of which is shown in 
Figure 1. Pressed candles also included 3 grams 
of gunpowder (G20) used as a priming layer and 
assist in initiating a rapid burn. The candle 
comprised of 50g of compositions pressed in a 
single increment to a dead load of 20 tons. The 
composition was pressed directly into a 51mm 
diameter cardboard liner.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Test sample configuration 

Thermal Analysis  
 
During the development of new 

compositions it is important to quantify any 
chemical reactions between the materials that are 
to be used, as this will give essential information 
on stability, ignition temperature and enthalpy of 
the reaction. 

 
Differential scanning calorimetry is a 

thermo analytical method used to detect any 
chemical process where heat is absorbed or 
liberated: such processes include melting, glass 
transition, phase change and decomposition. 
Many such processes can be initiated by simply 
raising the temperature of the material. The 
difference in energy input into a substance and 
reference are subjected to a controlled 
temperature program. The DSC apparatus used 
during this study was the Mettler DSC 822e. A 
sample weighing a few mg is typically used; it is 
heated in a sealed aluminium crucible under a 
nitrogen atmosphere at a rate of 10°C/min, 30°C 

to 600°C and plots the temperature difference, 
T, between itself and a reference (empty) 

crucible.  
 
Thermal analysis was conducted as part of 

the overall assessment of the formulations but 
will not be reported as these data were not 
thought to provide any information relating to 
enhanced NIR performance. 

Spectral Analysis 
 
Spectral and visual analysis was performed 

by personnel and equipment from BAE systems, 
Glascoed. 

 
The instrument used to measure the visible 

light output emitting from the NIR composition 
is called the CAS140B Visible Spectrometer. 
This equipment measures the spectra of light 
emitted between 373μm and 1075μm and can 
record data 4 spectra per second. This 
commercially available instrument is normally 
used to measure tracer compositions; the 
information is received and recorded through a 
PC, by which chromaticity constants can be 
measured. 
 

The CR3 Radiometer/Photometer integrates 
radiation on six different wavebands (visible, 
Near Infra-Red and 4 Mid Infra-Red). It captures 
data at approximately 50Hz, providing a visible 
record and near infra-red vs. time graph of the 
firing on a MS excel spreadsheet, enabling 
comparisons between visible and NIR light.  
 

The NIR and visible emission data was 
recorded and processed using an MS EXCEL 
program. 

3g Priming composition (G20)

50g NIR illuminant

Card liner 
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Results 
 
It was a requirement that all 

compositions were subjected to testing prior 
pressing for sensitiveness and suitability before 
larger quantities were manufactured and 
processed into candles for analysis. 
 
Burn Rate Assessment 

 
The burn rates of the compositions were 

assessed during the spectral analysis trials. This 
was achieved simply by dividing the height of 
the composition in the candle by the measured 
duration of candle burn.  

 
The burn rates of the various 

formulations are shown in Figure 2. Where a Mix 
number is followed by a numerical suffix, a 
second unit of identical make configuration was 
also measured. The contribution of the different 
additives to the burn rate is discussed in the 
following section. 

 
Composition burn rate 
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Figure 2 - Composition burn rates
 
 

Spectral Assessment  
 
The graphical data produced during the 

spectral analysis is shown in  
Figure 3 and Figure 4 is typical of the 

emissions observed during the trials. These 
particular data shown below are generated from 
the burning of the standard composition. 

 

 

Figure 3 - NIR / Visible output intensity
 

Figure 3 shows an intense spike of visible 
and NIR light which is a result of the priming 
composition used to ensure ignition of the NIR 
illuminant. The intensity of the spike was not 
considered when calculating the emission values 
of the various compositions. The unit of intensity 
for the visible light emission is in candela 
whereas the NIR intensity is measured in Watts 
per steradian and the duration is logged on the 
X-axis in seconds. 

 
 

 
Figure 4 - Spectral emission data

 
Figure 4 shows the emission spectrum 

produced by the combustion of the composition 
and compares it with the spectral response of 
second generation night vision systems4. 
 

The peaks produced in the spectra 
correspond with the optical emission band of the 
alkali earth metal salt used in the composition 
oxidiser4. The emission bands for the three metal 
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salts used during this trial are shown below in 
Table 4. 
 

Metal ion Peak emission wavelengths / nm
K+ 766, 769 
Rb+ 780, 794 
Cs+ 852, 894 

 
Table 4 - Metal ion emission wavelengths
 

In all spectra there are clearly defined 
peaks in the waveband greater than 700nm 
suggesting that all the proposed compositions are 
dominantly emissive in the NIR region of the 
EM spectrum.  
 

The data recorded for all other candles is 
shown in Annex A. 

 
 
Figure 5 and Figure 6 illustrate the 

average visible and NIR emission values 
recorded for the various mixes. These figures 
were derived from the time / intensity plots in 
Annex A. 
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Figure 5 - Average visible intensity
 

Composition NIR Emission (700-1100nm)
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Figure 6 - Average NIR intensity

 
All intensity data show a common trend 

of reduced intensity with increased duration 
which has been attributed to the effect of the 
burning surface of the candle receding into the 
cardboard liner hence reducing the intensity of 
light reaching the detector. 
 

The ratio of the intensity of near infrared 
to visible light produced by a composition is 
referred to as the Covert Index and has been 
calculated for each formulation and is 
summarised below in Table 5 .  
 
Mix 
No 

Average 
Vis / Cd 

Average 
NIR / W 

Sr-1 

Covert 
Index 

Burn 
Time / s 

Burn Rate 
/ mms-1 

STD 38.7 2.6 0.07 45.00 0.56 
1 54.5 16.2 0.30 11.50 2.17 
2 N/A N/A N/A 10.00 2.50 
3 N/A N/A N/A 7.00 3.57 
4 104.9 16.3 0.16 11.00 2.27 
5 95.5 12.4 0.13 11.50 2.17 
6 107.5 13.6 0.13 10.00 2.50 
7 N/A N/A N/A N/A N/A 
8 61.8 11.6 0.19 15.50 1.61 
9 29.3 7.4 0.25 20.50 1.22 
10 10.3 5.1 0.50 21.00 1.19 

10_2 15.4 5.2 0.34 21.50 1.16 
11 175.3 18.1 0.10 10.00 2.50 

11_2 172.9 16.4 0.10 10.50 2.38 
12 N/A N/A N/A N/A N/A 
13 375 31 0.08 24 0.63 

 
Table 5 - Summary of Formulation Performance 
Data
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Figure 7 illustrates the variation in the 
covert index across the range of compositions. 
The differences observed in the covert index and 
additive that may give rise any changes are 
discussed in a later section. The results suggest 
that Mix 10 has the highest ratio of NIR to 
visible light output, however with a particularly 
low burn rate then the effective illumination will 
be very poor. 
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Figure 7 - Covert Index Value
 

An illuminant performance assessment 
was conducted taking into account the 
formulations covert index and burn rate. This 
was determined by multiplying the burn rate of 
the composition by the covert index and 
generated information showing which mix has 
the highest burn rate combined with the lowest 
visible output and highest NIR output, in theory 
the highest performing formulation.  
 

NIR Illuminant Performance Assessment
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Figure 8 - Illuminant performance assessment 
 
 
 
 
 

Discussion
 
Burn Rate and Spectral analysis 

 
The results obtained from conducting 

sensitiveness tests on the various compositions 
showed that none of the developmental 
compositions were sensitive to any of the 
credible stimuli and all were suitable to take 
forward for processing and assessment. 

 
Basic burn rate assessments were carried 

out on small scale pressed compositions prior to 
full unit production for spectral evaluation to 
indicate the burn characteristics of the 
composition. The burn rates used during the final 
evaluation were calculated from the full unit 
burn times during the spectral analysis. 

From all spectral and burn rate data 
accumulated, analysis shows, based on a 
comparative performance assessment shown in 
Figure 8, that the highest performing composition 
was Mix 1 closely followed by Mix 10. 

The spectra shown in Annex A, when 
superimposed with the NVG response profile, 
can be seen to emit within the desired responsive 
region of NV systems.   

Effect of Alternative Fuels  
 
Analysis of the burn rate data showed 

that the most significant chemical change to 
affect the burn rate of the NIR composition was 
using lactose rather than hexamine. This is 
presumably due to the lactose being chemically 
more reactive and possibly due to a more even 
particle size distribution within the mix. With the 
increased burn rate associated with this change 
there is only a marginal increase in visible light 
output but a relatively large increase in the NIR 
output, leading to a Covert Index increase from 
0.08 to 0.3.  
 
Effect of Alternative Oxidisers  

 
When the oxidisers were changed from 

nitrates to perchlorates there was a marginal 
burn rate increase due to the increased reactivity 
of the perchlorate. This increased burn rate did 
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not show an increase in the covert index as this 
also lead to an increase in both visible and NIR 
output. 
 

Analysis of the spectral data (shown in 
Annex A), shows that there are several distinct 
emission peaks that are clearly attributable to the 
different metal ion emissions. When compared 
to the spectral response of NV systems, the 
rubidium ion emission, whilst less intense then 
caesium, are located towards the mid section of 
the NV system response range, hypothetically 
providing better illumination. The caesium peaks 
which are observed at higher wavelengths are 
located towards the upper fringes of the NVG 
response range which suggests a smaller fraction 
of the emissions are detected by the NVG system 
will have a lower efficiency than rubidium.   

Effect of Alternative Binders 
 
Mix 13, used in certain mortar systems, 

uses an epoxy binder to provide the mechanical 
strength required to survive the retardation 
forces of candle deployment during firing. This 
epoxy binder significantly inhibits the burning 
rate of the NIR composition and is also 
problematic during manufacturing and due to its 
short curing time means the mix cannot be stored 
prior to use and any delays in pressing results in 
high volume wastage. 
 

The PVA and viton binders offer good 
mechanical properties and pressing 
characteristics as well as good thermal stability. 
They are also more combustible as they do not 
bind as tightly to the constituent chemicals so 
allow the combustion reaction to propagate 
faster through the candle.  
 

The viton bound system appeared to 
have a higher burn rate than the same 
composition bound with PVA. This may be due 
to the formation of fluorinated metal compounds 
i.e. Silicon tetrafluoride, SiF4 which has a high 
heat of formation6 ( Hformation (g) @ 25°C = -
1615kJ/mol) . 
 

PVC was incorporated into two NIR 
compositions, in one instance dissolved and 
dispersed into the composition (Mix 11) and 

secondly, in addition to the PVA binder, as a 
loose powder (Mix 10) to act as a NIR enhancer 
through the donation of Cl- and formation of 
metal Cl- during combustion. 
 

Whilst there was an increase in the burn 
rate over the standard mix the most significant 
effect observed by the addition of the PVC was 
the increase in the covert index. The data shows 
that Mix 10 gave the lowest visible out relative 
to its NIR output. This is believed to attributable 
to the formation of CsCl ions which may 
enhance the intensity of the NIR output in the 
same mechanism that chlorinated binders are 
incorporated into coloured flares to enhance the 
output. 

Effect of Alternative Burn Rate Modifiers 
 
The results suggest that the most 

effective additive for increasing the burn rate is 
Boron, achieving a burn rate of over 3.5mms-1. 
Whilst this does significantly increase the NIR 
output of the composition it equally increases the 
visible light output due to the faster and hotter 
combustion reaction that is occurring. 
 

Other additives which included 
zirconium hydride and copper salicylate resulted 
in an increase in the burn rate of the 
compositions relative to the standard mix. The 
results also suggest that increasing the quantity 
of zirconium hydride in place of the silicon 
reduces the rate of reaction as shown in the 
difference in Mix 8 and 9 suggesting zirconium 
hydride is not a particularly effective burn rate 
modifier in this particular composition. 
 

Copper salicylate had the effect of 
slowing the rate of reaction down to the extent 
that whilst Mix 12 sustained a steady burn, the 
rate was less than that of the standard mix. No 
output intensity data was recorded for Mix 12 
due to equipment error during the trials, however 
the spectral analysis did shown the characteristic 
Cs and K peaks.  

When a burning sample of the 
composition was observed the visible emissions 
appeared to be much higher than for any of the 
other mixes. This was a very subjective 
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assessment and further trials would be required 
to quantify the visible intensity.    

Conclusions 
 
The results suggest that enhanced NIR 

illumination can be achieved and refined using 
some of the alternative compounds trialled 
during this investigation. This may be achieved 
by: 
 

1. Using a more reactive fuel such as 
lactose. 

 
2. Use of fluorinated binders (when 

compositions contain metal fuels) to 
increase the temperature of reaction. 
This will increase visible output from 
thermal radiation but fluorinated species 
should not increase spectral output. It is 
believed that in high enough quantities 
(up to 6%) the mechanical properties of 
these compositions will be sufficient to 
survive the most severe in service 
environment. 

 
 
3. Increase the reaction kinetics of the 

system by the addition of a burn rate 
modifier i.e. boron.(Note: increased burn 
rate also increases visible output, 
optimum quantity of modifier will be 
application and requirement specific)  

 
4. Caesium and potassium salts are 

extremely effective NIR emitters and 
produced desirable burn rates when used 
in conjunction with a lactose fuel. 
Rubidium salts have intense emissive 
peaks close to those of potassium and 
more central to the response spectra of 
NV systems. Use of Rb salts would 
improve the NIR emission of a 
composition but the additional expense 
in procuring such materials is unlikely to 
outweigh the illuminating gain. 

 
 
5. Through the incorporation of loose 

chlorinated rubber into future 

compositions to act as chlorine ion 
donors. 

 
6. Additional burn rate additives such as 

copper salicylate and zirconium hydride 
did not have a beneficial effect on 
enhancing NIR illumination.  

 
 

From the trials conducted the highest 
performing composition based on fastest burn 
rate and highest covert index was Mix 1 
followed by Mix 10. These higher performance 
NIR illuminating compositions were achieved 
using more reactive fuels and loose chlorinated 
binder systems. Further work may see variations 
with a combination of these materials to give a 
further enhanced composition.  
 

Other valuable data may also be extracted 
from the results produced. If the requirement is 
not for covert illumination but covert signalling, 
then a very strong NIR source would be required 
with limited illumination suggesting a 
composition with the highest covert index alone 
would be preferable.  

Recommendations 
 
These trials have shown that enhanced 

NIR illumination is possible using some of the 
point raised in the discussion but further 
investigation is required to understand the 
mechanism by which the chlorinated binder 
enhances the NIR output. 
 
There is also potential to enhance the NIR 
emissions by reducing the grey body radiation 
through using high nitrogen containing 
compounds such as ammonium dinitramide 
(ADN) and 1,1-diamino-2,2-dinitroethylene 
(FOX-7). 
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ABSTRACT 

 
 The M206 Countermeasure IR Flare is a magnesium Teflon flare which has been used 
successfully for many years.  A series of experiments have been conducted in order to determine 
the behavior of the flare when it is subjected to temperature and humidity for prolonged periods.  
The data have been used to develop an algorithm based on the fractional conversion of 
magnesium to magnesium hydroxide.  The algorithm can be used to predict the degradation rates 
for the flare as a function of the environmental conditions to which it is exposed.  Velocity test 
results for the flare have been used to relate the degradation level to the performance of the flare.  
Those results have been well correlated with the fractional conversion data using a Weibull 
distribution.  Estimates of the reliability of the flare as a function of the fractional conversion, and 
storage conditions allow for shelf life predictions under controlled and uncontrolled storage 
conditions. 
 
 
Background 

 
 The magnesium used in the M206 
countermeasure IR flare is subject to 
chemical degradation as indicated in 
Equation (1).  The reaction indicates the 
formation of magnesium hydroxide and 
hydrogen gas from the magnesium fuel used 
in the flare composition.  

 
Mg s H O l

Mg OH s H g
2

2 2

( ) 2 ( )
( ) ( ) ( )

 

    (1) 
 

 In this study magnesium flares have 
been exposed to conditions of high humidity 
and temperature for prolonged periods of 
time.  This has resulted in the formation 
magnesium hydroxide as indicated in 
Equation (1).    
 

The failure mechanism is illustrated 
in Figure 1 below.  Note that the flare has 
two ends.  The igniter is inserted into the 
piston end of the flare.  When the flare is 
ignited, the end cap is forced off as the flare 
pellet exits the flare case. 
  
Failure Mechanism  

  
The diagram shown in Figure 1 

illustrates the process of the moisture 
intruding into the flare case and reacting 
with the magnesium in the flare.  This is a 
natural degradation process which occurs 
due to the moisture intrusion through the 
hole in the back end of the flare.  The hole is 
actually there so that the igniter flame can 
pass through it to light the pellet. 
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O-ring End (Red 
Square End Cap)

FLARE AIRCRAFT:  
COUNTERMEASURE, M-206 

Piston End

Moisture enters 
through the hole 
in the piston.

Then it travels 
alongside the 
space between 
the case and the 
flare pellet grain

 
Figure 1.  Illustration of the failure mechanism for the M206 Flare 

 
 
 
Theoretical Development 
 
 The fractional conversion of 
magnesium is defined in equation (2), where 
the symbol CA represents the concentration 
of magnesium at any time, t.  the symbol 
CA0 is the initial concentration of 
magnesium present in the flare at time = 0.  
Note that XA is the fraction of magnesium 
initially present which has been converted to 
magnesium hydroxide at any time t. 
 

A A AC C X0 {1 }    (2) 
 

The reaction rate expression used to 
represent the degradation rate of the 
magnesium in terms of the fractional 
conversion is given in Equation (3).  
Equation (3) is a zero order reaction kinetic 
model  (Fogler, 2000).   
 

A
A

dX k C
dt

0{ / }     (3) 

 
 

 The probability density function of 
the Weibull Distribution is given in 
Equation (4).  
 

y
f y y e

( / )1( )   (4) 
 

In Equation (4),  is the shape 
parameter and  is the scale parameter.  The 
parameter  is also called the characteristic 
life.  The parameter  is dimensionless, 
whereas, the parameter  has the same units 
as the data being correlated by the 
distribution.   In this case that is the 
fractional conversion.  The Weibull 
distribution defines the reliability of the flare 
as a function of the fractional conversion.  
This is given by Equation (5). 

 
R y y( ) exp { ( / ) )}   (5) 
 

The parameters of the Weibull 
distribution are derived from the failure data 
obtained during the velocity testing of the 
flare.  The mean of the Weibull distribution 
and other statistical parameters is well 
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described by Nelson (1983), and is given in 
Equation (6).   
 
E y( ) {1 (1/ )}   (6) 
 
 The kinetic parameters are 
correlated using a form of the Eyring 
equation given in Equation (7). 
 

A Ak C k E RT B RH0 0{ / } exp{ / } exp{ * }
 
     (7) 

 
RESULTS 

 
Degradation Rates for Flares 
 

A plot of fractional conversion vs 
time for an M206 flare is shown in Figure 
(2).  The flares are from two different 
manufacturers called K and T in this paper.  
Flare T72 shown in Figure (2) was aged for 
about 50 days at 205 F and 60 % relative 
humidity.  Note the linearity of the curve.  
This is typical of the data obtained in this 
study.  
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Figure 2.  Fractional Conversion of 
Magnesium as a function of time 

 
In a similar manner the kinetic 

parameters were obtained for a number of 
flares aged at a variety of conditions.  Many 
replicates were done in order to assure the 

validate the model.  Typical rate data at a 
number of experimental conditions are 
shown in Tables I and II. 

 
 

Table I.  Kinetic data for the T group 
 

Sample 
Id 

 
{dXA/dt} x 
103 (day-1) 

Temp 
(°F) 

Rh 
(%) 

        
T100 3.495 225 40 
T101 0.62392 165 40 
T102 0.48025 165 40 
T109 0.4853 165 40 
T110 0.47873 165 40 
T111 0.4873 165 40 
T217 0.190505 150 60 
T223 0.262265 150 60 
T231 0.211627 150 60 
T247 0.258085 145 75 
T58 3.2721 205 60 
T63 4.0967 205 60 
T64 3.14706 205 60 
T66 1.7391 185 70 
T69 1.9307 185 70 
T71 3.0818 205 60 
T72 2.8401 205 60 
T80 1.8155 185 70 
T81 1.9724 185 70 
T83 3.2773 225 40 
T84 3.429 225 40 
T90 3.7256 225 40 
T93 0.48845 165 40 
T96 0.42325 165 40 
T98 3.6731 225 40 
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Table II.  Kinetic data for the K group 
 

Sample 
Id 

 
{dXA/dt} x 
103 (day-1) 

Temp 
(°F) 

Rh
(%)

     
K246 0.7415 145 75 
K247 0.76415 145 75 
K248 0.76718 145 75 
K287 0.80624 145 75 
K218 0.7239 150 60 
K219 0.73809 150 60 
K222 0.71027 150 60 
K223 0.6998 150 60 
K87 0.72087 165 40 
K88 0.70351 165 40 
K89 0.7948 165 40 
K63 2.4042 185 70 
K64 2.4258 185 70 
K73 3.10258 185 70 
K65 5.2536 205 60 
K66 4.0044 205 60 
K74 4.342 225 40 
K83 4.308 225 40 
K91 3.462 225 40 

  
The parameters developed from the 

kinetic data for the Eyring equation are 

presented in Tables III and IV  for the K’s 
and the T’s respectively. 
 

Table III.  Eyring Equation Parameters 
for the K’s. 

 
Parameter Parameter Value 

  
k0 684326910.1602 sec-1 

(-EA/R) 13609.8465 K 
B 0.0262 (%RH)-1 

 
Table IV.  Eyring Equation Parameters 

for the T’s. 
 

Parameter Parameter Value 
  

k0 872846029.1242 sec-1 
(-EA/R) 13830.6652 K 

B 0.0221 (%RH)-1 
  

The kinetic parameters (k/CA0)  are 
plotted on an Arrhenius plot in Figures (3) 
and (4) for the K’s and T’s, respectively.  
Note that the levels of humidity appear as 
parallel lines on this plot.  The humidity 
levels 20, 40, 60 and 80 % RH are 
represented as straight parallel lines on these 
plots.   
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Figure 3.   Arrhenius Plot for the K’s  
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Figure 4.   Arrhenius Plot for the T’s  
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Velocity Test Data 
 
 The flares have both velocity and 
intensity performance requirements.  In 
order to relate the level of degradation to 
performance characteristics, flares of 
varying levels of degradation were subjected 
to velocity testing.  Those data appear in 
Tables V and VI for the K’s and T’s 
respectively.   

 
Table V.  Attribute Data for the K’s 

 

 
 

Table VI.  Attribute Data for the T’s 
 

ID FRAX  
CONV 

ATTRIBUTE Velocity
 (ft/sec) 

    
T200 0.00569 O.K. 184.8 
T201 0.00638 O.K. 157.3 
T202 0.0109 O.K. 176.8 
T203 0.0127 DUD   
T204 0.024 DUD   
T205 0.025 DUD   
T206 0.028 DUD   
T207 0.029 DUD   
T208 0.02075 DUD   
T209 0.02617 DUD   
T210 0.01909 DUD   
T211 0.01003 O.K. 170.1 
T212 0.02738 DUD   
T213 0.01015 O.K. 182.4 
T214 0.00029 O.K. 126.7 
T215 0.00056 O.K. 162.9 
T216 0.00655 O.K. 162.9 
T217 0.0064 O.K. 157.9 
T218 0.00829 O.K. 165.3 
T219 0.01056 DUD   
T220 0.01161 O.K. 176.9 
T221 0.00331 O.K. 160.4 
T222 0.01182 O.K. 174.5 
T223 0.01551 O.K. 173.9 
T230 0.01262 O.K. 170 
T231 0.01228 O.K. 186.6 
T232 0.01197 O.K. 178.1 
T85 0.02782 DUD   
T99 0.033 DUD   
T97 0.034 DUD   

T100 0.032 DUD   
T104 0.033 DUD   
T103 0.027 DUD   

ID FRAX  
CONV 

ATTRIBUTE Velocity
 (ft/sec)

    

K200 0.0098 O.K. 105.3 

K201 0.0111 DUD   
K202 0.0165 O.K. 138.6 
K208 0.0154 O.K. 139.6 
K210 0.0141 DUD   
K211 0.015 DUD   
K213 0.016 O.K. 131.1 
K214 0.0036 O.K. 152.5 
K215 0.00504 O.K. 153.3 
K221 0.0148 O.K. 136.9 
K216 0.0201 O.K. 151.9 
K217 0.01878 O.K. 150.8 
K218 0.02409 O.K. 156.7 
K219 0.02837 O.K. 142.9 
K220 0.03067 O.K. 139.4 
K222 0.0301 O.K. 119.7 
K232 0.03449 O.K. 115.6 
K230 0.03389 O.K. 95.6 
K231 0.03351 O.K. 115.8 
K79 0.02338 O.K. 77.4 
K82 0.02328 O.K. 79.1 
K85 0.0165 O.K. 92.4 
K86 0.0176 O.K. 88.1 
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If the flare did not light, it was 

considered a dud.  The velocities obtained 
during the testing are also included.   When 
the flare did not light, there was no velocity 
measurement. 
 

The parameters obtained for the 
Weibull distributions for each of the flare 
types are given in Table VII.   

 
Table VII.  Weibull Parameters and KS 
fitting results for K’s and T’s 

 
 

Type N r Scale 
Para-
meter 
( ) 

Shape  
Para-
meter 
( ) 

     
K’s 23 3 .0716097 1.6664 
T’s 33 16 .0281133 5.00822 

 
The scale parameter ( ) is indicative 

of the fractional conversion corresponding 
to the characteristic life which is the 63 
percentile.  That is for the K’s when the 
fractional conversion has reached a value of 
.0716097, then 63 % of the flares will fail 
the velocity test.  For the T’s that number is 
.0281133.  Thus the T’s will fail at a lower 
fractional conversion than the K’s.  The 
histograms and probability density functions 
for the T’s are shown in Figure 5, and for 
the K’s are shown in Figure 6.  
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Figure 5.  Fitted Weibull Distribution for 
the T’s 
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Figure 6. Fitted Weibull Distribution for 
the K’s 

 
Reliability Degradation Curves 
 
 The reliability degradation curves 
during controlled storage are shown on the 
same plot in Figure 7.  Those predictions 
indicate that the T flares exhibit higher 
reliability initially in the degradation 
process.  Then at about 8 years, the T 
reliability starts to degrade at a much faster 
rate than the K’s.  The reliability is about .8 
when the transition occurs.  At that point, 
the T flares exhibit a lower reliability than 
the K flares.  This is due to design 
differences between the two flares. 
 
 The reliability degradation curves 
during uncontrolled storage are shown for 
the K and T flares in Figure 8.  The 
uncontrolled storage scenario is a 24 hour 
diurnal cycle taken from AR 70-38 (AR 70-
38, 1979) 
 
 Note that for both the controlled and 
uncontrolled reliability degradation curves, 
that the curves cross.  Initially, the T’s have 
a higher reliability, but as the degradation 
level increases, the curves cross and the T’s 
have a higher degradation rate than the K’s.   
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Figure 7.   Reliability of M206 Flares as a 

function of time during controlled 
storage. 
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Figure 8.   Reliability of M206 Flares as a 

function of time during Uncontrolled 
storage. 

 
The flare reliability and the 

corresponding storage life estimates for 
controlled and uncontrolled storage are 
shown in Tables VIII and IX for the T’s and 
K’s respectively.  The uncontrolled storage 
profile was obtained from the hot and humid 
cycle given in AR 70-38.  The data points in 
Tables VIII and IX points are taken from the 
graphs shown in Figures 7 and 8. 
 
 

Table VIII. T Flare Reliability During 
Controlled and Uncontrolled Storage 

 

Reliability
Controlled 
Strorage 

Life (Years) 

Uncontrolled 
Storage Life 

(Years) 
1.00 0 0 
.999 2.478 .341 
.990 3.965 .535 
.98 4.532 .617 
.95 5.488 .748 
.50 9.241 1.25 

 
Table IX.  K Flare Reliability During 
Controlled and Uncontrolled Storage  

 
Reliability Controlled 

Strorage 
Life (Years) 

Uncontrolled 
Storage Life 

(Years) 
1.00 0 0 
.999 .290 .036 
.990 1.184 .142 
.98 1.790 .215 
.95 3.158 .378 
.50 15.106 1.802 

 
 
SUMMARY

A methodology has been developed 
to provide models, data and estimates of the 
reliability degradation rates of the M206 
flare as a function of storage temperature 
and humidity.  Reaction kinetic models have 
been used in conjunction with statistical 
distribution theory to develop algorithms for 
reliability prediction of the flare.  
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Accelerated aging has been used to 
induce degradation in the flare.  Flares were 
exposed directly to elevated levels of 
moisture and temperature. 
 

Experimental data have been 
obtained at a number of temperature-
humidity combinations in order to develop 
reaction kinetic models for the rate of 
degradation of M206 flares from two 
different manufacturers.  Degradation rates 
have been obtained on multiple samples at 
each experimental condition in order to 
assess the homogeneity of the population 
and to evaluate the variance in the data. 

 
Also, flares at varying degrees of 

degradation have been tested for 
performance using the velocity test.  Flares 
that failed to light were considered duds, and 
a Weibull distribution was used to 
characterize the degradation effect on 
reliability.  These expressions have been 
well correlated with temperature and 
humidity using the Eyring equation. 

 
CONCLUSIONS 
 
 The M206 flares are sensitive to 
moisture intrusion by design.  The same 
passage way that allows the ignition flame 
to light the pellet, allows for transmission of 
moisture into the pellet which results in the 
reaction of magnesium and water to form 
magnesium hydroxide. 
 
 In this study the two different 
designs had different reaction rates at the 
accelerated aging conditions.  Each of the 
flares has a three year lifetime as guaranteed 
by each of the manufacturers.  The results 
indicate that at that time, the reliability will 
be better than 99 % for the T’s, whereas the 
K reliability is about 95 % at that time.  The 
results are based on limited velocity data.  
Experimental determination of the reliability 
using these test methods requires additional 
data.  Also, intensity data are being 
characterized in a methodology analogous to 
that used for the velocity data. 

 
 Note that in this study, the flares 
were exposed directly to the stress 
conditions.  The little red caps that protect 
the flares on the piston end popped off 
during the accelerated aging procedure due 
to hydrogen gas formation.  Any protection 
offered to the flare by the packaging (red 
caps, and the flares are in ammo cans) was 
neglected in this study, therefore, the 
predictions may be shorter than the actual 
time.   
 
FUTURE WORK 
 
 Additional velocity test data as well 
as intensity data are still being collected on 
flares which have been subjected to 
accelerated aging.  The additional velocity 
data will influence the reliability predicitons.   
 

The reliability predictions in this 
paper have been based on velocity test data.  
Additional intensity data is being collected.  
If the intensity test data indicate that the 
intensity is more prone to degradation than 
the velocity, then the reliability must be 
based on the intensity data.   

 
The concept of a critical component 

is discussed in Nelson (1982).  The concept 
involves noting that the reliability of a piece 
of equipment is only as good as the weakest 
link.  This can be extended to performance 
characteristics for ammunition.  Thus, the 
first characteristic to go out of specification, 
is the one on which the lifetime (and 
corresponding reliability) must be based.   

 
That is if the velocity is still o.k. at a 

certain level of degradation, but the intensity 
is not o.k., then the item fails due to the 
intensity requirement, and the reliability and 
lifetimes must be based on that performance 
characteristic. 
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THERMAL PARAMETERS OF THE BURNING WAVE
FOR SODIUM NITRATE/ MAGNESIUM/ ORGANIC ADDITIVE 

PYROTECHNIC MIXTURES 

Varyonykh N.M. , Obezyaev N.V. , Sheludyak Yu.E.*

Abstract

Within the limits of the enthalpy approach the analysis of experimental data on the burning rate for 
stoichiometric sodium nitrate/ magnesium mixture with addition of phenol-formaldehyde resin SF-0112 
(iditol), epoxide resin ED-5 and naphthalene has been carried out. 
It was found that introduction of organic additives into a two-component mixture does not cause any 
changes in the chemism of the combustion process in the low temperatures zone, but it leads to significant 
reduction of energy release in the high temperatures zone. 

Introduction

In study [1] as a result of analysis of experimental data on the burning rate for magnesium/sodium nitrate 
mixtures the common functional dependence of the burning rate of these mixtures on different variables 
has been calculated: porosity , particle size of magnesium dm, particle size of the oxidizer do,
magnesium content X and temperature T:

),(),,,(
),,,(

XThXddh
Xddqu

omm

omm , (1) 

where u – the linear rate of combustion, – the density of mixture, h(T,X) – the enthalpy of mixture, qm
and hm – the heat flow and the enthalpy in the critical section of the burning wave at the temperature Tm.
In the particular case of stoichiometric mixture X = 0.462 with particle sizes dm = 130 m and do = 120 

m the parameters of the critical section of the burning wave are determined by the following ratios: 

hm = 612.6 kJ/kg;  qm = 6825 + 11251 , kJ/(m2. s)  (2) 

Generally pyrotechnic compositions contain, besides an oxidizer and a fuel, some organic additives, 
which play the role of a binder and a fuel. Addition of organic substances to pyrotechnic compositions 
may significantly influence the combustion mechanism of them. In this study the analysis of experimental 
data [5] on the burning rate for stoichiometric NaNO3 / Mg mixture with addition above 100% of phenol-
formaldehyde resin SF-0112 (iditol) in the amount of 5% and 10%, epoxide resin ED-5 (5% and 10%) 
and naphthalene (5%, 10% and 15%) has been carried out within the limits of the enthalpy approach [2 – 
4]. 

1. Method of Analysis of Experimental Data 

In the basis of analysis of experimental data there is the equation (1), which comes out from the law of 
conservation of energy for reactive system. In the coordinates h – (u )-1 the experimental data on the 
burning rate can be placed on a straight line what allows to determine the thermal parameters in the 
critical section of the burning wave qm and hm at constant values of other parameters: X, do, dm, .

 Federal Scientific and Production Centre "Scientific Research Institute of Applied Chemistry", Sergiev Posad, 
Moscow Region, Russia 
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The value of the heat flow in the critical section of the burning wave qm is determined by heat-generation 
process during chemical reactions in the zone of high temperatures as well as by the process of heat 
transfer from the zone of high temperatures to the critical section of the burning wave. The value of the 
maximum enthalpy in the critical section of the burning wave qm is a physicochemical characteristic of a 
combustible system and it is determined by the nature of a combustible system as well as by the kinetics 
of chemical reactions in the zone of low temperatures. It is a quantity of heat, with the help of which an 
inert system can be heated to the temperature T*. The temperature T* is connected with the temperature in 
the critical section of the burning wave Tm with the help of the following equations: 

*

2

TT
T

R
E

m

m (3)

where E – energy of activation and R – universal gas constant. 
Thus the mass burning rate u  is determined by the initial energetic condition of a combustible system – 
its enthalpy h and two parameters in the critical section of the burning wave hm and qm which do not 
depend on the initial temperature. 
Expression for the temperature coefficient of the burning rate looks like this: 

hh
c

T
u

m

P
T

)ln(
 (4) 

The value of T does not depend on the conditions of heat exchange with the surroundings but it is 
determined only by the values of the parameter hm, heat capacity cP and enthalpy h of a combustible 
system. 
In the zone of high initial temperatures, where during the period of thermostatting T the heat generation 
from chemical reaction becomes noticeable, the equation (1) looks like this: 

),(Q Tm

m

Thh
qu  (5) 

where Q - the thermal effect of reaction,  (T, T) – the part of reacted combustible system at the 
temperature T during the time T.
Expression for the temperature coefficient of the burning rate in the zone of high initial temperatures 
looks like this: 

Q
Q
hh

Tc
m

P
T  (6) 

The value of T  in this zone of initial temperatures may be negative, but the burning rate dependence on 
the initial temperature passes through the maximum and has got the limiting value at T  T*: 

Qmqu (7)

Therefore at those initial temperatures, which are near the temperature of self-ignition, the dependence 
)(1 hfu  deviates from the linear one and the analysis of experimental data at those initial 
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temperatures will result in misrepresentation of the values of the parameters hm and qm.

2. Experimental Data on the Burning Rate  for Sodium Nitrate / Magnesium /Organic Additive 
Pyrotechnic Mixture 

In Table 1 there are the experimental values of the burning rate for triple systems – sodium 
nitrate/magnesium/organic additive at initial temperatures 213, 293 and 473 K which were obtained in the 
study [5]. The initial stoichiometric mixture contained 46.2% Mg and 53.8% NaNO3. Then 5% and 10% 
of iditol and epoxide resine ED-5 as well as 5%, 10% and 15% of naphthalene were added to the initial 
mixture above 100%. The average particle size of NaNO3 was 120 m and that of magnesium – 130 m. 
The mixture was pressed into paper shells with the inner diameter of 15 mm, the porosity was  = 0.2. 
The samples were thermostatting and burnt in massive steel capsules. 

Table 1 Experimental Data on the Burning Rate for Triple Systems – Sodium Nitrate/Magnesium/Organic Additive 
Burning rate u, mm/s  

at the initial temperature T, K Additive % of additive (above 
100%) 

213 293 473 
    Without any additive  

0 8.15 9.2 14.6
    

5 4.82 5.46 9.17Phenol-formaldehyde 
resin SF-0112 10 3.45 3.97 7.44

5 4.7 5.25 7.55Epoxide resin  
ED-5 10 2.65 3.0 -

5 6.46 7.32 15.4
10 6.95 7.62 17.7Naphthalene
15 6.62 7.41 20.6

Temperature dependences of density , heat capacity cP and enthalpy h, which are necessary for 
evaluation of the parameters hm and qm , were calculated on the basis of the reference data [6]. 

3. Results of Experimental Data Analysis 

The values of parameters in the critical section of the burning wave hm, qm and T* at the initial 
temperatures T = 213 ... 473K and T = 213 … 293 K are given in Table 2. These values have been 
obtained as a result of analysis of experimental data [5] on the burning rate for sodium 
nitrate/magnesium/organic additive pyrotechnic mixtures. In Table 2 there is also the root-mean-square 
error of approximation of experimental data su for the initial temperatures range T = 213...473K. 
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Table 2 Thermal Parameters of the Burning Wave for Sodium Nitrate/Magnesium/Organic Additive Mixtures 
T = 213 … 473K T = 213 … 293K 

Additive % of 
additive hm,

kJ/kg
qm,

kJ/(m2s)
su,
%

T*,
K

hm,
kJ/kg

qm, kJ/(m2s) T*,
K

Without any 
additive 0 612.6 9075 1.0 682.5 637.6 9646 699.8 

5 573.5 4868 0.4 650.3 622.2 5248 683.4 Iditol 10 508.4 3064 0.5 602.2 551.0 3297 630.5 
5 744.2 5996 0.3 768.9 704.8 5698 742.4 Epoxide resin 

ED-5 10 - - - - 619.2 2785 682.7 
5 461.2 5393 1.8 579.6 625.1 7032 671.4 

10 461.7 5518 3.4 579.6 898.9 10220 835.8 Naphthalene
15 417.7 4718 3.2 556.0 798.0 7789 752.1 

For the initial two-component mixture the value of hm corresponds to T* = 682.5 K. The analysis of 
experimental data in the initial temperatures range T = 213 …473 K shows that addition of iditol to the 
mixture results in decreasing in the value of T* to 653.5 … 602.2K but addition of epoxide resin ED-5 
results in increasing in the value of T* to 769 K. Addition of 5% and 10% of naphthalene to the mixture 
causes decrease in the value of T* to the melting temperature of sodium nitrate T = 579.6K but addition 
of 15% of naphthalene gives the value of T* = 556 K. 
However if we determine the parameters of the critical section of the burning wave in the low initial 
temperatures range T = 213 … 293 K, we will have the values of T* for mixtures with all kinds of 
additives which are near the values obtained for the initial two-component mixture. If we use the value of 
the enthalpy at T = 682.5K as the value of hm, we'11 see (it can be seen in Table 3) that the error of 
description of the initial data at the temperatures 213 K and 293 K for sodium nitrate/magnesium/organic 
additive mixtures is not more than the error of experiment. 

Table 3 Deviations in experimental data on the burning rate for sodium nitrate/ magnesium/organic additive 
mixtures at initial temperatures 213 K and 293 K as compared to the data calculated according to the equation (1) 
using the value of hm corresponding to T* = 682.5K 

Additive % of additive hm,
kJ/kg

qm,
kJ/(m2s)

su,
%

5 620.8 5237 0.1Iditol 10 628.3 3731 0.8
5 615.9 5000 1.0Epoxide resin  

ED-5 10 618.9 2783 0.1
5 641.5  7206 0.1

10 667.4 7700 1.4Naphthalene
15 691.7 7473 0.2

According to the data [5] the decrease in the mass of the samples after keeping them at the temperature 
473 K during 3 hours is 0.7 ... 1.0% for the two-component mixture and the mixtures containing iditol and 
epoxide resin ED-5 what corresponds to natural water content in the samples. For mixtures containing 
naphthalene the decrease in the mass is 4.9%, 8.2 ... 8.9% and 11.5% at naphthalene content (above 
100%) 5%, 10% and 15% correspondingly. At the temperature T = 473 K a significant part of 
naphthalene is evaporated what results in increase in the sample porosity; the chemical composition of the 
mixture approximates to that of the initial two-component mixture.  If at the temperature T =473K all the 
naphthalene is evaporated from the mixture, the porosity of the samples will increase from  = 0.2 to  = 
0.279, 0.344 and 0.398 at naphthalene content in the initial mixture 5%, 10% and 15% correspondingly. 
The values of the burning rate for the two-component mixture at T = 473 K, which have been calculated 
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at these values of porosity using the parameters hm and qm (2) are 17.8, 21.0 and 24.1 mm/s which 15.4 … 
18.5% are higher than the experimental data on the burning rate for the triple mixture at naphthalene 
content 5%, 10% and 15%. Thus the sharp increase in the burning rate of triple mixtures sodium 
nitrate/magnesium/naphthalene at T = 473 K is caused by the increase in the sample porosity due to 
naphthalene evaporation. The use of these experimental data on the burning rate for evaluation of the 
parameters in the critical section of the burning wave results in anomaly low values of T*. The analysis of 
low temperatures data only gives the values of T* which agree very well with the results obtained for the 
two-component mixture and the mixtures containing iditol and epoxide resin ED-5. 
Thus addition of iditol, epoxide resin ED-5 or naphthalene to the two-component mixture sodium 
nitrate/magnesium does not cause any significant changes in the temperature in the critical section of the 
burning wave Tm. The chemism of the combustion process for triple mixtures and the two-component 
mixture in the low temperatures zone is the same and it is determined by interaction between the oxygen, 
generated at the initial stage of sodium nitrate decomposition, and the metal fuel. However addition of 
organic additives exerts significant inhibiting influence upon energy release in the high temperatures zone 
which results in decrease in the values of qm on 41 … 59% ( as compared to the two-component mixture) 
when using iditol, on 45 ... 69% when using epoxide resin ED-5 and on 15 … 21 % when using 
naphthalene.
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ABSTRACT 

This paper describes the attempts to obtain deep red flames with lithium based compositions. It had been 
reported earlier that lithium based compositions hardly give a red flame. It was observed instead that an-
hydrous lithium perchlorate, LiClO4 when mixed with urotropine, C6H12N4, would rather give a pink than 
a red flame. Thus it had speculated about the underlying cause of this and proposed that both hydrogen 
and halogen content of a flame should affect the color purity of a lithium based flare composition. Based 
on this assumption some propositions were made for lithium based red flame compositions. Later it was 
also concluded that flame temperature could also adversely affect the color purity. Some lithium based 
compositions have been tested. It now appears that it is possible to obtain deep red flames with lithium 
based formulations.  

Introduction

The range of useful color agents for pyrotechnic 
compositions is quite narrow. Atomic sodium, 
Na(g) and potassium, K(g) - the most abundant 
species in fireworks - impart intense yellow [1] 
or lilac color [2] whereas molecular calcium, 
strontium, barium and copper species yield or-
ange-red (CaOH, CaCl), red (SrCl, SrOH), green 
(BaCl) and blue  (CuCl) flames [3]. Although 
the introduction of a halogen other than chlorine 
may shift the color value of both copper or the 
alkaline earth species [1] this is rarely practiced 
[4]. Dumont reported about the suitability of 
both lanthanum, zirconium and molybdenum 
acetylacetonates to obtain white, dazzling white 
and citron colored flames with ammonium per-
chlorate as oxidizer [5]. It was also speculated 
that a number of other lanthanides could serve as 
potential color agents as well [6]. Basse et al.
proposed to use zinc benzoate to obtain white 
lights with nitrate based formulations [7]. 
Jennings-White looked into the potential of a 
large series of compounds from across the peri-
odic system of elements to serve as potential 
color agents [8]. However it was discovered that 
neither atomic indium nor thallium are suitable 

color agents for pyrotechnic flames. Likewise it 
was confirmed that the atomic alkali metals cae-
sium and rubidium do not yield either blue or 
dark red flames as the latin origin of their desig-
nations may imply but intense lilac [8]. Koch
provided a review on the application of both Cs- 
and Rb- compounds in pyrotechnics [9].  

Another material which is quite 
frequently erroneously cited as 
pyrotechnic color agent in 
chemistry textbooks but actu-
ally doesn’t find use is the 
third element of the periodic 
table of elements: lithium, al-
though the atomic emission, 
Li(g), in the lab burner gives a 
beautiful carmine aspect 
(2s2 2p2) transition (Fig. 1). 

Figure 1 Lab burner test with lithium chloride 
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The present authors started investigating Lith-
ium some time ago.  

CJW succeeded in obtaining a beautiful pink 
colored flame from both lance and strobe com-
position given in table 1   

Table 1 Experimental compositions us-
ing LiClO4 as oxidizer

Application Lance  Strobe 
Reference [8] [10] 
LiClO4 50 50 
Hexamethylentetramine, 
C6H12N4

75 25 

Some time ago Webb reported about a lithium 
based formulation and gave color values and 
saturation which are reproduced below [11, 12]. 

Table 2 Webbs’ experimental formula-
tion

Application RW-01 
Reference [11] 
KClO4 50 
LiNO3 50 
Hydrocarbon fuel (PC III) 15 
Pergut® 5 
Magnesium 5 

Figure 2 VIS spectrum of RW-01 taken 
from [11] 

The purity of RW-01 is only 22.6 % and the 
complementary dominant wavelength is 505 nm 
(the direct projection of the (x = 0.372,  y = 
0.294) value is on the non-spectral line). The 
color aspect of RW-01 is rather a washed out 
pink opposed to the anticipated red that as is e.g 
obtained with traditional formulations such those 
mentioned in Ref. [13] based on 

(Sr(NO3)2/Mg3Al4/PVC/Red Gum: 60/20/10/10): 
x = 0.653, y = 0.315 indicated TR in Figure 3. 

Figure 3 Traditional red TR and Webb’s 
formulation RW-01

ECK looked into the possible causes for the odd 
color aspect and low color saturation of lithium 
based pyrotechnic flames. He speculated that 
halide formation, which is benefcial for alkaline 
earth emitters and copper is problematic with 
lithium as it reduces the concentration of lithium 
in the flame and as LiCl(g) itself is not emitting 
in the visible range but in the UV [14]. Thus he 
assumed that any means to scavenge halogens 
from perchlorate based oxidizers should in prin-
ciple improve the color value of a Li based 
flame. In addition he assumed that LiOH(s) for-
mation and subsequent broadband emission 
would deteriorate the flame color as well [15].  

In view of the above speculations the author 
proposed to add aluminium to Li based flames in 
order to increase the Li content of the flame and 
improve the color value as both enthalpy and 
free enthalpy of the corresponding reaction are 
negative in the typical flame temperature range. 

LiCl(g) + Al(g)

 Li(g) + AlCl(g), H < 0, G < 0          (1)
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Experimental Results 

CJW’s pink star formulation [16] was chosen to 
test for the validity of the hypothesis, as lithium 
oxalate, Li2C2O4, is an anhydrous material it of-
fered the most convenient way to introduce lith-
ium in a pyrotechnic composition. 
.

Table 3     CJW pink star composition 1 [16]

Ingredient   wt-% 
Potassium perchlorate 60 
Lithium oxalate 25 
Dextrin 5 
Gummi accroides 10 

A similar composition had been investigated 
earlier by Eisenreich (Li2C2O4 / KClO4 / Gummi 
accroides / Dextrin: 60/20/15/5) [17].  

Although thermodynamic calculations       [18] 
for the above system (1 + Aluminum) did not 
promise a particular reduction in LiCl content 
the Li content was predicted to increase steadily 
with rising aluminium content as is displayed in 
Figure 4. Likewise the flame temperature is ex-
pected to increase significantly with the intro-
duction of a metallic fuel (1600 – 2800 K 

Figure 4 Adiabatic composition of test 
formulations listed in Table 2 

Formulation # 6 was tried in order to avoid any 
interference from potassium (x = 0.676, y = 

0.238, [3]). With composition # 6 the LiOH con-
tent is even lower than with # 3 (see table 4).  

Table 3 Test compositions

Formulation-Nr.  1 2 3 4 5 6 
KClO4 60 60 60 60 60 -- 
NH4ClO4 -- -- -- -- -- 60 
Li2C2O4 25 25 25 25 25 25 
Aluminum 0 5 10 15 20 26 
Dextrin 5 5 5 5 5 5 
Gummi accroides 10 10 10 10 10 10 

Table 4 Adiabatic composition of formu-
lation # 6

Mole frac-
tion 

Li LiCl LiOH Temperature 
/ K 

X 0.0106 0.0967 0.0126 2902 

Table 5 Color values of test composi-
tions  

Nr.  1 2 3 4 5 6 
X 0.516 0.528 0.565 0.540 0.532 0.569 
Y 0.327 0.325 0.337 0.325 0.320 0.365 
x+y 0.843 0.853 0.902 0.865 0.852 0.934 

Table 6 Dominant wavelength, d and 
saturation , of test composi-
tions  

Nr.  1 2 3 4 5 6 
d [nm] 614 616 609 615 620 600 

53.1 55.7 70.4 59.6 55.5 80.3 

Discussion 

Addition of aluminium to CJW pink star formu-
lation # 1 improves the saturation but shifts the 
dominant wavelength to the orange range. Sub-
stitution of potassium perchlorate by ammonium 
perchlorate (composition # 6) although display-
ing highest saturation (  = 80.3) is significantly 
shifted towards orange red as is witnessed by the 
low dominant wavelength (see Figure 6).  
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Figure 6 also shows that saturation and dominant 
wavelength follow opposite trends. That is at 
high saturation the flame shows low dominant 
wavelength and vice versa. However it is not 
known so far if there is a mechanistic link or if 
this is just by coincidence. The dominant wave-
length and saturation for the test formulations 
are given in table 6. 

Figure 5 Color coordinates of test com-
positions 

Figure 6 Dominant wavelength and Satu-
ration of compositions 

The most significant effect upon addition of 
aluminum is observed at 10 wt-% Al (composi-
tion # 3) with a high saturation (70.4 %) at 609 
nm dominant wavelength (table 6). This surpris-

ingly coincides with a local decrease in LiOH 
content. 
A closer look reveals a relation between the 
LiOH level with the saturation which is depicted 
in Figure 7. To cover a broader span of composi-
tions Webbs’ formulation RW-01 was taken into 
account as well (x(LiOH) = 0.11845).  
The saturation linearly decreases with increasing 
LiOH content of the flame (correlation coeffi-
cient, R = 0.985).  

Figure 7 Saturation versus LiOH relation 
of investigated compositions

The potassium free test composition 6 displays 
the lowest LiOH content (see Figure 7).

So far no satisfying answer can be given as to 
how an increase of the dominant color wave-
length can be obtained.   
Boiteux [19], Douda [20] and Dillehay [21] had 
noted that the Li-line width increases with in-
creasing Li atom density in the flame. In view of 
the orange red line due to 2p2 3d2 transition at 
610 nm this could explain the overall orange as-
pect of the high Li density formulations (compo-
sitions 4 - 6).

Likewise it is known from Boltzmann’s law that 
transitions between higher states (2p2 4d2) be-
come more populated at higher temperatures and 
thus increase overall orange emission as well. In 
view of the constantly increasing temperature 2 - 
6 this would explain   
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Conclusion

It can be concluded that deep (that is saturated) - 
dark red (that is long dominant wavelength) Li 
based flames require: 

low LiOH(g)

low Li(g)

low temperature.  
Whereas keeping the Li concentration as low as 
necessary is easily achieved, affecting both 
LiOH and temperature level may require more 
sophisticated means. 

It has been shown that aluminum metal partly 
affects both LiOH and Li level, however exces-
sive addition of aluminium will also cause a 
temperature increase and thus deteriorate effects 
caused by LiOH reduction.  
Possibly the use of relatively volatile aluminium 
compounds (e.g.: acetate, benzoate, oxalate, 
pentandionate) which do not affect the flame 
temperature as much as the pure metal could 
achieve better results. Likewise the use of other 
metals as e.g. Mg, Ti, Zr, Zn in either pure form 
or as complex fuels (pentandionates, acetate) 
could help in affecting both LiOH level and 
temperature. 
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Abstract The electric initiator is wildly used in the ammunition. The performance of the electric 
initiator after many years of storage is very important in China. In the present paper, the performance 
such as firing, sensitivity, delaying time and output of a kind of electric initiator is studied by aging 
test. The relationship between the performance parameter and the storage life of initiator is analyzed. 
The results show that material erode is more important to the life of the initiator.
keywords initiator, aging test, storage life

1  Introduction 
The electric initiator is wildly used in the ammunition especially in China[1-3]. In order to insure the 

electric initiators can be used after long term storage ( more than 5 to ten years ), the disable character of the 
electric initiators during the long term storage should be studied. Aging test is the one of the method in 
comment used. In the present paper the performance such as firing, sensitivity, delaying time and output of a 
kind of electric initiator is studied by aging test.   

2  Experimentation 
2.1 Experimental Sample  

In present paper a wildly used electric initiator is used as the test sample. Figure 1 shows the main part of 
the sample named match. The main component of the match is the LTNR. The material of bridge is 6J20.  

Fig.1  Match of the sample 

2.2 Experimental process    
In order to study the performance of the electric initiator, the aging test is designed as table 1.  
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Table 1  Process of the test 

No. 
Test condition 

T/d N/unit 
Temperature/ °C Humidity /% 

1 65 70 14 10 

2 65 70 28 10 

3 70 70 42 10 

4 70 70 56 10 

5 75 70 70 10 

6 75 70 84 10 

3  Experimentation results and Discussion
3.1 Firing test 

In order to study the performance of the electric initiator after long time storage, the firing test is 
accomplished after the aging test. The equipment of the firing test is showed as Figure 2. Table 2 shows the 
results of firing test. Figure 3 shows the change of the feet material of the electric initiator that became 
corroded at the time of 14 days, 28days, 56days and 84days. 

Fig.2  Equipment of the firing test 

Table 2  Firing test results after aging test 

No. 
Test condition 

T/d N/unit
Number of 

no fire Temperature/ °C Humidity /% 

1 65 70 14 10 0 

2 65 70 28 10 1 

3 70 70 42 10 1 

4 70 70 56 10 5 

5 75 70 70 10 6 

6 75 70 84 10 8 
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Fig.3  Rust on the feet of the sample in different test time 

Table 2 shows that the number of no fire is increased with the test time. The phenomena inferred that the 
performance of test sample is changed after the aging test. The obvious change is that the material of the feet of 
the electric initiator is rusted. Because of the rust the feet of the electric initiator is broken. So the firing test can 
not be carried on.  
3.2  Sensitivity test 

Sensitivity is most important performance of the electric initiator. So in the paper the change of the 
sensitivity after aging test is studied. Table 3 shows the change of the sensitivity of the sample after aging test. 
The sensitivity test is accomplished by D-optimality[4,5].

Table 3  Sensitivity test results after aging test 

T/d 0 28 56 70 84 

/V 9.884 9.970 10.14 10.29 11.36 

 0.883 0.657 0.860 0.868 0.885 

The results in table 3 shows that the sensitivity of the sample is increased with the test time. It is inferred 
that the electric initiator is insensitive after the aging test. 
3.3  Delay time and output test 

The delay time and output is the more important to the electric initiator. In the present paper test that can 
measured the delay time and the output of the detonator is designed. Figure 4 shows the sketch map of the test 
system. Figure 5 is the sample picture fit in. Figure 6 shows the results of the delay time of the sample in 
different aging test time. Figure 7 shows the changing of the output with the test time. The fig.6 and fig.7 show 
that the test time is affected the delay time and the output. Nevertheless the changing of the sensitivity with the 
test time is more obvious that the changing of the delay time and the output.   
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Fig. 4  Sketch map of the test system 

Fig. 5  Picture of the test sample fit up 

Fig. 6  Results of the delay time 
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Fig. 7  Results of the output 

4  Conclusions 
After the aging test, the performance of the electric initiator that we studied is obviously changed. First the 

feet of the sample is rust, so the material erode is more important to the initiator. Second the sensitivity is 
increased with the test time. At last the delay time and the output of the detonator is changed. However, the 
change of the sensitivity is obviously. 
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ABSTRACT 
 
To facilitate the planning of accelerated ageing of substances having only limited knowledge about their 
degradation behaviour it is useful to apply extrapolation procedures which enable to establish the thermal 
equivalent loads (TEL) or equivalent time-temperature loads (ETTL) during the accelerated ageing start-
ing from wanted in-service time periods at given in-storage or in-operation temperatures. After a short re-
view of three types of temperature parameterization procedures, namely those according to Berthelot, Ar-
rhenius and van’T Hoff, it is shown that the van’T Hoff procedure, also named factor F extrapolation 
method, is a suitable tool for this purpose. Examples have been worked out showing the usefulness of this 
factor F method in the presence of two-step mechanisms in the temperature range of interest. First, the 
two mechanisms method of STANAG 4582 is considered. After a concise compilation of this method 
giving all the implicated constraints, examples with modified parameters are shown. Further examples are 
the oxidation of HTPB-bonded materials and the consumption of stabilizer DPA in a gun propellant. Then 
examples are given for compiling the load equivalent of time-temperature profiles for single temperature 
testing used in establishing the ageing plan according to preset in-storage periods. 
 
Keywords 

Time-temperature load equivalence, temperature parameterization of reaction rate constants, 
van’T Hoff rule, two step ageing mechanism, thermal equivalent load  

 
 
1. INTRODUCTION 
 
Generally, the best way to predict ageing of materials during their in-use time by accelerated ageing is to 
apply the principle of equivalent load. This means one applies the same expected load the material ex-
periences during in-use at the accelerating conditions. This principle is valid for every type of load, ther-
mal, humidity or any other. To predict the ageing behaviour of a new energetic formulation, may be con-
taining also recent ingredients, creates a principle problem. To establish the ageing parameters as activa-
tion energies one has to age the material without the knowledge of appropriate time ranges for the accel-
erated ageing. Often it is thought to solve the problem easily in performing some DSC runs in short time 
and to extract the activation parameters. In most cases these DSC determined parameters are not valid for 
the ageing during in-service conditions and predictions made with them are quite inaccurate. The princi-
ple problem is not solved a priori. One must make some assumption about the possible ageing behaviour. 
The starting point is to define the wished in-service time period at some in service temperatures. For this 
guess, mostly 10 or 20 years at 25°C are taken. From this defined load, an extrapolation is made to accel-
erated ageing temperatures in such a way to cover the same load during the accelerated ageing as the ma-
terial experiences it during in-service. Important to point out that in performing this procedure also more 
reality adapted time-temperature profile situations should be taken into account. 
 



-117-

 
 
2. TYPES OF TEMPERATURE PARAMETERIZATION OF REACTION RATE 

CONSTANT
 
2.1 Temperature parameterization according to Berthelot 
 
During the 19th century several scientists tried to understand and to get a formal description of the tem-
perature dependence of chemical reactions. One of them was Pierre Eugène Marcelin (Marcellin) 
Berthelot (* October 25, 1827 in Paris; † 18. March 18, 1907 in Paris) often only cited as Marcelin 
(Marcellin) Berthelot, a French chemist and politician. His temperature parameterization of a chemical 
reaction rate constant k(T) is given in Eq.(1), first equation. It has the structure of a common exponential 
relation with two parameters, the pre-factor D and the Berthelot temperature coefficient B. The logarith-
mic form (with any logarithmic base) is referred as Berthelot graph or Berthelot evaluation /1a, 1b/. The 
following equations show the transformation to the relation of time-temperature load at test condition (in-
dex T) to the resulting environmental conditions TE and tE , Eq.(5). P is the proportionality factor to con-
vert k into time. The Berthelot parameterization can describe the temperature dependence of a chemical 
reaction rate constant only in a narrow temperature range. 
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2.2 Temperature parameterization according to Arrhenius
 
The Swedish physicist and chemist Svante August Arrhenius (*February 19, 1859 at Wik near Uppsala; † 
October 2, 1927 in Stockholm) has published in 1889 the parameterization of the reaction rate constant 
k(T) what is known as Arrhenius equation, Eq.(6). However, the first formulation has had the form ac-
cording to Eq.(6a). With Eq.(6), Arrhenius formulated the temperature dependence of chemical reaction 
rates in analogy to the temperature dependence of the chemical equilibrium constant KE, which was for-
mulated by van’T Hoff /2, 3/, Eq.(7), which says that the temperature dependence of equilibrium con-
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stants is proportional to the enthalpy change of the reaction. Sometimes this is named also van’T Hoff 
principle. 
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Integration of Eq.(6) results in Eq.(10) or Eq.(11). With the condition at T=  one gets the integration 
constant as C = ln(k( )), which is mostly named ln(Z), sometimes also ln(A). Therewith Eq.(12) follows. 
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This equation gives the temperature dependence in the right way and is meanwhile sufficiently sustained 
by a vast number of experimental facts and by basic principles as energy distribution on states according 
to Boltzmann distribution, the collision theory, and the Eyring theory of activated processes. 
 
The relation between time-temperature loads at two conditions is obtained in the same way as in section 
2.2. 
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In addition two modified Arrhenius expressions are mentioned here. The first one, Eq.(17), takes into ac-
count the slight temperature dependence of the pre-factor, here expressed as a ratio of T to a reference 
temperature T0 in order to get a dimensionless exponent n. The range of n is normally  –1 to +1. 
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The second equation, Eq.(18), uses an exponent  in the exponential expression. Mostly this serves as fit-
ting parameter. It can take into account the effect of several activation energies in the investigated tem-
perature range.  
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2.3 Temperature parameterization according to the van’T Hoff rule 
 
Jacobus Henricus van’T Hoff (van het Hoff, means ‘from this estate’) (* 
August 30, 1852 in Rotterdam; † March 1, 1911 in Berlin-Steglitz) was a 
chemist from The Netherlands. From 1896 on, he worked in Berlin, Ger-
many until he died. Remark: in the older literature the name is written with 
capital T, so it is taken here also. 
 

van’T Hoff rule 
The increase / decrease of temperature by 10°C increases / de-
creases the reaction rate constants by an average factor F of 3, the 
range often is between 2 to 5.  

 

This factor was deduced from the work of van’T Hoff, who compiled and 
compared reaction rates obtained at different temperatures /2, 3/. Higher 
values of F are possible, up to 6. The generalized form of this observation 
is written as Eq.(19) and gives the temperature parameterization of the re-
action rate constant with H as pre-factor and TF as temperature interval re-
lated to the used factor F. 
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Eq.(19) resembles the Berthelot parameterization but is definitely not based on it. To get the relation be-
tween the time-temperature loads the procedure is the same as above. 
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For practical application the following formulas containing units are useful, Eq.(24). Because the times tE 
at temperature TE can be long to very long the average period of one year is adjusted to contain the leap 
years. Further, the real period in days of one month is also averaged. In principle, the applied temperature 
interval can have any value. But here a fixed interval of 10°C (10 K) is taken. 
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1 year = 365.25 days (averaged with leap years) 
1 month = 365.25 / 12 = 30.44 days 
 
tE in-use time in years at temperature TE  
tT test time in days at test or ageing temperature TT 
TT test or ageing temperature  
TE in-use temperature 
F acceleration or deceleration factor per 10°C temperature change  

TF temperature interval assigned to actual value of factor F, mostly 10°C 
 
Eq.(21) and Eq.(24) are named the ‘formulated generalized van’T Hoff rule’. In this form the rule was not 
yet given by van’T Hoff or from his contemporary colleagues. So far it seems that the rule formulated in 
words above was first presented by colleagues of him /2/. Also said is that van’T Hoff has found a rela-
tion equal to the one of Arrhenius independently just somewhat later. 
 
By comparison of the Berthelot formulation and the generalized van’T Hoff rule the relation between B, 

TF and F is established. 
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The van’T Hoff rule has also some other names: RGT rule in Germany and Q10 temperature coefficient 
in Anglo-Saxon area. Both are used mainly in biology and medical science.  
 
RGT (Reaktions-Geschwindigkeits-Temperatur Regel) 

In this formulation the van’T Hoff rule is used by biologists and in medical sciences. It states that 
the rate of chemical processes or of processes based on chemical reactions increases by a factor of 
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2 to 3 when temperature is increased by 10°C. Biologists apply this rule to poikilothermic 
(‘ectothermic’) animals in order to estimate the change in rate of their vital processes by a change 
of 10°C, whereby the temperature change must be in the tolerance region of their organic system. 

 
Q10 temperature coefficient 

The dimensionless Q10 temperature coefficient is a measure of the extend of change in rates of a 
biological or chemical system when the temperature is increased / decreased by 10°C. Ri is the 
rate of a biological or chemical process, Eq.(27). One recognizes that Q10 is the van’T Hoff factor 
F. 
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3. CONNECTION BETWEEN VAN’T HOFF FACTOR F AND ARRHENIUS EX-

PRESSION 
 
An important consideration is the relation between the factor F and the Arrhenius expression. Starting 
with Eq.(12) the Eq.(28) is formed with a temperature at T changed by T. The corresponding factor F is 
obtained via Eq.(30), which is transformed to Eq.(31) with the given approximations. 
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Sometimes the situation arises that one has the factor F for a given temperature interval T and one wants 
to know the fractional value FC, if one divides T by C. The result is shown in the Eq.(32) and (33). FC 
takes values obtained by the Cth root of F. A ‘reciprocal’ relation holds if one multiply T by a constant 
B, Eq.(35). 
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In Table 1 some factors FC are listed with regard to T = 10°C, calculated with the Arrhenius expression 
and according to the approximation, Eq.(33). The errors are less the 1%. Fig. 1 shows the factors F calcu-
lated by the Arrhenius expression as function of temperature and of activation energy. From this figure, 
the van’T Hoff rule can be extracted for the following conditions: Factor 3 is approximately valid for an 
activation energy range of 80 to 120 kJ/mol and in the temperature range 20 to 100°C. This gives an in-
teresting possibility of predicting equivalent loads, if the temperature range of interest is between 20°C 
and 100°C and the activation energy range is between 70 and 130 kJ/mol, see section 4. 
 
Table 1: Factor F and FC evaluated with Arrhenius expression and approximation of FC values at 

intermediate intervals with regard to the starting interval 10°C. 
 

T = 80°C 
Ea = 110 kJ/mol 

F =
exp( -Ea/R (1/T - 1/(T- T))) FC = F10

1/C 100·(FC-
F)/F C

Factor for 10°C   (T - 10°C) 2.979 2.979 0.00 1.00 
Factor for   5°C   (T - 5°C) 1.713 1.726 0.78 0.50 
Factor for   4°C   (T - 4°C) 1.536 1.548 0.78 0.40 
Factor for   2°C   (T - 2°C) 1.238 1.244 0.50 0.20 
Factor for   1°C   (T - 1°C) 1.112 1.115 0.25 0.10 

 



-123-

factor F = k(T) / k(T- T)
as function of Ea and temperature

with T = 10 K
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Fig. 1: Factor F calculated according to Arrhenius expression as function of temperature and of 
the value of activation energy. 

 
Table 2: Thermal equivalent loads of some stability tests for in-service condition, tE, with TE = 

25°C according to factor F extrapolation (van’T Hoff type) from test temperature TT and 
test time tT with different values for F. The higher the value of F the longer the times tE. 

 

   tE in years at TE = 25°C 
Test TT [°C] tT [d] F = 2.0 F = 2.5 F = 3.0 F = 3.5 F = 4.0 

vacuum stability /*/ 100 1.667 0.83 4.4 17.3 54.9 150 
vacuum stability /*/ 90 1.667 0.41 1.76 5.76 15.7 37.4 
Dutch mass loss /*/ 110 2.667 2.64 17.6 83.0 308 957 
Dutch mass loss /*/ 105 2.667 1.87 11.1 47.9 164 479 
90°C mass loss /*/ 90 18.0 4.46 19.0 62.2 170 404 
90°C HFC /#/ 90 3.43 0.85 3.63 11.9 32.3 77 
80°C HFC /#/ 80 10.6 1.31 4.48 12.2 28.5 59 
75°C mass loss, NC /*/ 75 15.0 1.31 4.01 10 21.6 42 
90°C automotive /’’/ 90 41.67 10.3 44.0 144 392 935 

/*/ several ’Technische Lieferbedingungen’ of BWB, Koblenz, Germany 
/#/ STANAG 4582 /4/ and AOP 48 /5/ 
/’’/ Test conditions for pyrotechnic gas generators in automotive belt restraint systems 
 
In Table 2 the equivalent time-temperature loads at in-service conditions of some typical stability tests are 
compiled. The van’T Hoff type extrapolation is used with different values of F. For example the vacuum 
stability test performed at 100°C over 40 hours (=1.667 days) corresponds in thermal load to 17.3 years at 
25°C for decomposition reactions describable by factor F=3. 
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4. AGEING WITH TWO MECHANISMS IN INVESTIGATED TEMPERATURE 

RANGE 
 
With NC based propellants /6, 7/ and HTPB-bonded energetic materials /8, 9/ a two stage ageing mecha-
nism is observed in the temperature range from about 10°C to about 120°C. To handle such behaviour 
two reaction rate constants are introduced. For reasons of easier application of such a two stage mecha-
nism a sharp switching is made between them at some switching temperature TS /6/. To establish the de-
scription one needs the two sets of Arrhenius parameters, Eq.(36) and Eq.(37) from which at first only the 
two activation energies Ea1 and Ea2 have to be known or estimated; and, however, a value estimation of 
k1 at a reference temperature Tref  is needed,, Eq.(38), as it is used in the description of /7/. With Eq.(38) 
the value of Z1 can be calculated.  
 
Note  The following formulations are valid for any property P in consideration 
 
(36) )RT/Eaexp(Z)T(k 111   for T >= TS 
 
(37) )RT/Eaexp(Z)T(k 222   for T <= TS 
 
(38) )RT/Eaexp(Z)T(k ref11ref1  at Tref > TS determination of Z1 
 
At this point the following parameters are known: Ea1, Z1, Ea2 and TS. Further known is the condition at 
TS, Eq.(39). From this the value of Z2 can be determined via Eq.(40). 
 
(39) k1(TS) = k2(TS) 
 

(40) 21
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The objective is to get data on test temperatures TT and test times tT, which correspond in thermal load to 
the one the material experiences during in-service at TE for the time period tE. The establishing of the nec-
essary scaling relations and their conditions of use is done now in five steps. 
 
First step  T range >= TS ;  valid is Ea1
From Eq.(14) the Eq.(41) is formed, using as target temperature the switch temperature TS. By rear-
rangement Eq.(42) and Eq.(43) follow. At moment tS is unknown, because tT and TT are not yet fixed. 
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Second step   T range <= TS ;  valid is Ea2
Analogously for the lower temperature range the set of equations is given below, now with TE and tE as 
target set. With Eq.(45) one has the determination of tS. 
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Third step  combination of first and second step connects (tT,TT) with (tE,TE)
Now tS and kS can be substituted in Eq.(42) and Eq.(43) to get Eq.(47) and Eq.(48). The equation set 
Eq.(49) and Eq(50) are just the reverse of the previous set Eq.(47) and (48). 
 
Note  The equations (47) to (50) are valid only for test temp. TT >= switch temp. TS 
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Fourth step  test temperatures TT <=  switch temperature TS
At the lower temperature range only the simple expressions with activation energy Ea2 are valid, Eq.(51 
and (52). Here a direct connection of (tT,TT) with (tE,TE) is reached. 
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Fifth step  considering the limit of integrated property rate dP/dt 
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If heat generation rate dQ/dt is used, the integrated property is heat generation Q. The developed 
heat Q means for the material in consideration an energy loss EL. This may not exceed a certain 
limit, mostly 3% of the energy content of the unaged energetic material is allowed. If the calcu-
lated loss value EL is to great the value of k(Tref) at reference temperature Tref must be lowered. 

 
 
In summarizing the conditions of this description scheme are as following: 
 Setting a switch temperature TS for switching between the mechanisms 
 Arrhenius expression of k1(T) at T >= TS with Z1 and Ea1 
 Arrhenius expression of k2(T) at T <= TS with Z2 and Ea2 
 Define reference state with value for k1(Tref) 
 Reference temperature must be above switch temperature;  Tref > TS 
 Target temperature must be below switch temperature  TE < TS 
 Test temperature > target temperature    TT > TE 
 If temperature TT <= TS  only the part with Ea2 is used for tT or tE 
 If temperature TT >= TS  only the part with (Ea1 & Ea2) is used for tT or tE 

Property P= tref*k(Tref) must be <= 0.03 *Punaged 
 
 But: if TT >= TS and TE > = TS only the part with Ea1 is used for tT or tE 
  This situation can occur in assessing time-temperature profiles. 
 
As example of the functioning of this two-step description the data of STANAG 4582 are given in the fol-
lowing with a corresponding graphical representation in Fig. 2 of the extrapolation procedure. Addition-
ally the Fig. 2 contains also the van’T Hoff type factor F extrapolation with F=2.9. As can be seen, this 
extrapolation fits the composed two mechanism extrapolation quite well in the typical temperature range 
used for accelerated ageing and in the low temperature range. Therefore one can use the convenient factor 
F extrapolation with the rounded value of 3 for NC based propellants. 
 
Table 3: Parameters of the extrapolation procedure of STANAG 4582. 
 

Reference temperature Tref  71°C = 344.15 K 
Reference value of k(Tref)  39 μW/g 
Switch temperature TS    60°C = 333.15 K 
Activation energy Ea1   120 kJ/mol 
Activation energy Ea2     80 kJ/mol 
Pre-factor Z1     6.3719 E+19 μW/g 
Pre-factor Z2    3.4099 E+13 μW/g 
In-service temperature TE  25°C 
In-service time tE   10 years = 3652.5 days 
Corresponding time tref at Tref  30.8 d (determined in the way as tT ) 
Corresponding time tS at TS  123 d 
Corresponding energy loss QL  103.85 J/g 

 
Remark 
The reference value of k(Tref) is equal to the heat generation rate dQ(Tref)/dt. The allowed maximum value 
was set to 39μW/g at Tref = 71°C. It was determined on the base of critical self heating for the very large 
caliber of 280 mm. Means, at this charge diameter no critical self heating may occur at least during tref , 
Further after the time tref the corresponding decomposition conversion (= energy loss) must be still ac-
ceptable, means lower or maximum equal to 3% of energy content in non-aged state. A reaction order of 
zero is assumed in the description scheme of STANAG 4582 and Fig. 3 shows its Arrhenius diagram.  
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Fig. 2: Graphical representation of the description scheme of STANAG 4582. In-service condition is 
tE=10 years, TE = 25°C. The extrapolation with van’T Hoff type factor F=2.9 is shown also. 
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Fig. 3: Arrhenius diagram of the reaction rate constants (=heat generation rates dQ/dt) according to 
STANAG 4582 as maximum allowed heat generation rates at a set test temperature. 

 
Because nowadays 10 years of in-service at 25°C is a very mild demand other examples are worked out 
with an in-service time of 20 years, see Table 4 and Table 5. Because of the limit put on allowed energy 
loss, the reference value k(Tref) must be lowered. This means the longer the expected in-service time pe-
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riod the higher the demand on the long-term stability of the propellant. The reference value was lowered 
from 39 μW/g to 20 μW/g in case 1 and from 39 μW/g to 15 μW/g in case 2. Further, somewhat lower 
activation energy was assumed for the lower temperature range in case 2. Both new parameter settings ef-
fect the pre-factors by lowering their values compared to the STANAG 4582 values. Fig. 4 and Fig. 5 
contain also the van’T Hoff type factor F extrapolation with F = 2.9 in case 1 (no change to above be-
cause the activation energies are not changed) and F=2.75 in case 2. Again, this extrapolation fits the 
composed two mechanisms extrapolation quite well in the typical temperature range used for accelerated 
ageing and in the low temperature range. 
 
Table 4: Parameters of the extrapolation procedure of STANAG 4582, but modified: tE = 20 years 

at TE = 25°C and k(Tref) = 20 μW/g, see Fig. 4. 
 

Reference temperature Tref  71°C = 344.15 K 
Reference value of k(Tref)  20 μW/g 
Switch temperature TS    60°C = 333.15 K 
Activation energy Ea1   120 kJ/mol 
Activation energy Ea2     80 kJ/mol 
Pre-factor Z1     3.2676 E+19 μW/g 
Pre-factor Z2    1.7487 E+13 μW/g 
In-service temperature TE  25°C 
In-service time tE   20 years = 7305 days 
Corresponding time tref at Tref  61.6 d (determined in the way as tT ) 
Corresponding time tS at TS  246 d 
Corresponding energy loss QL  106.5 J/g 
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Fig. 4: Graphical representation of the two mechanisms description scheme of STANAG 4582, but 
modified: tE = 20 years at TE = 25°C, k(Tref) = 20 μW/g. The extrapolation with van’T Hoff type 
factor F=2.9 is shown also. 
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Fig. 5: Graphical representation for an extrapolation procedure based on STANAG 4582, but 
modified; Ea2 = 70 kJ/mol and in-service time tE = 20 years at TE = 25°C. The extrapola-
tion with van’T Hoff type factor F=2.75 is shown also. 

 
Table 5: Parameters for an extrapolation procedure based on STANAG 4582, but modified: tE = 20 

years at TE = 25°C and k(Tref) = 15μW/g and Ea2 = 70 kJ/mol, see Fig. 5. 
 

Reference temperature Tref  71°C = 344.15 K 
Reference value of k(Tref)  15 μW/g 
Switch temperature TS    60°C = 333.15 K 
Activation energy Ea1   120 kJ/mol 
Activation energy Ea2     70 kJ/mol 
Pre-factor Z1     2.4507 E+19 μW/g 
Pre-factor Z2    3.5472 E+11 μW/g 
In-service temperature TE  25°C 
In-service time tE   20 years = 7305 days 
Corresponding time tref at Tref  94.2 d (determined in the way as tT ) 
Corresponding time tS at TS  376d 
Corresponding energy loss QL  122.03 J/g 

 
From this discussion it is clear that propellants showing really the maximum or near maximum allowed 
heat generation rate, for example 114μW/g at 80°C just fulfil the minimum stability criterion according to 
STANAG 4582. But nevertheless they must be seen as already low in stability, in other words they are 
formulations with marginal quality. 
 
For the oxidation of HTPB-binder a similar evaluation can be made. It was found that HTPB is oxidized 
in a two step mechanism /8, 9/. In Table 6 selected parameters are compiled to assess the in-use time. 
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Table 6: Parameters for a two stage mechanism of the oxidation of HTPB bonded formulation:  tE 
= 20 years at TE = 25°C.  

 
Reference temperature Tref  81°C = 354.15 K 
Reference value of k(Tref)  5.0 E-11 mol O2/g/s (oxygen uptake rate) 
Switch temperature TS    80°C = 353.15 K 
Activation energy Ea1   130 kJ/mol 
Activation energy Ea2     80 kJ/mol 
Pre-factor Z1     7.4611 E+8 mol O2/g/s 
Pre-factor Z2    3.0017 E+1 mol O2/g/s 
In-service temperature TE  25°C 
In-service time tE   20 years = 7305 days 
Corresponding time tref at Tref  42.3 d (determined in the way as tT ) 
Corresponding time tS at TS  48.0 d 
Corresponding O2 uptake limit  1.83 E-4 mol O2/g 

 
In Fig. 6 the corresponding graph for HTPB oxidation can be seen. Again the factor F extrapolation works 
well here with F = 2.7 or 2.6, with the second value adjusting more to the typical ageing temperatures be-
tween 70 and 90°C, see Fig. 7. The oxygen uptake limit can be estimated with the radical neutralization 
capacity of the antioxidant. With a typical biphenolic antioxidant of molar mass 340 g/mol, 0.1 mass-% 
total content and 12 mass-% HTPB content in the formulation one gets a molar concentration of antioxi-
dant OH-groups of about 4.9 E-5 mol/(g HTPB). Formally, this is the maximum allowed oxygen uptake. 
With not hindered oxygen, access to the HTPB this limit would be reached after 5 years at 25°C based on 
the reference oxygen uptake rate at 81°C given in Table 6. If one assumes an oxygen access ten times less 
because of insulation or diffusion barriers, the limit would be reached after 50 years at 25°C. Fig. 8 pre-
sents the Arrhenius diagram according to the data of Table 6. 
 

two stage mechanism
oxidation of HTPB-bonded systems 

0.01

0.1

1

10

100

1000

10000

100000

10 20 30 40 50 60 70 80 90 100 110 120 130

T [°C]

time [d]
Ea2 = 80
Ea1 & Ea2
Ea1 = 130
F = 2.7
composed

TS = 80°C

only Ea1

TE = 25°C
 tE = 20 years

Ea2=80 kJ/mol Ea1=130 kJ/mol

only Ea2

F = 2.7 
extrapolation

Ea1 & Ea2 curve, shifted 
to cross point at (TS, tS)
tS = 48 d

composed curve

(TS, tS)

 
 
Fig. 6: Graphical representation of an extrapolation procedure for HTPB bonded formulation us-

ing a two-step mechanism. The extrapolation with van’T Hoff type factor F=2.7 is shown 
also. 
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Fig. 7: As Fig. 6, but with factor F-extrapolation F= 2.6. This fits better in the typical accelerated 

ageing range between 70°C and 90°C. 
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Fig. 8: Arrhenius diagram of the reaction rate constants of oxygen uptake of an HTPB binder. Con-
structed with data from /8, 9/. 
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Strictly seen, one has with the oxygen uptake a diffusion process of oxygen from the outside of the pro-
pellant into the interior of it. The diffusion is controlled by the partial pressure of oxygen in the surround-
ing atmosphere and its concentration determines the diffusion rate. In estimating the time until the maxi-
mum allowed O2 uptake has been reached the product of oxygen concentration and reaction rate constant 
must be considered, further also a diffusion parameter. The above given estimation is a worst-case con-
sideration. Further the diffusion of oxygen may be hindered by the oxidation of outer layers. 
 
In /10/ and /11/ the factor F extrapolation was used to establish the ageing times at defined ageing tem-
peratures. There the factor F=2.5 was applied. This gives at preset in-service load longer accelerated age-
ing times than with factor F= 2.7 or even with F=3. This means one is on the conservative side in per-
forming the accelerated ageing. 
 
As last example, the consumption of stabilizer DPA (diphenylamine) is considered. Also here a two step 
mechanism was found with gun propellant (GP) A5020 /6/. The corresponding parameters for establish-
ing the diagrams are listed in Table 7. The data are very similar to those in /6/, but not equal. A zero order 
reaction is assumed for the consumption of DPA. Fig. 9 shows the time-temperature diagram and Fig. 10 
the Arrhenius diagram of the two reaction rate constants. 
 
Table 7: Parameters for a two stage mechanism of the consumption of stabilizer DPA in gun pro-

pellant A5020, with a start concentration of 0.67 mass-% DPA /6/; tE = 10 years and TE = 
25°C.  

 
Reference temperature Tref  70°C = 343.15 K 
Reference value of k(Tref)  3.69 E-7 mass-%/s (DPA consumption rate) 
Switch temperature TS    60°C = 333.15 K 
Activation energy Ea1   146 kJ/mol 
Activation energy Ea2     86 kJ/mol 
Pre-factor Z1     6.1802 E+15 mass-%/s 
Pre-factor Z2    2.4194 E+06 mass-%/s 
In-service temperature TE  25°C 
In-service time tE   10 years = 3652.5 days 
Corresponding time tref at Tref  20.5 d (determined in the way as tT ) 
Corresponding time tS at TS  95.4 d 
Corresponding DPA consump. limit 0.655 mass-% 
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Fig. 9: Graphical presentation of an extrapolation procedure for DPA consumption in a gun pro-

pellant using a two-step mechanism /6/. The extrapolation with van’T Hoff type factor 
F=3.4 is shown also. 
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Fig. 10: Arrhenius diagram of the reaction rate constants of DPA consumption in GP A5020. 
Constructed with data from /6/. 
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In the following Tables 8, 9, 10, 11 and 12 the numerical data of the Figures 2, 4, 5, 6 and 9 are compiled, 
together with the corresponding description parameters and the times tT obtained with the factor F ex-
trapolation. 
 
Note
This two mechanism description scheme simplifies the situation in assuming a sharp switching between 
the mechanisms at switch temperature TS. Both mechanisms are effective also in the temperature range 
for which they are excluded mutually. But two arguments are supporting this procedure: (i) the construc-
tion based on averaged experimental data considers implicitly the influence of the mechanisms in the 
whole temperature range; (ii) mostly the available experimental data do not allow the full kinetic descrip-
tion with the two mechanisms effective in the whole temperature range. For this, the T range must be ex-
tended greatly to both lower and higher temperatures. 
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 T
able 9: 

Test tem
peratures T

T  and test tim
e tT  for a tw

o-step m
echanism

 ageing, investigated by H
G

R
. The basic param

eters are given in sm
aller sub-table 

on the left. The param
eter settings are different from

 STA
N

A
G

 4582: in-service tim
e is 20 years, k

P (T
ref ) w

as low
ered from

 39 μW
/g to 20 μW

/g. 
In the sub-table on the right the valid values are fram

ed by broken lines. 
 property P 

H
G

 Q
 

property rate dP/dt 
H

G
R

 dQ
/dt 

unit of dP/dt 
μW

/g (μJ/s/g) 
unit of P 
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unit of k

P  
μW

/g (μJ/s/g) 
Ea

P1  [kJ/m
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 T
able 11: 

Test tem
peratures T

T  and test tim
e tT  for a tw

o-step m
echanism

 ageing, investigated by oxygen uptake by H
TPB

. The basic param
eters are given 

in sm
aller sub-table on the left. In the sub-table on the right the valid values according to the tem

perature ranges are fram
ed by broken lines. 

 property P 
O

2  uptake 
property rate dP/dt 

O
2  uptake rate 

unit of dP/dt 
m

ol O
2 /g/s 

unit of P 
m

ol O
2 /g 

unit of k
P  

m
ol O

2 /g/s 
Ea

P1  [kJ/m
ol] 

130 
Ea

P2  [kJ/m
ol] 

80 
Z

P1  [unit of k
P ] 

7.4611 E+08 
Z

P2  [unit of k
P ] 

3.0017 E+01 
k

P (T
ref ) [unit of k

P ] 
5.00 E-11 

T
ref  [°C

] 
81 

tref  [d] 
42.32 

T
S  [°C

]  
80 

tS [d] 
47.95 

k
P (T

S ) [unit of k
P ] 

4.41 E-11 
tE  [a] 
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T

E  [°C
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25 
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dP/dt-L
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dP/dt-L
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ol O
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1.25E-14 

1.83 E
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1.83 E-04 
4446 

4530 
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1.36E-12 
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55 

1398 
382 

60.5 
5.54E-12 

1.51E-12 
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161 
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5. EQUIVALENT LOAD OF TIME-TEMPERATURE PROFILES 
 
With the increasing awareness of the main impact of elevated temperatures on the limitation of in-use 
time periods of energetic materials the importance and necessity of realistic time-temperature profiles is 
recognized. For assessments of pyrotechnic based automotive safety systems a special time-temperature 
profile named ‘Phoenix’ was used already years ago /12, 13/. The profile data are given in Table 13. The 
total time of the profile is one year. In comparing profiles with regard to their loads on the material it is 
useful to express them by a test time tT at a set test temperature TT , for example 90°C. The total load of 
profile Phoenix is presented also in Table 13 using factor F and Arrhenius (Ea = 142 kJ/mol) extrapola-
tion for the steps of the profile and then summing up the resulting fractional test times. Profile evalua-
tions have been done also with military ones /14/ and profile constructions and evaluation with them 
have been performed in /15, 16/. In Table 14, further assessment of the profile load is made with Ar-
rhenius extrapolation, whereby a single step and a two-step mechanism are considered. In case of a two-
step mechanism the test time at 90°C simulating the total profile load over 15 years is longer than for the 
single step mechanism. The best fit with the factor F extrapolations are listed also. 
 
Table 13: Equivalent time-temperature load of profile ‘Phoenix’. Time averaged mean temperature 

is 37.74°C. One year of load by the profile corresponds to 6.46 days at 90°C with factor 3 
extrapolation. 15 years at profile load correspond to 96.9 days at 90°C with factor 3 ex-
trapolation. 

 

 test temperature TT [°C] 90 90 90 
 extrapolation type factor F factor F Ea 
 factor / Ea [kJ/mol] F = 3 F = 4 142 
T step [°C] profile step time [d/a] Load equivalent test time tT at 90°C in days 

5 9.50 0.00084 0.00007 0.00001 
10 17.50 0.00267 0.00027 0.00003 
15 25.63 0.00676 0.00078 0.00012 
20 31.25 0.0143 0.00191 0.00041 
25 34.50 0.0273 0.00421 0.00122 
30 35.50 0.0487 0.0087 0.00322 
35 34.67 0.0824 0.0169 0.00784 
40 32.92 0.1355 0.0322 0.01804 
45 30.71 0.2189 0.0600 0.03966 
50 28.13 0.3472 0.1099 0.08335 
55 25.17 0.5382 0.1966 0.16686 
60 21.58 0.7994 0.3372 0.31253 
65 17.33 1.1119 0.5417 0.53561 
70 12.50 1.3889 0.7813 0.80628 
75 6.88 1.3231 0.8594 0.90631 
80 1.25 0.4167 0.3125 0.33003 

 365.00 6.46 3.26 3.21 
test time tt [d] at 90°C for 15 years at profile 

load 96.94 48.95 48.17 

test time tt [d] at 90°C for 15 * 365.25/365 
years at profile load 97.01 48.99 48.21 
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6. SUMMARY AND CONCLUSION 
 
After a short presentation of three types of temperature parameterizations of the chemical reaction rate, 
namely according to Berthelot, Arrhenius and generalized van’T Hoff, the relations for the determination 
of thermal equivalent loads are compiled. The Berthelot parameterization was used in earlier times, be-
cause one can obtain apparently more realistic extrapolation results. However, results obtained in this way 
are not ‘standing on solid ground’, so it is strongly recommended not to use this type of parameterization. 
The van’T Hoff factor F method is based on the old rule that increasing the temperature by 10°C acceler-
ates the chemical reaction by a factor of 3 in average. This rule was established on the work of van’T 
Hoff, who analysed the temperature dependence of a lot of chemical reactions at the end of the 19th cen-
tury. Here the van’T Hoff rule was formulated in a generalized way to be used directly in determining 
thermal equivalent loads. As discussed, the van’T Hoff factor F extrapolation is quite valuable for the 
planning of accelerated ageing tests, especially if not much is known about the substances in considera-
tion. The relation between van’T Hoff factor F and Arrhenius expression shows in quantitative way the 
base of the rule. By this, an interesting feature can be recognized. The factor F method with given value 
of F describes two step mechanistic ageing quite well. This was shown with several examples comprising 
the measurement quantities heat generation rate, oxygen uptake of HTPB and DPA stabilizer consump-
tion in a gun propellant. Finally, the evaluation of time-temperature profiles was shown by determining 
their equivalent load for a given test temperature.  
 
 
7. DEFINITIONS AND ABBREVIATIONS 
 
In-use time this term defines in an adequate semantic way what is often called ‘life time’, a slang-type 

term, which should no longer be taken in technical areas because of interference with real 
living species. Another applicable term in connection with technical items is in-service 
time or in-service time period and in-use time period, respectively.  

 
In-service time   see in-use time 
 
Thermal equivalent load the ‘thermal equivalent load’ (TEL) is the thermal stress the material experiences 

at conditions T1, t1, which is the same as at condition T2, t2; sometimes also 
named ‘time-temperature load equivalence’ or ‘equivalent time-
temperature load’ 

 
Time-temperature profile a data set of time steps ti associated with temperature values Ti, which sum up to 

any total time representative for the location the data set is established. Normally 
the total time of a profile is one year = 365 days. The resolution of the time steps 
must be adapted to the rates of temperature change at the selected location. 

 
STANAG ‘Standardization Agreement’ of NATO 
AOP  ‘Allied Ordnance Publication’ of NATO 
 
TEL  thermal equivalent load 
ETTL  equivalent time-temperature load (synonymous to TEL) 
 
k  chemical reaction rate constant 
Ea  chemical activation energy in Arrhenius expression 
Z  pre-exponential factor in Arrhenius expression 
R  general gas constant, used in Arrhenius expression 
T  in Arrhenius expression the absolute temperature in Kelvin 
TT  test temperature in single time-temperature tests 
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tT  test time in single time-temperature tests 
TE  environmental or in-use temperature 
tE  in-use time 
TS  switch temperature in two-mechanism description 
Tref  reference temperature to determine parameters in a description with two mechanisms  
B  temperature coefficient in Berthelot parameterization 
D  pre-factor of exponential equation of Berthelot parameterization 
F  van’T Hoff type extrapolation factor 
 
HGR  heat generation rate 
HG  heat generation 
HTPB  hydroxy terminated polybutadiene, pre-polymer in polyurethane binders 
GP  gun propellant 
DPA  diphenylamine, propellant stabilizer 
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ABSTRACT 
 
Smoke temperature are one of the most unusual sources of noise in its transmittance measuring; 

although obscure in 3 5 m Waveband, it affects obviously transmittance of smoke cloud in 8 14 m 
Waveband. The noise episodes are responsible for high temperature of smoke cloud. In this paper, the 
impact of smoke temperature on the transmittance is analyzed in detail. In order to reduce this affection, 
the phenomenon of infrared smoke was analyzed pertinently and the radiation of infrared smoke without 
Infrared Radiation Source was measured additionally. The corrected transmittance is derived by 
subtracting the rate of radiation of smoke from the measuring transmittance of infrared smoke.  
 
Keyword: thermal radiation, smoke, infrared transmittance, difference correcting 

1  INTRODUCTION 
 

It is well known that smoke can be an effective screening agent in that the radiation from a target is 
absorbed and scattered by the smoke that lies between the target and some detector. The infrared smoke 
screen had been applied widely as well. Its transmittance is an important parameter to evaluate the 
obscuring effect for common infrared waveband (1 3 m 3 5 m 8 14 m). A smoke medium that 
contains isolated, heated, point-like sources called hot smoke can be a more effective screening agent [1,2], 
so the temperature of the smoke cloud is higher than the ambient. However, hot smoke cloud is an impact 
on the transmittance measurement after smoke agent burnt. A wrong result would be aroused that the 
transmittance of infrared smoke only in 8 14 m wave band is higher than the intending. The reason 
seems the background radiation of the infrared smoke in 8 14 m wave band owing to temperature 
difference. It is found in a testing that once the target source has been shut, the transmittance of the 
infrared smoke is still displayed on the monitor of infrared radiometer for all the same in 8 14 m wave 
band, then the transmittance declines gradually with time, and tends to become stable as temperature of 
the smoke cloud decreases. Because the target source is shut, the displaying results on the screen are not 
of the transmittance of infrared smoke, is of the radiation from hot smoke cloud. 

The phenomenon of infrared smoke is analyzed pertinently in 8 14 m wave band. And relevant 
experiments are designed, the difference correcting method is presented for the smoke transmittance in 
8 14 m wave band. 

 
2  EXPERIMENTAL 
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The instruments used in experiment as follows, (1) the spectrometer is Open path Fourier transform 
infrared remote sensor (OPAG33, Bruker Optics). (2) Infrared radiation source: HFY-200B blackbody 
(Shanghai Institute of Techno-Physics, Academy of Science of China). (3) Standard smoke-chamber. (4) 
Smoke agent. 

The space is about 3.5m between OPAG33 and HFY-200B blackbody. The standard smoke-chamber 
placed in midway of two instruments. 

The experimental method: The OPAG33 is used to detect signal intensity of the HFY-200B 
blackbody (setting constant temperature (500±2)�), the scanning time of spectrometer is 32s, making 
scanning 10 times in succession.  

Test-1: Five-gram of smoke agent is lighted up in the smoke-chamber; Fig.1 shows the transmittance 
with the wave-number after the smoke agent is burned. 
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Fig.1 The spectrum curves of transmittance based on 5g smoke agent per interval at 32s 

 
Test-2: The transmittance is measured after the infrared radiation source is shut. The result for the 

scanning is presented in Fig.2. 
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Fig.2 The spectrum curve of background of burning-type smoke 

Test-3: The transmittance with wave-number for 40g of the smoke agent burned up in the 
smoke-chamber are measured successively. Its spectrum curves are shown in fig.3. 
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Fig.3 The spectrum curves of transmittance for 40g smoke agent per interval at 32s 

3  RESULT AND DISCUSSION 
 

Range of the transmittance in the test-1 as shown in fig.1 is obvious, is from about 15% to 35% in 3
5 m 3333~2000cm-1 wave band, but is from 40% to 50% in 8 14 m 1250~714cm-1  wave band. The 
transmittance both in 3 5 m and 8 14 m should be zero because the infrared radiation source is shut 
in testing-2 in the fig.2, but the change range has shown in 8 14 m is from 15% to 20% yet. The 
quantity of smoke agent in testing-3 is increased 8 times more than test-1, and the result same as testing-2. 
And the transmittance in Test.3 is near to zero in 3 5 m, but is 15~20% in 8 14 m, which is almost 
the same results as in Test-2. 
 

The investigation indicates that the transmittance of smoke in 8 14 m wave band is affected by the 
smoke background spectrum due to higher temperature of the smoke than the ambient. Thus it could not 
be used to evaluate correctly the obscure performance of the burning-type infrared smoke before the data 
of the measuring transmittance is not processed. 

 
The radiant quantity may be calculated by Plank's law of radiation when the temperature of blackbody 

and wave length has been known, and its unit is 2mW . Plank's radiation formula follows as:  
 

1
1

/
5

1 2 Tce
cM                             1  

 
Where  

1c ——First radiant constant, )mW(107418.3)mW(107418.3 24216
1c ; 

2c ——Second radiant constant, )Km(104388.1)Km(104388.1 42
2c ; 

——Wave length, m ; 



-150-

T ——Temperature, K . 
The temperature of the burning-type smoke cloud is about 343~353K and the ambient is 283~303K, 

the blackbody’s is 773K, then the radiant quantity could be drawn by Plank's radiation formula in the 
fig.4 and fig.5. 

Fig.4. The 773K’s, 353K’s and 298K’s curves of radiant quantity of blackbody in 3 5 m 

Fig.5. The 773K’s curve, 353K’s curve and 298K’s curve of radiant quantity of blackbody 

The affect range in 8 14 m may be estimated by the equation (2). 

%100
b

smoke

M
M

                           2  

Where 
——The affect transmittance range, % 

smokeM ——The radiant quantity of smoke cloud, 2mW  
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bM ——The radiant quantity of the blackbody, 2mW  

Based on Plank's law of radiation and 353K smoke cloud, the affect range of transmittance is about 
8% in 8 m, and is about 16% in 14 m. Therefore, the difference correcting method is carried out to 
evaluate transmittance of the infrared smoke in 8 14 m wave band. 

First of all, the test-1 data curves are changed into the discrete series, and put into a database as listed 
table 1.  

Table 1. The Conversion Database from the Original Curves of Transmittance 

Wave Length/um 
Transmittance Ratio 

32s 64s 96s …… 288s 320s 
2.998997 0.234008 0.166108 0.168712 …… 0.132606 0.12841 
3.000733 0.234244 0.16634 0.168972 …… 0.132868 0.128645 
3.00247 0.234482 0.16659 0.169187 …… 0.133117 0.128881 
3.00421 0.234699 0.166812 0.169354 …… 0.133319 0.129079 

…
  …
  …
  …
   …
  …
  

13.93889 0.60708 0.538828 0.556633 …… 0.546668 0.530409 
13.97646 0.605331 0.537563 0.555428 …… 0.545517 0.529241 

 

Secondly, the curve of smoke background based on test-2 is put into the databases in Table 2.  

Table 2. The Conversion Database from The Smoke Radiation Curve 

Wave Length/um The Ratio of Radiation from Smoke 
2.998997 0.001755 
3.000733 0.001861 
3.00247 0.001937 
3.00421 0.001985 

…
  …
  

13.93889 0.238181 
13.97646 0.237506 

Finally, the radiation ratio of Table 2 are subtracted from the versus transmittance ratio of table 1 one 
by one. The results by difference correcting method are listed in table 3. 
 

Table 3. The Difference Correcting Database of Transmittance 

Wave Length/um 
Transmittance Ratio 

32s 64s 96s …… 288s 320s 
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2.998997 0.232253 0.166108 -0.06354 …… -0.19615 0.196147 
3.000733 0.232383 0.16634 -0.06341 …… -0.19628 0.196279 
3.00247 0.232545 0.16659 -0.06336 …… -0.19648 0.196475 
3.00421 0.232714 0.166812 -0.06336 …… -0.19668 0.196679 

…
  …
 … … … …

13.93889 0.368899 0.538828 0.187734 …… -0.35893 0.358934 
13.97646 0.367825 0.537563 0.187603 …… -0.35791 0.357914 

 

Adopting the data in Table 1 without the difference correcting and in Table 3 with the difference 
correcting, the spectrum curves of transmittance against wave band are plotted in Figure.6, Fig.7 
respectively.  
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Fig.6. The Spectrum Curves of Transmittance in 8 14 m Waveband on Time-interval before Difference 

Correcting 
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Fig. 7. The Spectrum Curves of Transmittance in 8 14 m Waveband on Time-interval after Difference 
Correcting 

It can be clearly seen from Figure.6 and Figure.7 that transmittance curves whether or not to be 
processed by the difference correcting are hardly discrepant in 3 5 m wave band. In 8 14 m wave 
band, however, the transmittance curves without and with the difference correcting have presented a sharp 
discrepancy, as shown in Figure.6 and Figure.7. Figure.1 shows that the change of transmittance is about 
40%~60%. But the change range in Figure.7 by the difference correcting is from 25% to 35%. 

4  CONCLUSION 
 

Investigation has found that temperature of the smoke cloud, especially the burning-type infrared 
smoke can produce an impact obvious on the measurement of the smoke performance, the transmittance, 
in 8 14 m wave band by using the infrared radiometer. Because the temperature appreciably higher 
than the ambient, leads to the signal noise of IR radiation of hot smoke, the measured intensities of 
infrared radiation have significant difference between in 3 5 m wave band and 8 14 m wave band. To 
evaluate the infrared smoke performance rightly, the difference correcting method is adopted, which can 
suppress the noise effect by subtracting the rate of infrared radiation of the smoke from the measuring 
transmittance in 8 14 m wave band. 

This correcting method based on Fourier-transform-infrared, is also practicable for the infrared 
radiometer to acquire a true transmittance in 8 14 m wave band by removing the radiation of smoke 
cloud.  
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ABSTRACT 
 

There are numerous applications for small-scale actuation utilizing pyrotechnics and explosives.  
In certain applications, especially when multiple actuation strokes are needed, or actuator reuse is 
required, it is desirable to have all gaseous combustion products with no condensed residue in the actuator 
cylinder.  Towards this goal, we have performed experiments on utilizing milligram quantities of high 
explosives to drive a millimeter-diameter actuator with a stroke of 30 millimeters.  Calculations were 
performed to select proper material quantities to provide 0.5 J of actuation energy.  This was performed 
utilizing the thermochemical code Cheetah to calculate the impetus for numerous propellants and to select 
quantities based on estimated efficiencies of these propellants at small scales.  Milligram quantities of 
propellants were loaded into a small-scale actuator and ignited with an ignition increment and hot wire 
ignition.  Actuator combustion chamber pressure was monitored with a pressure transducer and actuator 
stroke was monitored using a laser displacement meter.  Total actuation energy was determined by 
calculating the kinetic energy of reaction mass motion against gravity.  Of the materials utilized, the best 
performance was obtained with a mixture of CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane) and TAGDNAT (bis-triaminoguanidinium(3,3'dinitroazotriazolate)). 
 
 
INTRODUCTION
 

Energetic materials (EM), including 
pyrotechnics and explosives, have been used for 
decades for actuation,1, 2 with the most common 
application being the use of double-base 
propellants to fire small-arms ammunition.  For 
large-scale actuation (e.g., gun launch) where 
thermal losses are less of a concern, secondary 
explosives have typically been used.  For small-
scale actuation where thermal losses become 
significant, primary explosives and pyrotechnics 
have typically been used.3  While secondary 
explosives have a higher impetus than 
pyrotechnics and primary explosives, they suffer 
from combustion instabilities at small scales due 
to high thermal losses and their higher pressure 
dependence on linear burning rates.  

Pyrotechnics and primary explosives are better 
performers at small scales, but leave condensed 
products after combustion and thus may foul 
actuators intended for reuse.  For the present 
work, secondary explosives with low pressure 
dependence on burning rate and with high 
performance are of interest. 
 

Little previous work exists on utilizing 
small quantities of high-performance secondary 
explosives for actuation, while significant 
previous work exists on utilizing secondary 
explosives for large-scale gun-launched 
projectiles and rocket propellants; analogous to 
the current problem.4-14  Some work on 
fundamental characterization of pyrotechnic 
actuator performance exists,3, 15 with Evans’ 
work with Ti/KClO4 (TKP, 33:67 titanium / 
potassium perchlorate) being particularly 
relevant to the current problem.  In this work it 
was shown that 10 mg of this pyrotechnic lifted 
weights of 27.41 and 60.99 lbf (12.43 and 27.66 
kg), respectively, with work actions of 7.03 and 
6.38 lbf ft. (9.53 and 8.65 J) corresponding to 

 
*Sandia is a multiprogram laboratory operated by 
Sandia Corporation, a Lockheed Martin Company, for 
the United States Department of Energy’s National 
Nuclear Security Administration under Contract DE-
AC04-94AL85000. 
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heights of 3.08 and 1.26 in. (7.82 and 3.19 cm).  
While Ti/KClO4 has been shown to perform well 
at small geometries, it is not a viable propellant 
for a multiple-use actuator due to a large fraction 
of solid products that could bind and damage the 
actuator. 
 

The goal of the present actuator is to lift 
a mass of 50-100 g, 1-3 meters high utilizing a 
ca. 25-mm stroke linear actuator, with a 
minimum amount of energetic material.  The 
material must not result in significant 
condensed-phase product that may foul the 
actuator, allowing it to be reused for multiple 
experiments.  This paper describes the first test 
series of this actuator to evaluate what energetic 
materials (EM) are appropriate for this use, what 
the lower limits of EM quantities are, and to 
evaluate initial performance.  This work is 
ongoing and does not represent a final actuator 
design or quantity of EM to use, but serves as a 
basis for future work to be conducted on tuning 
EM performance and actuator geometry. 
 
PROPELLANT CALCULATIONS 
 

Solid-propellant linear actuation can be 
simplified to the well-known gun-launched 
projectile problem, but with the projectile 
performing only short-stroke work action and 
without ever leaving the barrel.  This is also 
analogous to the pyrotechnically-driven linear 
actuator problem.15, 16  Simple thermochemical 
and Newtonian physics calculations were 
performed to estimate propellant mass and to 
allow for initial design of the linear actuator. 
 

A number of proposed mass/height 
combinations were selected to estimate the 
required propellant load.  The energy required to 
lift masses of 50, 75, and 100 g to heights of 1, 
2, and 3 m were calculated using the following 
formula: 
 
  E = (m / 1000) × g × h, 
 

where E is energy (J), m is mass (g), h is height 
(m), and g is the gravitational constant (9.81 
m/s2).  These results are shown in Table 1 and 
represent the bounds of the current actuation 
problem. 
 
Table 1.  Calculated energy (J) required to lift 
masses of  50, 75, and 100 g to heights of 1, 2, 
and 3 m. 

  Height (m) 
  1 2 3 

50 0.491 0.981 1.472 

75 0.736 1.472 2.207 

M
as

s (
g)

 

100 0.981 1.962 2.943 
 

The thermochemical code Cheetah 5.0 
was used to calculate basic performance 
properties of potential propellants.17  This allows 
selection of propellant charge size for initial 
performance characterization.  Of greatest 
interest is impetus, which describes a 
propellant’s ability to perform work on an 
object, defined as: 
 
 F = RT / M, 
 
where F is impetus (J/g), R is the universal gas 
constant (8.3145 J K-1 mol-1), T is temperature 
(K) and M is the average molecular weight of 
the gases (g/mol).  The data for the pure 
materials used in these calculations are shown in 
Table 2. 
 

The exp6.2 product library was used and 
the “gun” command was used to determine the 
theoretical performance of these proposed 
propellant formulations for loading densities 
from 0.1 g/cc to 0.3 g/cc.  These results are 
shown in Table 3.  Not all of these propellants 
were evaluated in experiments and some of the 
calculations were performed during the test 
series as performance data directed propellant 
selection. 
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Table 2.  Reactants used in propellant formulation. 

Material Name Formula Density Heat of 
Formation 

   g/cc kJ/mol 

CL-20 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane C6H6N12O12 2.044 386.0 

DAATO3.5 
mixed N-oxides of 3,3'-azo-bis(6-amino-1,2,4,5-

tetrazine) C4H4N12O3.5 1.9 550 

TAGDNAT bis-
triaminoguanidinium(3,3’dinitroazotriazolate) C6H18N22O4 1.68 711.28 

TAGzT triaminoguanidinium azotetrazolate C4H18N22 1.602 1076 
GAP glycidyl azide polymer C3H5N3O 1.290 176.0 

 
Table 3.  Calculated performance of proposed propellants. 

Material Density Heat of Formation Temp.a) Pressurea) Impetusa) 
 g/cc kJ/mol J/g J/cc K MPa J/g 

CL-20 2.044 386 882 1802 4519 325 1342 

GAP 1.29 176 1777 2293 2146 205 785 

TAGDNAT 1.68 712 1539 2586 2270 241 915 

TAGzT 1.602 1077 2876 4608 2258 240 903 

DAATO3.5 1.9 550 1993 3787 3176 280 1095 

CL-20 GAP TAGzT          
40 40 20 1.586 299 1639 2599 2616 275 1045 

CL-20 GAP TAGDNAT       
40 40 20 1.6 255 1371 2194 2660 279 1064 

CL-20 TAGDNAT           
75 25 1.939 464 1046 2028 4126 336 1366 

CL-20 TAGDNAT           
60 40 1.881 512 1145 2153 3684 370 1316 

CL-20 TAGDNAT           
50 50 1.844 545 1210 2232 3380 320 1269 

CL-20 TAGDNAT           
82.7 17.3 1.97 440 995 1961 4306 336 1373 

RDX 1.816 70 315 573 4097 339 1382 

JA2 1.575 -556 -2262 -3562 3498 280 1146 
a) values calculated at 0.2 g/cc propellant mass/chamber volume loading density. 
 

The proposed propellants contain CL-20 
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane), GAP (glycidyl azide 
polymer), and one of the additives BTATz (3,6-
bis(1H -1,2,3,4-tetrazol-5-ylamino)-s-tetrazine), 
TAGzT (triaminoguanidinium azotetrazolate), or 
TAGDNAT18 (bis-triaminoguanidinium(3,3’-
dinitroazotriazolate)).  Also included for 
comparison, are the pure materials, CL-20, and 

RDX (1,3,5-trinito-1,3,5-triazacyclohexane); as 
well as the triple base propellant, JA2 (60% 
nitrocellulose-13%N, 15% nitroglycerine, 25% 
diethyleneglycol dinitrate).  These materials 
contain CL-20 as the main high-performance 
propellant, GAP as a binder and to allow cast 
curing, and BTATz, TAGzT, and TAGDNAT as 
additives to increase the burning rate and to 
reduce the burning rate pressure exponent.  It 
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has been determined that the addition of a 
TAGzT can increase the burning rate of the 
nitramine RDX,5 and it is expected that a similar 
effect will hold true with the nitramine CL-20.  
TAGDNAT is expected to have a similar effect 
on the burning rates of nitramines as does 
TAGzT, however it has a higher burning rate 
than TAGzT.18  
 

Calculations were performed using an 
impetus of 1140 J/g as an approximate value to 
cover multiple propellants in Table 3 and 
estimate the quantity of propellant necessary to 
provide the required lift energies in Table 1 at 
efficiencies of 50, 25, and 10%.  These results 
showed that the bulk of potential actions can be 
covered with 10 mg of propellant or less, 
provided that the efficiency is in excess of 25%.  
As the propellant grain size is decreased, 
efficiency can be expected to decrease due to 
increased thermal losses.  The result of poor 
efficiency is likely to be more condensed-phase 
product residues in the combustion chamber, 
which could lead to fewer actuations between 
cleanings.  The lowest mass, lowest height 
problem is addressed first to ensure that this 
minimum requirement is met with a small 
quantity of propellant. 
 
ACTUATOR TESTING 
 

During the stroke of the piston within 
the linear actuator, the pressure and volume are 
constantly changing.  The displaced volume as a 
function of time, and pressure as a function of 
time are closely coupled and are related to the 
burning rate of the propellant as well as forces 
acting against the piston extension.  If the 
displaced volume is too small, the piston stroke 
ends before complete combustion, and motion is 
inefficient due to residual pressure.  If the 
displaced volume is too large, the piston stroke 
is not complete before complete combustion 
(propellant burn-out), and motion is inefficient 
due to residual stroke length.  During the initial 
stages of ignition of the propellant, the pressure 
must be kept high to prevent premature 
expansion and cooling of the product gases.  If 
confinement is lost too early in combustion, the 
flame front will extinguish.  If stiction prior to 
piston motion and/or friction after the piston has 

started to move are insufficient to provide this 
confining pressure, this could be overcome by 
supplying a resistance to initial piston motion. 
 

Initial experiments were conducted on 
lifting the 50 g mass to a height of 1 m.  Thus, 
the smaller propellant masses from the above 
calculations were targeted first.  Given the many 
uncertainties with combustion at small 
geometries, the design allowed for increasing the 
propellant grain size by stacking multiple 
washers with propellant on top of each other.  
Initial mass targets were 2-5 mg.  This range of 
propellant masses results in grains that are likely 
to satisfy actuation requirements, while 
maintaining a small enough size to fit within the 
required geometry. 
 

The test stand used to evaluate 
performance of different quantities of various 
propellants consisted of a stationary 
instrumented linear actuator with adjustable lift 
mass.  The internal diameter of the stainless steel 
cylinder was 2 mm and the stroke of the actuator 
is 30 mm.  The propellant charge was housed 
within a PTFE (poly(tetrafluoroethylene)) 
washer on a two-pin header with a 1-  nickel-
chromium hotwire for ignition.  The linear 
actuator was instrumented with a pressure 
transducer (PCB Piezotronics, Model 111A23) 
rated to 35 MPa (5000 psi), with an extended 
range to 69 MPa (10000 psi).  A laser 
displacement meter (Micro-Epsilon, Model 
LD1605-50) was used to measure displacement 
of the actuator during function.  The linear 
actuator was used to launch a reaction mass 
riding on a sled with rollers up a track.  A thin 
wire attached to the sled brushed the track and 
removed a fresh coating of ‘dry-erase’ marker to 
allow the launched height to be measured 
accurately.  This fine wire was adjusted such 
that negligible friction was introduced.  The 
propellant was ignited using a low voltage firing 
set that discharged a 120 mF capacitor charged 
to 28 V through the ignitor.  Schematics of the 
test stand and linear actuator are shown in 
Figure 1. 
 



-159-

Reaction Mass
Sled

Rail

Linear 
Actuator
Body

Laser Displacement Meter

Mirror

(a)

(b)

Pressure 
Transducer

Reaction Foot

Bumper

Vent Holes

Piston

Propellant

Ignitor

Reaction Mass
Sled

Rail

Linear 
Actuator
Body

Laser Displacement Meter

Mirror

Reaction Mass
Sled

Rail

Linear 
Actuator
Body

Laser Displacement Meter

Mirror

(a)

(b)

Pressure 
Transducer

Reaction Foot

Bumper

Vent Holes

Piston

Propellant

Ignitor

Pressure 
Transducer

Reaction Foot

Bumper

Vent Holes

Piston

Propellant

Ignitor

 
Figure 1.  Diagram of actuator test stand (a) 
and close-up of linear actuator body (b). 
 

PTFE (poly(tetrafluoroethylene)) 
washers were used to contain the propellant in 
the linear actuator on top of a NiCr hotwire 
ignitor.  Nominal dimensions of the cavity in 
these washers were 1.75 and 2.13 mm (0.069 
and 0.084 in.) in diameter with a thickness of 
0.787 mm (0.031 in.).  These dimensions 
resulted in volumes of 0.00189 and 0.00280 cc, 
respectively for the two diameters, and when 
filled with propellant of density 1.6 g/cc, the 
mass of propellant was 3.0 and 4.5 mg, 
respectively.  If needed, the quantity of 
propellant was adjusted by stacking multiple 
washers. 
 

Initial experiments with the test stand 
were conducted with mixtures of GAP/CL-
20/TAGzT, GAP/CL-20/TAGDNAT, CL-
20/TAGDNAT, and DAATO3.5.  Experiments 
were conducted both with and without a sub-
milligram quantity of DAATO3.5 as an ignition 
increment. These experiments revealed two 

important results.  First, the incorporation of 
GAP into the propellant to allow the material to 
be cast cured to a high density resulted in a 
propellant that would not initiate.  This is most 
likely due to a combination of the low porosity 
not presenting sufficient surface area for the 
early ignition front and higher thermal 
conductivity (as opposed to a lower density 
powder) material conducting heat from the 
ignition source into propellant grain.  
Additionally, GAP is a lower energy material 
than the ingredients in the propellant.  The 
second conclusion was that it was very 
important to utilize an ignition increment against 
the hotwire ignitor that was both easy to ignite 
and fast-burning.  In these experiments, 
DAATO3.5 was found to work well for this 
purpose. 

 
After these initial scoping experiments, 

further testing concentrated on evaluating 
mixtures of CL-20/TAGDNAT as the main 
propellant.  Mixtures of 50:50, 60:40, and 70:30 
CL-20/TAGDNAT were used.  The optimized 
(for impetus) formulation was calculated with 
Cheetah to be 83:17, however materials with this 
low a concentration of TAGDNAT were not 
utilized due to speculation that the burning rate 
would be much lower (as inferred from the 
RDX/TAGzT system).5  Experiments were 
conducted with masses between 1.2 and 7.7 mg 
of propellant, resulting in launch heights 
between 0 and 98 cm.  Video results from the 
98-cm launch height experiment are shown in 
Figure 3.  In this figure, the reaction mass sled 
can be seen riding up the track to a final height 
of 98 cm, after launch with 5.33 mg of 60:40 
CL-20/TAGDNAT propellant.   
 

A compilation of all the experiments 
with the various CL-20/TAGDNAT ratios, as 
well as an experiment with just DAATO3.5 is 
shown in Figure 2.  In three of the experiments 
(marked ‘seal failure’), an early issue with a seal 
on the linear actuator resulted in no launch.  In 
two experiments, issues with the ignition 
increment resulted in lower heights (marked 
‘poor ignition’).  In the final test of the series, 
excessive propellant was loaded into the 
combustion chamber and confinement was lost 
on the bottom support plate (marked ‘fixture 
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failed’).  The results from the successful 
experiments showed the expected correlation 
between mass of propellant used and height that 
the reaction mass achieved.  There did not 
appear to be noticeable differences between the 
different propellant formulations; however since 
the calculated performance increases with 
increasing CL-20 concentration (to the limit of 
83%), the 60:40 and 75:25 formulations may 
have better performance for future 
investigations.  Finally, the most successful 
experiment showed that ca. 5 mg of CL-
20/TAGDNAT can be used to lift a mass of 50 
mg to a height of 1 m in the current linear 
actuator configuration. 
 

 
Figure 2.  Linear actuation results for 50:50, 
60:40, and 75:25 CL-20/TAGDNAT, as well 
as DAATO3.5 shown as height versus mass of 
propellant.
 

 
Figure 3.  Video still images showing the 
linear actuator throwing the reaction mass 
sled to a height of 98 cm with 5.3 mg of 60:40 
CL-20/TAGDNAT.

 
Thermal analysis was conducted using a 

DSC (Model 2910 MSDC V4.4E, TA 
Instruments, Wilmington, DE) to investigate 
potential incompatibility between the CL-20 and 
the TADNAT.  One to two milligrams of the 
pure CL-20, pure TAGDNAT, or a 50:50 mass 
mixture of CL-20/TAGDNAT was loaded into 
aluminum DSC pans and sealed with lids with 
pinholes to evaluate for a shift in the exotherm 
onset temperature.  A shift of the exotherm to a 
lower temperature is indicative of a potential 
incompatibility.  Results from this analysis are 
shown in Figure 4.  The mixture exotherm onset 
is 196.67 ± 3.48 °C and lower than the CL-20 
exotherm onset of 210.47 ± 2.74 °C, so caution 
is necessary when scaling up formulation of this 
mixture, but further thermal analysis is 
necessary to evaluate further any potential 
incompatibility. 
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Figure 4.  Differential scanning calorimetry 
results for a 50:50 mixture of CL-
20/TAGDNAT and the individual 
components of that mixture. 
 

During experiments with the CL-
20/TAGDNAT propellant, the pressure in the 
linear actuator often exceeded the extended 
range of the pressure transducer (69 MPa, 10000 
psi).  The rapid pressurization occurred 
consistently on the experiments with the best 
results of lift heights (>80 cm).  This suggests 
that any potential efficiency improvements 
would be achieved by ensuring that the 
propellant has as fast a burning rate as possible 
and that the ignition source is robust enough to 
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ignite the propellant grain across as much 
surface as possible.  An additional benefit of this 
rapid pressurization is ensuring complete 
combustion of the propellant grain, resulting in 
minimal condensed phase products in the 
ctuator. 

ONCLUSIONS 
 

g performance with larger reaction 
asses. 
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Blast Effects of Cased Explosives in a Two-Room Structure 
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ABSTRACT 

 Blast effects have been measured and compared for several traditional and novel explosive 
formulations in contained in steel and non-steel cases.  The Defense Threat Reduction Agency (DTRA) 
has been actively investigating novel energetic materials performance in its Advanced Energetics program 
and has generated a significant database of cased explosives blast performance in a two-room, non-
responding, vented structure.  Each room is approximately 3.7 m x 4.6 m x 2.4 m, has an external door 
and an open window; a short, open corridor connects the two rooms.  Pressure and impulse histories were 
measured at a number of surface mounted gauges located throughout both rooms.  All tests were 
performed with 3.6 kg (nominal) explosive fills loaded in cases of approximately 5.5 kg mass.  All fills 
were “constant volume”, hence the actual charge mass varied depending on fill density.  Case mass was 
kept constant for all tests, hence case thicknesses varied as the case material was changed.  The charge 
cases were cylindrical with end plates of the same thickness as the cylinder wall, and a length to diameter 
(L/D) ratio of 2.2.  Over 70 different devices of varying fill and case compositions have been tested; 
relative performances for average peak pressures and impulses have been compiled for both the source 
room and the adjacent room.  General trends that were identified and relative performance observations 
are included. 

INTRODUCTION 

 The Defense Threat Reduction Agency's 
(DTRA's) Advanced Energetics (AE) test 
program’s objective is to provide high-fidelity 
data for novel explosive fills and devices in 
well-defined test environments.  DTRA has 
conducted numerous tests over the past 5 years 
in vented 2-room test beds at its Humble Gingko 
(HG) building, a 4-room steel reinforced 
concrete structure divided into two separate 2-
room test beds.  Each room is approximately 3.7 
m x 4.6 m x 2.4 m.  Each exterior 4.6 m wall has 
a 91 cm x 183 cm doorway centered on the wall.  
Each exterior 3.7 m wall has a 91 cm x 107 cm 
window centered on the wall.  The rooms have 
steel plates on parts of the walls, floor and 
ceiling to prevent damage to the concrete from 
case fragment impact.  Outside door openings 
were covered by 1.3 cm chipboard panels to 
simulate the effect of responding doors.  The test 
charges were placed parallel to the floor and 
interior wall and located 91 cm from the floor, 
91 cm from the exterior wall, and 101 cm from 
the interior wall as indicated in Figure 1 [1-3]. 

Figure 1.  HG two-room test bed illustration. 

 The data presented here are from 
pressure gauges mounted flush with the walls 
and ceilings of the rooms.  The source room had 
5 wall gauges and one ceiling gauge.  The 
adjacent room had 12 wall gauges and 5 ceiling 
gauges.  The waveforms in the 2-room test bed 
are quite complex and so may not be directly 
correlated with other types of tests.  The data are 
presented here as P-I (Pressure-Impulse) scatter 
plots, and are for the room averages of the 
absolute maximum pressure (which in general 
was not necessarily the first peak), vs. the 
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maximum impulse calculated from the pressure 
history.  The maximum impulse was typically 
achieved within 30 ms to 50 ms after pressure 
wave arrival.  Data from individual pressure 
gauges for the program’s reference explosive 
had percent standard deviations that ranged from 
5% to 17% for maximum pressure, and from 3% 
to 6% for maximum impulse, over 18 tests in 5 
years of testing.   However, when the room 
averages over all gauges are compared from test 
to test, the deviations are within +/- 3%, for both 
pressure and impulse.  The average over all 
gauges is considered a more accurate 
representation of blast performance, given the 
high level of turbulence and wave reflections.  
For each of the various explosive fills, reactive 
cases, and other experimental devices tested, a 
set of 3 repeat shots were done.  For these 
experimental formulations and cases, the 
variances in room average pressure and impulse 
for each 3-shot set fell within the +/- 3% range 
seen for the 18 tests of the reference explosive.  
Hence there is a high degree of confidence that 
the room average data are accurate to within +/- 
3%.  The emphasis for the HG tests was on the 
blast performance in the adjacent room; with 
few exceptions, the relative differences in device 
performances in the source room were about the 
same as that seen in the adjacent room.  For the 
sake of brevity, the data presented here are for 
the adjacent room only.  It should also be noted 
that all of the P and I values have been corrected 
to standard atmospheric conditions. 
 The standard case design had an interior 
length of 24 cm and a diameter of 11 cm, 
resulting in a fill mass of approximately 3.6 kg 
for the reference fill density of 1.66 g/cc.  Fills 
for all tests were contained in cases with 
identical internal volumes; hence the actual fill 
masses varied slightly depending on fill 
densities.  The Length/Diameter (L/D) ratio for 
all fills was 2.2.  The thickness of the case 
cylinder was the same as that of the end plates; 
this was 0.62 cm for steel cases.  The non-steel 
cases had the same interior dimensions as the 
standard steel cases; the case wall thicknesses 
were varied to maintain a constant mass of the 
case of 5.45 kg; thus, case mass to charge mass 
ratio was generally about 1.5. 

RESULTS 

 Figure 2 is a plot of maximum pressure 
vs. maximum impulse for adjacent room 
averages for all the tests.  This plot illustrates 
that in general most of the data for formulations 
and devices tested in the DTRA AE program fall 
fairly close to a diagonal line; i.e., any increase 
in maximum pressure occurred with a similar 
increase in impulse.  (It would be expected that 
for extremely fuel rich fills, such as so-called 
thermobaric fills, where the goal is to increase 
impulse more than pressure, the data should lie 
below the diagonal line.)  This plot shows that 
one can obtain more than 2 times the TNT 
values for both pressure and impulse. 
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Figure 2.  P-I plot for all the tests. 

 The data in Figure 2 are grouped into 
three types of devices.  The square symbols are 
for "traditional" explosives, that is, well-known 
explosives such as TNT, or those in service with 
formal designations such as PBXN-109.  The 
diamond symbols are "novel" explosives with 
experimental compositions, and the triangular 
symbols are various fills not contained in our 
standard steel case: either uncased, reactive case, 
or a combination of steel and reactive case. 
 The AE test program has tested 8 
different traditional (in-use) explosives at the 
nominal 3.6 kg size in steel cases in the standard 
two-room test configuration.  Figure 3 is a plot 
of the performance observed in the adjacent 
room for these fills. 
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Figure 3.  P-I plot for steel cased traditional fills. 

 One can see that for the traditional fills, 
performance ranged up to about 25% to 30% 
better than TNT, and one fill underperformed 
TNT in this test configuration. 
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Figure 4.  P-I plot for steel cased novel explosives. 

 Figure 4 presents P-I data from 28 novel 
fills that have been tested in steel cases.  Based 
on the P-I values, these explosives ranged from 
0.6 to 1.5 x TNT in blast performance.  
Comparing to Figure 3, it is seen that nine of the 
novel fills performed better than any of the 
traditional fills, while one of the novel fills was 
worse than the poorest of the traditional fills.  

Another 18 novel fills performed within the 
range seen for the traditional fills. 
 There has been interest within the US to 
investigate other effects that may also contribute 
to blast, such as reactive structural materials, 
including its use as a case.  Thus, a number of 
tests were performed to assess this "case effect".  
Figure 5 illustrates the effect of reactive cases on 
a number of different fills, including both 
traditional and novel fills. 

Figure 5.  P/I plot for explosives in reactive cases. 

 It can be seen from Figure 5 that 
reactive cases tested here have produced a 
higher increase in performance than have efforts 
to date to improve the fills.  Some reactive cases 
should be as strong or stronger than steel on a 
mass basis (but not on a volume basis), though 
definitive case strength studies have not been 
performed at this time. 
 Figure 6 below illustrates the results for 
the AE program reference charge, which is a 
commonly used moderately aluminized RDX 
formulation.  As shown in Figure 6, the 
enhanced performance of Reactive Case 1 (RC1) 
over steel is quite pronounced (went from 1.14 x 
TNT to 2.03 x TNT, or a 79% increase). 
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T1 Fill - Various Cases
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Figure 6.  P/I plot for traditional fill “T1” with 
various cases. 

In order to see if material properties, 
such as strength and plasticity, play any part in 
the performance enhancement, copper and 
stainless steel cases were also tested for this 
explosive.  Copper behaved about the same as 
steel, within our experimental error (+/- 3%).  
One could argue that stainless steel showed a 
very slight improvement (6%).  Combination 
cases were also tested; these cases had steel 
outer shells with inner sleeves of reactive 
material; note that the 5.45 kg case that had a 3:1 
Steel/RC1 ratio outperformed the uncased 
charge in both blast pressure and impulse. 
 Figure 7 illustrates the effect of reactive 
cases on the performance for Traditional Charge 
2 (T2), which is a commonly used highly 
aluminized RDX formulation that includes an 
oxidizer component.  Also shown is the 
additional effect from use of a double detonation 
(simultaneous at each end) for a reactive case.  
By comparing to Figure 6 it can be seen that 
although T2 outperforms T1 in a steel case in 
our test configuration, it does not outperform T1 
in Reactive Case 1 (RC1), even though it is still 
1.9 times the performance of TNT. 
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Figure 7.  P/I plot for traditional fill “T2” with 
various cases. 

SUMMARY

 It was found the maximum pressure 
variances were about the same as the variances 
in the maximum impulse, and the maximum 
impulse is reached within 30 to 50 ms after 
pressure wave arrival.  The AE program has had 
modest success in developing novel fills and 
considerable success in improving blast 
performance via reactive cases.  Novel fills have 
produced performance improvements over the 
best traditional fills of almost 20% in this test 
bed, fill size, case mass, and test configuration.  
Reactive cases have produced performance 
improvements of approximately 60% over the 
best performing traditional fills steel cases.  
Figure 8 illustrates the improvements to date for 
the test configuration described in this report, 
compared to the best performing traditional fills 
in a steel case.  T3 is a highly aluminized RDX 
based explosive with an oxidizer similar to T2, 
and T4 is a highly aluminized RDX based 
explosive. 
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Best Performers
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Figure 8.  Best performers compared to the best 
steel cased traditional explosives. 

 DTRA's Advanced Energetics program 
intends to continue to improve fill ingredients, 
while acknowledging there might be an upper 
limit to such improvements.  The AE program 
also intends to pursue an understanding of the 
synergistic effects between fills and reactive 
cases. 

ACKNOWLEDGEMENTS 

 The Defense Threat Reduction Agency's 
Test Division performed all of the tests in this 
report.  Explosive fills were provided by a 
number of different participants in the Advanced 
Energetics program, including the Indian Head 
Division, Naval Surface Warfare Center; the 
Naval Air Warfare Center, China Lake; the Air 
Force Research Laboratory, Munitions 
Directorate; AMARDEC, Redstone Arsenal; and 
Los Alamos National Laboratory. 

REFERENCES 

(1) Benningfield, L. V., Kreitinger, T. J., Peiris, S. 
M., Wilson, W. H., “A comparison of CHEETAH 
Predicted Energies with Experimental Data from 
Moderately Sized Cased Explosives,” International 
Symposium on Interaction of the Effects of 
Munitions with Structures (ISIEMS) 12.1, September 
17-21, 2007, Orlando FL. 

(2) Kim, K., et al., “Performance of Small Cased 
and Bare Non-ideal Explosive Charges,” 
International Symposium on Interaction of the 
Effects of Munitions with Structures (ISIEMS) 12.1, 
September 17-21, 2007, Orlando FL. 

(3) Kim, K., et al., “Numerical Simulation of 
Standardized Thermobarics Tests in a Two-room 
Structure,” 19th International Symposium on the 
Military Aspects of Blast and Shock (MABS), 
October 1-6, 2006, Calgary, Alberta, Canada. 



-168-



-169-

Evaluating Various Pyrotechnic Compositions as a Substitute for Black 
Powder in an Ignition Transfer Role 

Joseph A. Domanico 
Chief, Pyrotechnics Team 

AMSRD-ECB-ENK-P 
Edgewood Chemical Biological Center 

Aberdeen Proving Ground, MD 21010-5424 

ABSTRACT

While black powder has been used for hundreds of years in perhaps hundreds of different 
applications, the use of black powder as the method of igniting a stab detonator has always been 
a topic of concern.  The ECBC Pyrotechnics Team was asked to evaluate several candidate 
pyrotechnic compositions as a replacement (i.e. upgrade) for black powder in a time delay 
device.  The output of the time delay is designed to function a stab detonator which in turn 
makes the transition to a detonation wave which subsequently detonates a main burster charge.  
In an effort to upgrade this tiny output pellet both for long term storage concerns as well as 
reliability concerns, several pyrotechnic compositions were used in the identical setup to 
determine their individual suitability in functioning the stab detonator.  This paper will highlight 
the ignition train, its current configuration and functioning, and the results of the experimentation 
to utilize other pyrotechnic compositions.  High speed video will highlight the collected data as 
well as an energetic discussion on the benefits of replacing black powder in any system. 

INTRODUCTION

The output pellet to be replaced is an extremely small pellet further complicated by the fact that 
is has a core hole running through the center of it.  The pellet is  0.235” diameter by 0.200” high 
with a core hole is 0.080”  diameter.  It is ignited from one end and expels all of its energy out 
the opposite end directly into a stab detonator.  The pellet must be made such that it has 
sufficient mechanical strength to withstand handling as well as the setback forces from the 
howitzer launch.  It must be sufficiently energetic to ignite the detonator while being safe enough 
for processing and handling by pyrotechnic personnel. 
Figure 1 shows the very small size of the ignition cup which holds the black powder output 
pellet. 

Figure 1 
Output Cup 
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BACKGROUND

A current 155mm howitzer shell utilizes a base ejected thin walled canister to deliver its payload 
after being ejected from the thick walled external carrier.  Upon fuze functioning, the canister is 
ejected by a small propulsion charge which simultaneously ignites a short (millisecond) delay.  
The delay ignites a detonator which dispenses the payload after it exits the carrier. 

The 155mm shell uses an ignition train in which the time fuze ignites an expelling charge which 
in turn ignites a delay/burster.  The expelling charge is sufficient in energy to strip the base 
threads off of the shell and expel the canister.  After a time period of milliseconds, (enough for 
the thin walled payload canister to clear the thick walled carrier), the burster dispenses the 
payload.  Recent concerns about increasing the reliability and shelf life of the delay/burster unit 
resulted in a short series of experiments to determine if a suitable substitute for the ignition train 
could be found. 

OBJECTIVES

The primary objective of this effort was to determine the suitability of several candidate 
pyrotechnic compositions as replacements for the black powder found inside the delay/burster.  
The black powder is not used as the delay element, but rather as the gap-bridging charge to 
function a stab detonator which in turn detonates the main bursting charge. 

A secondary objective was to determine if a more suitable delay composition(s) was available. 

EXPERIMENTAL PROCEDURES 

An initial paper study was performed of all potential replacement compositions which would not 
require custom re-blending.  These candidates were further evaluated using thermodynamic 
software to determine a relative ‘ranking’ of suitable thermal characteristics. 

A representative cross section of candidate compositions (less percentages) is shown in table 1.  
A wide variety of candidate formulations was used to determine the performance of individual 
chemical components within the compositions.  Compositions were chosen to display specific 
thermal outputs such as 1) hot gas, 2) infrared radiation, 3) burning sparks, 4) hot slag, and 5) 
burning temperature. 

3. The Fraunhofer ICT Thermodynamic Computer Code available from www.ict.fraunhofer.de
was used to obtain a theoretical profile for the candidate compositions.  This data was used to 
obtain a clearer picture of the expected performance.  Correlation of this theoretical work is still 
being compared with the test data to determine if a correlation exists.  A great degree of 
difficulty in this comparison and will not be presented here.
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Table 1 
Representative Formulations 

 1 2 3 4 5 6 
Aluminum  X X  X X 
Boron    X X  
Charcoal   X   X 
Red Gum X      
Silicon   X   X 
Sulfur  X    X 
Titanium      X 
       
Black Iron Oxide   X    
Potassium Nitrate  X  X X X 
Potassium Perchlorate X      
Pellet weight (grams) 0.13 0.15 0.14 0.13 0.13 0.14 

The physical characteristics and handling characteristics were also considered critical to finding 
a substitute.  The composition’s suitability for pouring into weighing cups using an automated 
system was a key factor in its ranking.  A composition which performed well reduced its 
candidacy if it was not able to be handled in an automated manner which allowed reproducible 
results.  For example the composition containing red gum became “gummy” when pressed, 
which caused the ram to stick in the mold and was extremely difficult to remove.  Regardless of 
its performance, this candidate composition was removed from consideration simply due to this 
critical handling characteristic. 

A surrogate test fixture was designed to minimize the cost of the experiments, and to maintain 
some degree of confidentiality about the specific weapon system.  The surrogate test fixture 
proved to be invaluable in assessing the performance as the relative (inexpensive) cost.  An 
important feature of the surrogate was that it accurately duplicated the necked delay column 
found in the actual delay fuse.  Figure 2 shows a cross section of the surrogate.  The ignition 
train enters from the right hand side and the burn front proceeds towards the left.  The idea is that 
once the flame front passes through the smaller diameter portion of the fuse, the burnt delay 
composition will be unable to “push back” through the hole, forcing all of the output pellets 
energy towards the stab detonator.  The cored output pellet is protected by a thin film of a 
reactive foil which is quickly consumed by the heat. 

Figure 2 
Surrogate Cross Section 



-172-

Several methods were used to evaluate the suitability of these candidate compositions.  
Differential Scanning Calorimeter was used to ensure that both the ignition temperature and the 
energy output were suitable for the task.  High speed photography was used to determine the 
output pattern of the pellets as well as recording the amount and duration of thermal output.  A 
thermocouple arrangement was used to obtain a qualitative comparison on the thermal transfer 
profiles for each of the candidate compositions. 

RESULTS 

A wide variety of flame output patterns were obtained from the wide variety of tested 
compositions.  Some compositions had a majority of a single output type such as sparks or hot 
gas output.  Very few of the tested compositions had multiple thermal output styles, although it 
was originally thought that this was a desirable trait.  In practice, nearly all of the tested 
compositions performed well in meeting the requirement of igniting the stab detonator.  The stab 
detonator found in this item is not only sensitive to a stab primer, but also was a wise choice for 
this type of delay detonator assembly.  Further testing of candidate compositions will be required 
to determine which is the most suitable from a long term stability perspective. 

Candidate composition #4 was typical of compositions that did not contain discrete metal 
particles.  This boron based composition provided a moderate thermal pulse which had the 
fastest rise time.  This type of composition appears (currently) to be a suitable choice for a black 
powder output pellet.  Figure 3 shows a single frame from the output test. 

Figure 3 
Mix #2 Output 

Mixture #5 was typical of composition containing both fine and discrete metal particles and 
provided the best candidate when using the high speed videocamera.  Its ability to obtain the 
required thermal transfer to the target (detonator) was limited.  While the fine particles provided 
a fast burning composition, they also burned so fast as to eject the larger particles in the 
composition at a high velocity.  This increase in ejection velocity allowed the larger particles to 
bypass the detonator and ricochet inside the area without coming into contact with any one 
particular surface.  The result that although it made an impressive photograph, its performance 
was at the bottom of the list.  Figure 4 shows the hot gas cloud combined with the ejected 
burning particles. 
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Figure4
Mix #5 

Figure 5 shows the graph of the data collected with the thermocouple arrangement.  The data 
shown is a distilled representation of the over 300,000 data points collected for each run.  The 
four candidate compositions shown are representative of all of the tested candidates.  At first 
glance, mix #2 (thickest line) appears to be the composition of choice.  After a more careful look 
at the curve, it can be seen that although the thermal pulse is quite significant, it takes the most 
time to reach the peak.  In actual use, this would cause the payload canister to be too far from the 
carrier when it functioned.  This would place it into the high speed airstream and reduce the 
accuracy of payload placement on target.  The close up of the data curves (shown on the right 
side) further illustrates the long rise time for mix #2.   

Figure 5 
Thermocouple Data 
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DISCUSSION 

Black powder has been used over the centuries in a wide variety of roles.  It has been used as a 
propellant, burster, delay, spoolette, wrapped in cord as a time delay, dipped in glue and used as 
blackmatch, covered in paper and used as blackmatch, just to name a few.  The reason for this 
widespread use is that the physical characteristics of black powder allows to flexibility as a 
solution to the pyrotechnic system designer. 
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Black powder is easily (relatively) produced and transported.  It is (relatively) safe to work with 
in small to moderate quantities.  It is easily blended with binders to allow pelletization.  It can 
have it’s burn rate reduced by the addition of inert materials such as calcium carbonate.  It can be 
enhanced with aluminum (for example) to qualify as a non-perchlorate photoflash substitute.  It 
can even be used in a hollow pellet form as a way to bridge a gap and ignite a stab detonator 
using its thermal properties. 

This final use is the focus of this replacement effort. 

Several candidate compositions were chosen for experimentation after an initial paper study of 
their individual physical and thermal characteristics.  The candidate compositions chosen after 
the initial screening were then loaded into the test fixtures and functioned for data. 

CONCLUSIONS 

Amazing, nearly all of the compositions provided what appeared to be adequate thermal output 
when functioned inside the test chamber.  Candidate suitability and a final replacement choice 
will need to be based on several additional criteria such as long term stability, repeatability of 
delay time, and its performance at the extremes of the required temperature range. 

At this point in the evaluation process the boron / potassium nitrate composition is the most 
suitable as a replacement for the black powder.  It has on of the fastest rise times as well as a 
sufficient amount of thermal transfer ability.  It is suitable for use with several binders, and can 
be made into a flowable composition which will allow repeatable pellets to be quickly 
manufactured using common stokes-type pellet presses.  The particle sizes of the components are 
sufficiently small to be sufficiently reactive without resorting to nano-sized particles.  This keeps 
the cost of manufacture sufficiently low as well as keeping the handling safety concerns to a 
minimum. 

The next step in this evaluation effort is to load inert material into full size canisters and eject 
them statically on the test range.  Capturing the canister ejection from the carrier and the 
functioning of the payload canister will further allow the many candidate compositions to be 
ranked accurately.  The high speed video camera will provide further insights into the suitability 
of the candidate compositions and prepare for actual dynamic testing. 
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INTRODUCTION
Primary explosives are substances used in small quantities that when subjected to a flame, heat, 

impact, friction or an electric spark, generate a detonation wave. The detonation of the primary explosive 
initiates the secondary or a booster explosive which in turn initiates the main charge explosive or 
propellant. The main requirements for initiating explosives are sufficient sensitivity to be detonated 
relatively easily and reliably but not so sensitive as to be exceedingly dangerous to handle.  Also, it must 
be sufficient thermal stability to not decompose on extended storage or thermal insult.                      

The most widely used primary explosive in US munitions systems is lead azide, either as a neat 
material or formulated with other ingredients. This compound contains a heavy metal, lead, which is not 
environmentally friendly, and it is also not compatible with nickel, copper, brass etc. Lead-based 
materials are cataloged on the EPA Toxic Chemical List (EPA list of 17 toxic chemicals). They are 
regulated under the Clean Air Act as Title II Hazardous Air Pollutants, as well as classified as toxic 
pollutants under the Clean Water Act. Because of the environmental and health issues that these lead-
based materials produce, the Department of Defense is actively looking into producing heavy metal-free 
initiating explosives.  

The goal is to develop green primary explosives and optimizing energetic performance and 
impact sensitivity.  An example of a potentially useful detonator composition is Nitramino tetrazole and 
various substituted derivatives. Sensitivity of these materials can be tuned as desirable by varying the 
substituents in the tetrazole ring system.  Another alternate is Polyazide-based materials that are heavy 
metal-free and possess thermal initiation properties similar to lead azide.  Triazine Triazide (cyanuric 
triazide) has been reinvestigated and prepared.  

Triazine Triazide (TTA, also known as 2,4,6-triazido-1,3,5-triazine, cyanuric triazide)1-3,7 is a 
known energetic material with high impact and friction sensitivity and has energetic performance 
comparable to lead azide.  It is a heavy metal- free polyazido compound containing only carbon and 
nitrogen. A preliminary investigation of the material was done at ARDEC in the late 1950’s/early 1960’s, 
but was discontinued due to its sensitivity.  The compound has been reinvestigated as a lead-free 
replacement for both lead azide and its formulations.  

Synthesis of TTA according to the literature method results in large, highly sensitive crystals. 
Standard re-crystallization methods fail to produce crystal in sizes/shapes that are not overly sensitive. A 
crystallization methodology was recently developed at ARDEC which results in reduced particles size 
and sensitivity. A methodology for coating/co-precipitation of TTA with an inert material to further 
increase handling safety has also been developed. Scale-up synthesis of TTA at 50 g level has been 
successfully achieved.  

Synthesis of High Nitrogen Compounds such as 5-Nitriminotetrazole (NiTz)8 and 2-Methyl 5-
nitraminotetrazole (MNATz)8 has also been conducted at very small scale of 2-4grams at ARDEC.   
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PROPERTIES OF TTA 

 

 

Fig.1 Structure of TTA 

TTA was structurally characterized in the early 20th century4 and was recently reexamined5 (Fig. 
1). TTA appears as white crystals. It has a molecular weight of 204 and a density of 1.54 g/cm3.  The 
compound is thermally stable, with a melting point of 94 deg C, and a decomposition temperature of 187 
deg C.  It is insoluble in water, but readily soluble in acetone, benzene, ether and hot ethanol.  

APPROACH
When lead azide is used in a stab and electric detonator, multiple loadings of other explosive 

materials are required in order to produce a properly functioning explosive train.  To load the stab 
detonator, e.g. M55 detonator (Figure 2), stab mix on NOL-130 is first pressed into the cup at 70,000 psi.  
Lead Azide, an intermediate charge, is then pressed at 10,000 psi on NOL-130.  The output charge, RDX 
is pressed at 15,000 psi on top of Lead Azide.   To load the electric detonator, e.g. MK1 Detonator 
(Figure 2), a spot charge of lead styphnate-based composition is typically placed on the bridgewire and 
allowed to dry, or mechanically pressed at high pressure onto the bridge.  Lead azide is then added to 
detonator cup and pressed on top of the styphnate.  A secondary explosive material, such as PETN or 
RDX, is then added on top of the azide, and also pressed.   

 
Figure 2: M55 Stab Detonator (left) and Electric Detonator (right) 
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 Every primary material developed here is tested for its sensitivity (Friction, Impact and 
Electrostatic) and performance outputs by loading into M55 stab detonators and functioning them.  
Requirements of a qualified primary material are shown in figure 3.  Once the sensitivity and performance 
criteria meet the requirement, energetic material is tested for the qualification.  For performance criteria, 
MIL-D-14978A Amendment 5 is used to measure performance of M55 stab detonators. According to 
MIL-D-14978A, 315 detonators assembly are subjected to sensitivity and energy output test. If 4 or more 
assembly fails, the first article sample is rejected. Our test results are compared against standard RD-1333 
lead azide and standard M55 detonators. 
 

 
Figure 3: Requirements of a qualified green primary energetic material 

 

To evaluate the performance of Triazine Triazide and other high nitrogen compounds and the new green 
NOL-130 explosive, the M55 detonator was selected for testing.  The standard explosive train in an M55 
detonator is NOL-130/lead azide/RDX.  M55 stab detonators were loaded with detonation trains 
consisting of “NOL-130-Green”/TTA or NiTz or MNATz /RDX (or CL-20) in place of the standard train. 
The loaded detonators were then tested under standard conditions.   

 

ACCOMPLISHMENTS 
 Several green materials were evaluated for both lead styphnate (LS) and lead azide (LA) 
replacement in stab and electric detonator.  3 candidates were selected to replace lead azide – Triazine 
Triazide (TTA), 5-Nitriminotetrazole (NiTz) and 2-Methyl 5-nitraminotetrazole (MNATz).  TTA as 
mentioned above is a well-known compound initially synthesized in early 20th century.  NiTz and 



-178-

MNATz, are known in the literature but their applications for primary have not been explored.   These 
were synthesized at a gram level to begin with as not much is known about its physical properties.  
 All weapon systems that require an initiating charge utilize some form of initiating material.  Stab 
detonators, such as M55, use NOL-130 as the stab sensitive energetic material.  NOL-130 consists of 20% 
lead azide, 40% lead styphnate, 20% barium nitrate, 15% antimony trisulfide and 5% tetracene.  The 
requirement for green initiating charge is that it must initiate with same stimulus and must be powerful 
enough to cause transfer charge to detonate.  Since, TTA is known for its impact and friction sensitivity, 
TTA was used as a replacement for lead azide and lead styphnate to make green NOL-130 (NOL-130G).   
 The standard explosive train in an M55 detonator is NOL-130/lead azide/RDX.  To check the 
performance of green stab mix, it was loaded in M55 stab detonator.  First, green stab mix, 15mg at 
70,000 psi, was pressed into the cup of M55 detonators.  Then Lead Azide, an intermediate charged, was 
pressed at 10,000 psi on green stab mix.  Lastly, RDX, output charge is pressed at 15,000 psi on top of 
Lead Azide.  Then a small disk is crimped onto RDX. Figure 4 shows the M55 standard detonator and 
new one.  Few M55 cups were loaded and functioned using stab detonator ball drop test.  The new stab 
composition, NOL-130G, initiated the explosive detonation train with performance comparable to that of 
a standard M55 detonator. Performance dents are shown in Figure 5.   

 

Figure 4: M55 Stab detonator 

 

Figure 5: Witness plates of Standard M55 compared to M55 loaded with NOL-130G 
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 Next step was to further modify the detonator, make it whole green stab detonator (figure 6).  
Requirement for a green transfer charge is that it must be sensitive enough for initiation, must be powerful 
enough to cause high order reaction of output charge and must fit into existing detonator cups.  Transfer 
charge, lead azide was replaced with one of the candidates – TTA, NiTz and MNATz.  For all three 
materials, their sensitivity is comparable to lead azide.  They are highly impact and friction sensitive.   All 
3 materials, separately, will be loaded in M55 detonators to replace lead azide.    Since these materials are 
lower in density compared to lead azide, materials were not packed as much as lead azide.  Loading 
parameters will need to be optimized at a later stage.  

 

Figure 6: M55 Stab detonator – standard (left) and green (right) 

TTA: 
 First material that was decided to replace lead azide was TTA.  As being the known compound 
and being able to scale-up to 50 grams easily, TTA was selected.  Since TTA is lower in density 
compared to lead azide, this material was not packed as much as lead azide.  With the same pressure used 
as lead azide, TTA was pressed at 10,000 psi to load approximately 20-30mg and then RDX was pressed 
on top as standard M55 detonators.  When functioned, these detonators did not go high order as expected 
due to its low density and not packing enough material as lead azide.  
 A pressed density study was conducted to determine if packed density could be increased as 
increased pressure was applied.  When pressed at 10,000 psi, packing density of TTA was 1.57g/cc while 
density at 15,000 psi was 1.61 g/cc.  Increasing the pressure increased the packing density slightly higher 
but when pressed at 20,000 psi, the cup broke.  So, for the next loading of M55 detonators, TTA was 
pressed at 15,000 psi.  To pack more TTA it was decided to lower the weight of NOL-130 to 10 mg.  This 
helped in adding more material for transfer charge – leading to approximately 40mg of TTA at 15,000 
psi.  The amount of output charge was also decreased to 15mg compared to 19mg. This definitely brought 
the performance of M55 detonator closer to the standard M55 detonators compared to dent depth of 0.019 
inches.  Table 1 gives the details of loading parameters for green detonators.   Standard M55 Detonator 
dent is 0.075-0.090 inches.  
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No. NOL-130
(mg)

Pressed at 
70,000 psi 

CTA (mg) 
Pressed at 
15,000 psi 

RDX, class 1 
(mg) Pressed 
at 15,000 psi 

Dents
(in)

1 10.6 40.2 15.2 0.043 
2 10.5 40.2 15.4 0.041 
3 10.3 40.4 15.1 0.045 
4 10.5 40.1 15.5 0.043 
5 10.0 40.2 15.2 0.052 

Table 1: Performance Test of Green Detonator 

 Detonation Velocity was also measured with new method developed at ARDEC for this material.  
Detonation velocity for TTA is 5.68 mm/ sec compared to lead azide’s detonation velocity – 
5.5mm/ sec6.   

NiTz and MNATz: 
 5-Nitriminotetrazole (NiTz) and 2-Methyl 5-nitraminotetrazole (MNATz) were synthesized at 1-2 
grams level in lab to evaluate their safety characteristics according to the ARDEC safety procedures.  
These materials were tested for its sensitivity.  Both materials meet the requirement of being primary as it 
very sensitive to impact and friction.  
On-going work is being done for testing NiTz and MNATz as a transfer charge into M55 explosive train.    

ON-GOING & FUTURE WORK: 
 NiTz and MNATz will be loaded as transfer charge into M55 explosive train and tested for its 
performance.  Loading parameters will be optimized for transfer charge to increase the packing density 
and in return give equivalent or higher performance as standard M55 detonators.  Particle size will also be 
optimized to increase the density to give higher performance.  
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ABSTRACT 

The Naval Surface Warfare Center (NSWC) has teamed with the U.S. Army Armament Research 
Development and Engineering Center (ARDEC) to eliminate the environmentally objectionable 
perchlorate ingredient in the Army in-service M126A1 Ground Illumination Signal, Red Star 
Parachute.  The M126A1 perchlorate-free composition will be based on the RSF-4 formulation 
developed for Mk124 Red Marine Smoke Illumination Signal under the Environmental Security 
Technology Certification Program (ESTCP).  The perchlorate-free replacement composition, 
RSF-4, is the result of a judicious choice of magnesium fuel particle size distribution, fuel to 
oxidizer ratio, and weight percentage of binder. Results to date indicate that this composition will 
not only meet the luminous intensity, dominant wavelength and color purity performance 
specification of the MK 124 flare, but can also be tuned to meet the M126A1 performance 
requirements.  This joint effort will also allow for accomplishing simultaneous Army Energetic 
Material Qualification (EMQ) and Navy Formulation Qualification of the RSF-4 composition so 
that it may be used in product improvements of both the Navy Mk 124 and Army M126A1.  
From the Mk 124 baseline formulation, modifications will be made to meet the specification 
requirements for the M126A1, specifically the candlepower and burn time.  Based upon extensive 
experimental data obtained on the RSF-4 formulation, and the limited data obtained on the higher 
luminous intensity/faster burning variants of this composition, it will require a limited number of 
iterations to develop a suitable composition to meet the minimum M126A1 red star candlepower 
and burn time performance specifications.  The M126A1 flare candles will be static tested to 
obtain candlepower, burn time, dominant wavelength, and color purity information.   

INTRODUCTION

In 1997, the Department of Defense 
(DoD) was tasked to study the extent and 
deleterious effect of perchlorate 
contamination in ground water.  Ground 
water contamination by perchlorates has 
been found to be a serious problem in many 
areas around the world.  The perchlorates 
are known to inhibit iodine uptake by the 
thyroid gland, thus lowering the level of 
thyroid hormone in the body.1  This can lead 
to permanent neurological damage, 
particularly in fetuses and the newborn.  
Since this study, the government has been 

vigorously and actively campaigning to 
reduce, if not, totally eliminate the 
perchlorate ingredient used in many 
munitions.  The Environmental Protection 
Agency (EPA) has been monitoring the 
permissible level of perchlorate 
contamination and has recently lowered the 
level down to 15 parts per billion (ppb).2
This new lower level is a strong indication 
that the government is moving towards a 
more stringent level of perchlorate and the 
DoD must take an even more active role in 
trying to eliminate perchlorate from its 
munitions.  Most colored pyrotechnic flare 
compositions contain perchlorate oxidizers.  
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Residual perchlorates from these devices 
may be absorbed into groundwater and 
require remediation.  This has contributed to 
an increase in the total concentration of 
perchlorate residues at various military and 
industrial sites, and to their generally higher 
than desired concentration in drinking water 
supplies.  Accordingly, perchlorate oxidizers 
currently used in various pyrotechnic flare 
compositions are being substituted with 
nitrates or other less energetic oxidizers.  
Because these oxidizers are less reactive 
than those that contain chlorine, high-energy 
or high specific surface area fuels are being 
used to make-up for the loss in energy.   

Clearly, any methods that can be 
used to eliminate the perchlorates without 
degrading flare performance would be a 
noteworthy advancement.  Earlier 
investigations have already studied 
perchlorate-free red flare compositions.  
Richard Cornia and Russell Reed produced 
"flickering" red and green flares from 
compositions consisting of magnesium 
and/or aluminum fuels, a chlorinated 
aromatic compound, strontium or barium 
nitrates, and a fluorinated binder.3  Webster 
and Tanner formulated an orange – red flare 
that contained only magnesium fuel, calcium 
nitrate oxidizer and an epoxy binder.4
NSWC Crane has been working on 
alternative perchlorate-free red flare 
formulations and most recently has come up 
with a formulation that meets current Navy 
performance specifications.  This 
perchlorate-free formulation has been 
designated as RSF-4 and is currently in 
qualification stages.  Recently, the U.S. 
Army Armament Research Development 
and Engineering Center (ARDEC) 
approached NSWC Crane to assess the 
feasibility of transitioning the perchlorate-
free RSF-4 red flare composition to the 
Army's M126A1 Ground Illumination 
Signal, Red Star Parachute.  The M126A1 
item has been identified and sponsored by 
the PM-Closed Combat System to eliminate 
perchlorate in the system because of the 
potential health issue.  At that time the 
ARDEC team stated that they were also 
looking at rather exotic (and initially very 

expensive) high energy and high nitrogen 
containing fuel ingredients for use in 
perchlorate-free red flare compositions.  
Since the RSF-4 composition contains no 
expensive or exotic ingredients and for the 
most part consists of an optimization of the 
weight percentages of the non-perchlorate 
red flare ingredients, ARDEC proposed to 
use the RSF-4 composition as a "risk 
reduction" approach to achieve a 
perchlorate-free M126A1 red flare. 

EXPERIMENTAL 

Based on previous success of the 
RSF-4 composition, proposed mixes were 
scaled up to 3500 grams.  Several iterations 
of perchlorate-free compositions consisting 
of varying size distributions of magnesium 
fuel, nitrate oxidizers, a chlorine donor, and 
binder were initially mixed and pressed into 
actual scale pellets in order to fine tune the 
burn rates and luminous intensity output.  
Two different types of tubes, kraft and fish 
paper were used to press the candles into 
M126A1 form factors.  Studies were also 
performed to determine whether epoxy-
coated or uncoated tubes were beneficial for 
the performance of the candles.  The 
optimum dead loads for pressing the candles 
were also studied.  The candles were pressed 
in three 30-gram increments.   

During these tests, the luminous 
intensities were measured with a 
candlepower meter.  A Hunter Tristimulus 
Colorimeter was used to obtain X, Y and Z 
color coordinates from which the dominant 
wavelength and the color purity were 
obtained using the CIE 1931 Chromaticity 
Diagram.  Each of the three colorimeters in 
this device is filtered so that it records the 
emission intensity of the flare versus time in 
one of three spectral regions in the visible 
spectrum.  The X-bar, Y-bar and Z-bar 
coordinates are obtained when the ratios of 
the integrated intensity from each 
colorimeter is divided by the total intensity 
from all three colorimeters.  The X-bar and 
Y-bar coordinates are then located on the 
Chromaticity Diagram and a straight line is 
drawn through that point and the "white 
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light" point.  The dominant wavelength is 
found at the point this line intersects with 
the nearest axis of the Chromaticity 
Diagram.  The color purity is calculated as 
the percentage corresponding to the fraction 
that is formed by dividing the distance 
between the white light point and the 
measured X, Y point by the distance 
between the white light point and the 
intersection of the line with the axis of the 
Chromaticity Diagram.  Several parameters 
were systematically varied during the course 
of this performance testing in order to 
maximize the 50 second burn time while 
continuing to optimize the luminous 
intensity and the color characteristics.  
These included fuel particle size, fuel to 
oxidizer ratio (F/O) and weight percentage 
of binder.  They also included variables to 
our process to improve the burn profile.  
During each performance test series, several 
perchlorate-containing Red Control flare 
candles were tested for comparison 
purposes.  Their presence validated the test 
equipment and data analysis procedures and 
made it easy to verify whether or not the 
new compositions had matched or exceeded 
the performance specification of the control 
flare.

Various dead loads were studied to 
determine the optimal dead load for pressing 
candles into M126A1 form factors.  Figures 
1and 2 show the differences between various 
dead loads for the M126A1 form factor 
candles, using inert mixes.  As the candles 
are pressed at higher loads, the candles 
become more rounded at the top and, as 
observed from the cut-away view of the 
candles, there appears to be “whitening” or 
more pressure in the center of the candles 
between the incremental presses. 

RESULTS AND DISCUSSION 

FLARE PERFORMANCE TESTS

Performance testing of both Red 
Control flares and perchlorate-free red flares 
were completed for the first iteration of 
mixes.  Table 1 contains a summary of the 
averaged luminous intensities, burn times, 

dominant wavelengths, and color purities 
obtained during each of the two performance 
test series conducted during the course of 
this investigation.  Table 1 illustrates that 
both mixes overwhelmingly meet burn time 
and candlepower performance 
specifications.  Please, note that the 
differences between the GC-A and GC-B’s 
are the differences in percent binder.  This 
iteration of mixes contains two different 
particles sizes of magnesium.  Previous 
effort with this formulation has proven that 
the burn time can be lengthened by lowering 
the fuel to oxidizer ratio, by increasing the 
particle size distribution of the magnesium 
fuel, and by increasing the weight 
percentage of the curable binder system.  
Candlepower can be increased by using 
smaller granulation magnesium and using a 
lower binder volume.   

This iteration of mix also used two 
different types of tubes, kraft and fish paper.  
The current military specification uses kraft 
paper.  Previous work with this formulation 
has been performed using fish paper and 
therefore was used in this series of tests.  
Fish paper is stronger and thicker while the 
kraft paper is thinner and more easily 
deformed.  Figures 3a and 3b illustrate the 
differences between the two types of paper 
used for testing, kraft and fish paper and the 
use of coated or uncoated fish paper.  The 
use of kraft paper definitely alters the burn 
times while the use of coated fish paper 
appears to achieve longer burn times.  One 
observable reason could be the physical 
dimension of the tube actually changed 
during pressing.  The candle became 
significantly shorter and the middle of the 
tube expanded.  In other words, the tube 
became “shorter and fatter”.  This could 
definitely increase the surface area of the 
composition thereby, causing a faster burn 
time.  The use of kraft paper shows marked 
increase in candlepower. 

For this series of tests, the various 
dead loads 7000, 8000, and 9000 pounds 
were studied.  Candles were pressed using 3 
increments of 30 gram formulations.  It was 
necessary to determine which dead load 
would provide optimal performance while 
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allowing for complete consolidation of the 
candle.  Studies were made to determine 
which dead load produced optimal burn 
time, candlepower and overall burn profiles 
(steady burn).  Figures 4a and 4b illustrate 
the differences in dead loads versus burn 
time and candlepower. 

The variation on dead loads did not 
appear to significantly alter the performance 
of the candles.  It may be possible to say that 
the candles pressed at 7000 lbs appeared to 
have slightly lower candlepower but the data 
is limited so caution must be taken.  Overall, 
the burn times were slightly longer for the 
candles pressed at 9000 lbs.  The burn 
profiles at various dead loads did not appear 
to be effected.  In any case, all candles 
pressed at various dead loads exceeded the 
minimum burn time specification of 50 
seconds.

PROCESSING ISSUES

Candles were pressed mostly using 
epoxy coated fish paper and epoxy coated 
kraft paper tubes.  Initial tests were 
performed using uncoated fish paper tubes.  
The benefits of epoxy coating tubes are 
ambiguous and still debatable.  Does the 
coating help with ensuring a linear burn 
meaning the flame doesn’t shoot or jump 
around the candle?  Does the epoxy ensure a 
better moisture barrier in the cardboard 
tubes?  Does the epoxy coat ensure an 
intimate contact between flare candle and 
cardboard tube?  The benefits of using 
epoxy coated tubes must be weighed with 
the disadvantage of additional processing 
costs.  Additional time and costs will have to 
be weighed to determine if the performance 
benefits outweigh the processing costs.  
Uncoated fish paper tubes appeared to 
perform within M126A1 specification with 
very little differences in candlepower and 
burn time.  More testing will be performed 
with uncoated fish paper tubes to determine 
whether the processing benefits of using 
uncoated fish paper tubes (cost/time) 
outweigh the limited benefits of using 
coated fish paper tubes. 

During the mixing of the two formulations, 
the compositions became very dense and 
difficult to mix.  At times, the sieving of the 
composition had to be stopped and the 
composition was used as is.  Some of the 
results of the unsieved mix were reported 
and surprisingly there were no significant 
detrimental effects associated with unsieved 
composition.  More studies will be needed to 
determine if sieving will be required for 
future mixes.   

An issue that came to light, related 
to the sieving, during the scale up to 
prototype, was the epoxy composition 
(epoxy versus hardener).  Due to a larger 
batch size (3500 grams), the composition 
appeared to “set-up” more quickly than 
anticipated and caused the composition to 
become difficult to sieve.  Also, when the 
composition was allowed to sit overnight, it 
became very “fluffy” and very difficult to 
press.  In fact, some of the candles had to be 
pressed using less than 90 grams of 
composition due to “overflow” of the 
composition in the tube.  Studies are 
currently being performed to determine the 
optimal epoxy versus hardener ratio.   

SUMMARY AND CONCLUSIONS 

The preliminary results of the RSF-
4 composition show promising application 
to the current Army M126A1 Ground 
Illumination Signal, Red Star Parachute.
The candle burn tests meet the minimum 
candlepower requirement, and even exceed 
the performance requirement.  Burn times 
were easily achieved.  In fact, through 
meticulous optimization, this formulation 
can be tailored to meet specified burn times 
and candlepower requirements.  It appears 
that the use of fish paper tubes works best 
with this formulation and that more studies 
are needed to optimize the manufacture 
process.  This project shows the feasibility 
of replacing perchlorate-containing flares 
with a non-hazardous perchlorate-free 
composition.   
 Future work for this project includes 
complete Energetic Material Qualification 
(EMQ) for Army qualification as well as 
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Navy qualification.  Studies are currently 
on-going to assess the ignition sensitivity of 
the perchlorate-free formulation in addition 
to thermal characterization and ageing 
studies.
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Table 1 

Figure 3b.  Tube Type Effect on Candlepower 
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Figure 2. Cut-away of pressed inert 
mixes from 7000 lb vs. 9000 lb (left to 
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Figure 4a.  Candlepower Measurements at Various Dead Loads 
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FORMULATION AND DEVELOPMENT OF AN EXPLOSIVE THAT 
ALLOWS CONVENTIONAL 155mm PROJECTILES TO ACHIEVE IM 

STATUS

Sanjeev Singh, Philip Samuels, Anthony DiStasio, Paul Vinh- 
US ARMY RDECOM, Picatinny Arsenal, USA 

Barry Fishburn SAIC, Picatinny Arsenal, NJ USA 

INTRODUCTION
An effort to achieve IM status for the US Army’s largest 155mm projectile has recently been 

initiated.  This projectile, the M795, is traditionally loaded with TNT.  The approach was to keep the 
projectile and shipping pallet basically the same, and rely on a change of explosive to give the desired IM 
properties.  One acceptable change was to introduce a new nose (transit) plug with integral melt-out vent.  
Size of this vent was as large as could be fitted within the constraints of the nose plug.  A call to 
interested parties to propose explosives candidates for this purpose was issued.  Constraints were that 
performance of the projectile must be maintained, costs (for raw materials and manufacturing - including 
any needed infrastructure changes) must meet a certain budget and schedule that placed start of 
manufacturing near term. 

The Energetics & Warheads Division at ARDEC undertook to develop a candidate and guide it 
through a downslection process, which was designed to identify an explosive with best potential to make 
a cost effective, fully IM compliment, 155mm projectile.  Initial consideration of the tentative schedule 
leading to production by 2010, it seemed likely that a formulation  would need to be made from 
commercially available materials, or those nearly ready for production.  Further, only formulations 
thought to be low risk for success seem plausible because of the tight schedule.  The cost constraints 
clearly favored melt cast formulations that could be loaded with the existing production process.  Cost 
also automatically eliminated consideration of certain ingredients (e.g. TATB), because even minor 
amounts would significantly push up the formulation cost. 

The downslection process basically consisted of the STANAG IM tests as commonly 
implemented in US Army procedure, with modifications to reduce cost when applicable.  Thus Bullet 
Impact, Slow Cook-off, Fast Cookoff, Fragment Impact, Sympathetic Detonation and Shaped Charge Jet 
tests were all addressed in the M795 projectile. An efficient procedure to accomplish this was to order IM 
tests according to a rational protocol.  Then a candidate that failed to meet minimal standards could be 
eliminated from further testing immediately, and only candidates of high potential would be carried 
through to the more demanding tests.  Previously Cook Off, Bullet, and Fragment Impact were passed by 
an RDX based melt cast formulation in a smaller 155mm projectile (M107).  Although this material 
remained far from insensitive enough to pass SD in these projectiles, it did set a precedent that passing 
some of the IM tests ought to be routine.   Thus the first test in the hierarchy was Bullet Impact and if this 
was satisfactory, Slow Cook Off and Fragment Impact were conducted.  These constituted Tier I of the 
testing.  For materials successful in Tier I, a Sympathetic Detonation Test (called Tier II) would be 
performed to challenge the shock insensitivity of the material.  Those that met this challenge eventually 
were to be subjected to Fast Cookoff and Shaped Charge Jet Impact Tests, with the jet severity increased 
following the levels called out in STANAG 4526 (Edition 1). 



-190-

APPROACH
TNT is a low cost material that is easily melt cast into projectiles, inherently the least expensive 

means of loading.  This sets a low cost benchmark for any replacement candidate.  The need to stay cost 
competitive suggested basing the candidate new formulation on TNT as the melt phase binder.  
Fortunately, there was a literature delineating how TNT could be desensitized using other explosives 
which were available or becoming available in the US.  Generally, explosive ingredients that are 
insensitive have negative heats of formation and are deficient in energy output. TNT is in the category of 
lower energy output, so maintaining TNT like performance is not a problem.  But, a significant problem is 
cost.  Many insensitive materials are more costly than RDX.  This places a strict limit on how much of 
these can be included in a practical candidate formulation.  Basically, the problem boiled down to how to 
get very significantly reduced shock sensitivity and improved impact sensitivity in a cost effective 
manner.

After deciding to stick with “known” materials in order to lower risk and have a hope of meeting 
schedules, it was decided to build on various results already reported in the literature.  For example, 
simple concepts like adding NTO to TNT have been shown to produce a usable cast material of reduced 
sensitivity (refs. 1&2).  Our approach to exploring such possibilities can be illustrated with a study that 
considered NTO / TNT combinations.  At the time, only one Class of NTO was available from our 
supplier, which limited the range of ratios possible between molten TNT and NTO crystals. Similar 
difficulties with getting high solid loadings of NTO have been reported elsewhere.  A limit for 
monomodal NTO addition is about 50%.  The NTO ingredient, itself, slightly outperforms TNT, so any 
mixture with NTO can meet TNT performance.  NTO desensitized TNT became the basis of our 
development. 

REDUCTION OF SHOCK SENSITIVITY 
Since the purpose of blending these components is to improve shock insensitivity, we first 

generated a plot of shock sensitivity versus the fraction of the more sensitive ingredient (TNT).  (fig. 1).  
The value for the pure NTO was taken from the literature (ref. 3). Here, the measure of shock sensitivity 
was chosen as the NOL Large Scale Gap Test (LSGT).  The steel confinement tube in this test influences 
the threshold shock pressure needed for initiation (the 50% point pressure).  NOL LSGT threshold 
pressures are a lot lower than measured in unconfined gap tests (for example the LANL LSGT).  
Nevertheless our experience indicates this test provides a good ranking between explosives that correlates 
quantitatively to full size SD tests of munitions.  If the NOL LSGT values match, then equivalent SD 
results can be expected.  Our LSGT data in fig. 1 can be fitted well by treating “NOL kbars” as an 
insensive property.  Specifically, having TNT “NOL kbars” =  and NTO “NOL kbars” = 2 and 
plotting 

NOL kbars mixture = TNT mass fraction x NTO mass fraction x

gives a curve that passes fairly well through all our intermediate data.  For TNT with NTO, the result of 
blending appears basically as a straight line, due to these ingredients not being vastly different in their 
individual property “NOL kbars.”  So it is not clear why an intensive property mixing rule was invoked; 
one could just postulate a straight line.  But, this mixing rule also works reasonably well in other cases 
where the “NOL kbars” property of the two explosives is very different.  Then the mixing rule yields a 
strong hyperbolic shape which still has agreement with data, for example when RDX is used to sensitize a 
NTO formulation.  It captures the effect than small amounts of RDX are very sensitizing with accuracy.  
So, basically only two LSGT tests at extremes of a concept formulation was enough to pick the 
intermediate formulation that would give whatever shock sensitivity was desired.  When combined with 
performance calculations and cost estimates, it helped in optimizing the combination of ingredients 
quickly. 
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Figure 1 Shock Sensitization 

REDUCTION OF BULLET AND FRAGMENT SENSITIVITY 
To gain resistance against bullets, fragments (for the case of sufficiently thick warhead 

confinement to prevent SDT) and to control the burning rate in cook-offs, another ingredient needs to be 
added to “soften” the TNT and change its properties.  There is a history of efforts to desensitize TNT by 
adding another ingredient (ref. 4).  A recent attempt is by Brousseau et al. (ref. 5), who found an energetic 
additive miscible in molten TNT and came up with “Experimental Rubbery TNT” with reduced shock 
sensitivity.  It is well established that a number of additives can be used to change TNT’s sensitivity to 
various stimuli.  The mechanical properties of TNT generally can be made much softer with these 
additives, sometimes dramatically so.  Problems have been with the difficulties encountered when 
blending the additives with molten TNT (e.g. many waxes are not miscible) and finding the optimal trade-
off between loss of performance and desensitizing effect (even Brousseau’s additive degrades 
performance as more is added).  In the present effort, a desensitizing ingredient was selected that is 
reasonably good at both being easy to include during processing (miscible in molten TNT) and which 
causes minimal degradation of performance, yet is normally not considered to be “energetic.”  
Importantly, it is commercially available at low cost, so also serves as a cost reducing “filler.”  This 
ingredient also has the property of shifting the shock sensitivity curve up towards lower sensitivity as 
indicated by the hollow diamonds in figure 1. 

The sock sensitivity studies were the main tool used in picking a candidate for the TNT 
replacement program.  Bullet and fragment response were expected to be acceptable because the 
ingredient chosen to desensitize TNT had a history of making charges very insensitive to both these 
stimuli.  It also was known to increase the critical diameter of formulations. A consideration was to keep 
this small enough compared to 155 mm to get the best performance from the formulation.  The helpful 
role this would play in shaped charge resistance wasn’t appreciated until the formulation reached the IM 
testing portion of the projectile program.  The final ARDEC candidate was called MCX8 (II). 
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CHARACTERIZATION OF MCX8 (II) 
MCX8 (II) has sensitivities as indicated in the Table.  In particular, certain shock sensitivity, less 

than 100 cards, was designed-in to meet the Sympathetic Detonation requirement.    

This material is a major departure from previous practice in projectiles.  For example, run-to-
detonation distance and critical diameter are large when a material is desensitized to this extent.  
Accommodation of exaggerated transient and size related effects must be made to optimize performance.  
Shrinkage and physical properties of this material are different from TNT.  Thermal expansion 
measurements show MCX8 (II) softening at 70~71oC compared to TNT at 73~74oC.  Overall, the thermal 
expansion curve is similar to TNT, except MCX8 (II) starts to expand more rapidly with temperature 
above 60oC, with expansion coefficients reaching ~70% higher than TNT as the softening point is 
approached.  A loading procedure for large projectiles was worked out.  ARDEC uses a computer model 
to estimate the proper cooling of a filled projectile for a particular formulation to get acceptable quality 
casts (no cracks, less than specified porosity and basically no base gaps).  A solids settling study was 
performed by casting material in a 2” x 16” split mold and taking samples for analysis.  This indicated 
slight settling can occur, but not beyond that which can be accommodated using ordinary techniques.  
Settling manifested itself as enrichment in NTO at the expense of TNT, with seeming little change in 
desensitizing additive.  The Efflux velocity of the MCX8 (II) melt is approximately 4.4 sec, higher than 
TNT, but less than Comp B, in a satisfactory range for production.  Since the material depends on mixing 
a plasticizing ingredient with molten TNT to control TNT sensitivity, exudation could be a problem, so 
was evaluated early on.  The test from (MIL STD 1751A Method 1161 - 320 hours at 72oC) was used and 
results show no problems (average weight loss from the samples was 0.17 %).  TNT from some sources 
will not pass this test due to impurities, so proper selection of the TNT raw material is required to get a 
good result.  Vacuum Stability (STANAG 4556 ED.1) was performed on the immediate predecessor 
MCX8 (I) which released only 0.0736 ml/g, far below the requirements.  By inference, MCX8 (II), a 
rearrangement of the same components, is assessed not to have any stability problems. 

LAB SCALE PERFORMANCE MEASUREMENTS 
Performance was evaluated using simple dent test and cylinder test.  Dent tests were done using 

two joined LSGT tubes creating a confined charge 1.44”  x 11” long.  This produced 104% & 114% 
TNT dents. A velocity calculated using the time to traverse the bottom tube was 6.62 K/s.  This velocity 
is considerably slower than that of TNT in this geometry and much lower than the calculated C-J value 
for MCX8 (II).     Velocity variation with charge diameter is shown in figure 2.  One line is for confined 
charges and one for unconfined charges.  The 4” diameter confined charge detonated at the calculated C-J 
velocity, implying ideal detonation.  Confinement makes a big difference in detonation velocity for this 
formulation, more than reported for related formulations in the literature.  A 4” diameter cylinder test was 
performed indicating slightly higher wall velocity than with TNT close-in (at two volume expansions).  

TABLE: Safety Tests 
Impact (ERL, Type 12) >100 cm (TNT = 88.3 cm) 
ESD (ARDEC test) 0 fires/20 trials  at 0.25 Joules (meets 

requirements) 
BAM friction 144 N no reactions (216 N TNT) 

168 N reactions (240 N TNT) 
NOL LSGT <100 cards (50% point) --  >57.1 kbar 

Unconfined Burning Test (TB 
700-2) 

Mild burn without explosion. 

Critical Diameter Between 2.5 ~ 3.25” 
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Cylinder wall velocity at seven volume expansions was missed due to technical problem, so the 
conventional Gurney constant wasn’t determined.  The theoretical Gurney constant is 5% less than TNT. 

Detonation velocity versus diameter
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Figure 2 Detonation Velocity versus Diameter 

Such noticeable diameter effects means detonation waves may have significant curvature, 
depending on geometry and confinement.  Performance can be expected to depend on the size of the 
munition.  Large diameter munitions can obtain full output from the formulation, while too small 
munitions cannot.  The implication is that it is easier to make large items IM than small items.   Future 
work needs to quantify this relationship, so applicability of a particular formulation in various munitions 
can be determined without a lot of testing.  Initiation also needs attention, as transient processes will 
persist over large dimensions.  This represents a departure from conventional warhead design, where 
transients typically are small enough to be neglected and detonation velocity can be considered just a 
property of the explosive.  Initiation solutions for very insensitive formulations have been discussed in the 
literature for bombs and large artillery projectiles but often without presenting much detail other than a 
new design was successful.  So it seems that this is a solvable problem.  US 155mm ammunition has an 
advantage of including a supplementary charge because of historical reasons.  It can be incorporated as 
part of the initiation train without any significant effect on production; a fortunate circumstance making 
initiation relatively simple. 

IM EVALUATION 
The (modified) IM tests were done in the priority described in the Introduction.  The Energetics 

& Warheads TNT replacement candidate was able to demonstrate good success at passing all these IM 
tests. 

The bullet impact test consisted of shooting a single .50 caliber AP bullet through the center of 
mass of the projectile based on STANAG 4241, Procedure 2, which allows modifying the test (one bullet 
instead of three) based on the item Threat Hazard Assessment (THA).  The MCX8(II) left the projectile 
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intact, with similar size entrance and exit holes.  Soot was not in evidence; in fact there was not much 
evidence for any reaction.  Only one trial was performed. A conventional pressed TNT supplementary 
charge was in place (as was the case for all testing). 

Fragment Impact testing used the alternate procedure allowed in STANAG 4496, consisting of 
the STANAG fragment impacting at the slower speed of 1.83 K/s. Fragment did not completely pass 
through the projectile. Explosive of pristine appearance could be seen at the bottom of the hole in some 
photographs with slight char near the edge of the penetration.  Only a trivial amount of reaction occurred.  

Slow Cook Off tests followed STANAG 4382 Procedure 2 (Tailored Test) and 28 oC/hour 
heating rate was used.  An earlier program to employ an RDX based explosive for this projectile had 
developed a transit plug which included a melt open vent.  When open, the vent consisted of a 1.5” 
diameter hole that was sufficient for the slow burning RDX formulation.  The plug is to be adopted for 
this round, so was used in these tests.  A newer development was a redesign of the container housing the 
supplementary charge, so it could not clog the vent during a cook off.  This new design was used in the 
slow cook off testing.  The test was done on single projectiles setting vertical as they would be in 
shipping configuration.   

The vent open as designed and explosive oozed out and down the sides, leaving thin streaks of 
char.  The explosive burned out of the projectile; leaving only some char clinging to the inside walls     
(Fig 3). 

Figure 3 SCO 
Preparatory to performing Sympathetic Detonation testing, some candidates had a question of 

initiation of the donor projectile.  The usual TNT supplementary charges were substituted with other 
charges having larger output and any changes needed to cause reliable detonation in the donors were 
identified for each candidate.  Then the response of candidates in the Sympathetic Detonation Test was 
evaluated.

This was done using a one-on-one setup that was intended to capture the worst case.  The donor 
and acceptor were arranged as on the diagonal of a standard pallet, and two inert rounds placed in the 
adjacent positions to amplify the diagonal interaction.  Diagonal interaction is assessed to represent the 
worse case for the acceptor. With this setup only one acceptor per test is required, instead of the three 
required in STANAG 4396.  The acceptor deflagrated, scattering mostly large pieces of the projectile.  No 
dent in the witness plate was evident. 
A second trial didn’t leave such recognizable debris from the projectile, but no witness plate dent was  
formed.  These results constitute a significant milestone, as SD had previously not been passed with 
earlier candidate explosives in these projectiles. 
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The FCO test was performed during development of the vent plug.  The vent area used was only 
1” diameter, less than the vent diameter of the final vent plug design as was used for the SCO.  The 
MCX8(II) deflagrated in this test; its only failure (Fig 4).  Test has not been repeated with the final, larger 
vent size. 

Figure 4 FCO 

Lastly, the Shaped Charge Jet Impact Test was performed in accord with STANAG 4526 using 
the 50mm Rockeye (V2D = 360 mm3/ s2).  An old type, solid steel transit plug (didn’t have any vent) was 
used in these tests.  A single trial was performed that produced a type IV response.  Remains were large 
pieces of the projectile, for example, the bottom 1/2 of the projectile still filled with explosive and the top 
section, in two pieces, lying nearby amongst explosive chunks.  A substitute to represent a RPG7 warhead 
also resulted in a type III explosion (Fig 5), showing shaped charge jet resistance in excess of the 
requirement. 

Figure 5 Simulated RPG7 attack on MCX8(II) filled M795 

CONCLUSIONS 
Applying a methodical approach, an explosive formulation that fits the requirements of the TNT 

replacement effort reasonably well was developed in a short time.  Sufficient data was obtained to make 
MCX8 (II) a strong candidate for this role and it was one of three candidates to be carried through to full 
IM evaluation.  The methods developed to design this formulation are being employed to devise candidate 
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formulations for other similar short timeframe programs, where more explosive power or a formulation 
having special properties is needed. 
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ABSTRACT 

On 23 May 2007 the European Commission published the following directive:  
Directive 2007/23/CE, the placing on the market of pyrotechnic articles.  

After the transition period, all pyrotechnic articles that will be placed on the European Market have to 
comply with the Essential Safety Requirements (ESR's) as described in Annex 1 of the Directive. 
Harmonised European standards are a tool to demonstrate compliance with the ESR's. Therefore, the 
European Commission asked CEN/TC 212, pyrotechnic articles, to develop harmonised European 
standards for pyrotechnic articles.  

The paper deals the Pyrotechnic articles Directive (2007/23/EC) and describes the work program of 
CEN/TC 212 pyrotechnic articles. 

INTRODUCTION

On 23 May 2007 the European Commission published the following directive:  
Directive 2007/23/CE, the placing on the market of pyrotechnic articles.  

According to the Directive a ‘Pyrotechnic article’ means any article containing explosive substances or an 
explosive mixture of substances designed to produce heat, light, sound, gas or smoke or a combination of 
such effects through self-sustained exothermic chemical reactions. 

After the transition period, all pyrotechnic articles that will be placed on the European Market have to 
comply with the Essential Safety Requirements (ESR's) as described in Annex 1 of the Directive. 

Harmonised European standards are a tool to demonstrate compliance with the ESR's. Therefore, the 
European Commission asked CEN/TC 212, pyrotechnic articles, to develop harmonised European 
standards for pyrotechnic articles.  

CEN/TC 212, pyrotechnic articles has created 5 working groups to develop the harmonised European 
standards for pyrotechnic articles. 
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The paper will deal with the following items: 
Pyrotechnic articles directive (2007/23/EC) 

o Definitions used in the Directive 
o Essential Safety Requirements, ESR’s 

Work program of CEN/TC 212 pyrotechnic articles:  
o Structure of CEN/TC 212 and harmonised standards to be developed. 
o Target dates mentioned in the Directive vs. target dates of the work program 

DEFINITIONS USED IN THE PYROTECHNIC ARTICLES DIRECTIVE (2007/23/EC) 

In the introduction of this paper the definition of 'pyrotechnic article' according to the Directive is given. 

The following pyrotechnic articles are defined in the Directive: 
Fireworks: means a pyrotechnic article intended for entertainment purposes. 

o Category 1: fireworks which present a very low hazard and negligible noise level and 
which are intended for use in confined areas, including fireworks which are intended for 
use inside domestic buildings. 

o Category 2: fireworks which present a low hazard and low noise level and which are 
intended for outdoor use in confined areas. 

o Category 3: fireworks which present a medium hazard which are intended for outdoor use 
in large open areas and whose noise level is not harmful to human health. 

o Category 4: fireworks which present a high hazard, which are intended for use only py 
persons with specialist knowledge (commonly known as fireworks for professional use) 
and whose noise level is not harmful to human health.  

Theatrical pyrotechnic articles: means pyrotechnic articles designed for indoor or outdoor stage 
use, including film and television productions or similar use. 

o Category T1: pyrotechnic articles for stage use which present a low hazard.
o Category 2: pyrotechnic articles for stage use which are intended for use only by persons 

with specialist knowledge.
Pyrotechnic articles for vehicles: means components of safety devices which contain pyrotechnic 
substances used to activate these or other devices (these articles are part of 'other pyrotechnic 
articles)..
Other pyrotechnic articles. 

o Category P1: pyrotechnic articles other than fireworks and theatrical pyrotechnic articles 
which present a low hazard.

o Category P2: pyrotechnic articles other than fireworks and theatrical pyrotechnic articles 
which are intended for handling or use only by persons with specialist knowledge.

CEN/TC 212 has created 5 working groups in order to cover all the various pyrotechnic articles 
mentioned in the Directive. 

GENERAL ASPECTS OF ESSENTIAL SAFETY REQUIREMENTS 

In general, pyrotechnic articles shall comply with the ESR's, otherwise the article can not be placed on the 
European Market (EU market). The purpose of ESR's is to protect consumers and to prevent accidents.  
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In ANNEX 1 of the Directive (2007/23/EC) the ESR's are mentioned. Most of these ESR's are formulated 
in a 'qualitative' way. E.g. 'Each pyrotechnic article much function correctly when used for its intended 
use' or 'The following information and properties – where applicable – must be considered or tested: 
sensitivity to normal, foreseeable handling and transportation'.  
Some ESR's are a little bit less 'qualitative', e.g. 'For category 1 fireworks, the following conditions must 
be met: the safety distance must be at least 1 m. However, where appropriate the safety distance may be 
less'. 

In order to facilitate the process of demonstrating compliance with the essential safety requirements, 
harmonised European standards for the design, manufacture and testing of pyrotechnic articles have to be 
developed. The European Commission asked CEN/TC 212 pyrotechnic articles, to develop these 
standards. They quantify the ESR's. Formally, compliance with harmonised standards gives a 
presumption of conformity with the ESR's. Member States shall consider pyrotechnic articles falling in 
the scope of the Directive which comply to the relevant Harmonised Standards to be in conformity with 
the ESR's.  

It is not mandatory to use harmonised standards. One can use their own test methods and criteria. 
However, in case of non-compliance to a Harmonised European Standard, one is not allowed to place that 
article on the European Market.     

TARGET DATES AND STRUCTURE OF CEN/TC 212 PYROTECHNIC ARTICLES

The Directive (2007/23/EC) was published on 23 May 2007. The European Commission gave end 2007 a 
mandate to CEN/TC 212 pyrotechnic articles to develop harmonised European Standards.  

In Article 21 of the Directive the following dates are given for the various pyrotechnic articles when they 
have to comply to the Directive: 

4 July 2010: Fireworks categories 1, 2 and 3. 
4 July 2013: Fireworks category 4, Theatrical pyrotechnic articles and other pyrotechnic articles 
including pyrotechnic articles for vehicles. 

In case the pyrotechnic articles do not comply to the Directive after these dates, they are not allowed to be 
placed on the European market.  

The main reason for these two different dates is the fact that for fireworks categories 1, 2 and 3 CEN/TC 
212 had already developed voluntary standards in the past. This is the EN 14035 series (total more than 
30 standards). They were finalized beginning of 2006. These standards only had to be revised. 
Regarding the European standards for all other pyrotechnic articles, no European Standards exist and 
therefore CEN/TC 212 had to start from zero. This is also why the Commission decided these pyrotechnic 
articles have to comply to the Directive from 4 July 2013. 

The target dates currently used by CEN/TC 212 to finish the development of the harmonised standards 
are: 

Fireworks categories 1, 2 and 3: November 2010 (In July 2010 the Formal Vote version will be 
launched and in September 2010 CEN will publish the European Standards. During the Formal Vote 
only editorial comments can be submitted. Therefore there will be no technical changes between the 
harmonised European standard and the Formal Vote version.).
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 4 July 2013: Fireworks category 4, Theatrical pyrotechnic articles and other pyrotechnic articles 
including pyrotechnic articles for vehicles: October 2012. 

In order to perform the work as described in mandate, the work has been divided in two separate parts 
(part 1 is divided into two sub-parts).  

Part 1.1: Development of Harmonised European Standards for: 
o Fireworks Category 1-3 (CEN/TC 212 WG 1). 

Part 1.2: Development of CEN Technical Reports for: 
o Fireworks category 4 (CEN/TC 212 /  WG 2) 
o Theatrical pyrotechnic articles, category T1 and T2 (CEN/TC 212 / WG 3)  
o Pyrotechnic articles for vehicles (CEN/TC 212 / WG 4)  
o Other pyrotechnic articles, category P1 and P2 (CEN/TC 212 / WG 5) 

The main aim of these reports is to determine which European Standards will be developed by these 
working groups. 

Part 2:    Development of Harmonised European Standards for: 
o Fireworks category 4 (CEN/TC 212 WG 2) 
o Theatrical pyrotechnic articles, category T1 and T2 (CEN/TC 212 WG 3)  
o Pyrotechnic articles for vehicles (CEN/TC 212 WG 4) 
o Other pyrotechnic articles, category P1 and P2 (CEN/TC 212 WG 5) 

The following 5 working groups are established within CEN/TC 212 to execute the work of Part 1 and 
Part 2: 

WG 1: ‘Fireworks, categories 1, 2 and 3’. Convenor: Dietrich Eckhardt, BAM, Germany. 
WG 2: ‘Fireworks, category 4’. Convenor: Santo Petralia, Italy. 
WG 3: ‘Theatrical pyrotechnic articles, category T1 and T2’. Convenor: Tom Smith, Davas  Ltd, 
UK (for part 1) and John Perriam, LeMaitre, UK (for part 2). 
WG 4: ‘Pyrotechnic articles for vehicles’. Convenor: Yolande Fournier, Autoliv, France. 
WG 5: ‘Other pyrotechnic articles, category P1 and P2’. Convenor: Pierre Thebault, Etienne 
Lacroix, France.

In general, the working groups prepare the standards and discuss the technical details of the standards. 
The Technical Committee, CEN/TC 212 makes the final decisions and co-ordinates the work of the 5 
working groups.  

The following steps have to be taken in order to develop harmonised standards (summary): 

1. Approval of the new item; The CEN/TC 212 members have to agree that a new standard will 
be developed. 71 % has to agree (weighted vote).  

2. Internal enquiry ; The working groups develop the standards. The technical details are 
discussed within the working groups. In the internal enquiry, the members of CEN/TC 212 
are informed about the progress of the standard and can make comment on the standard.  

3. Public enquiry. The standard will be published as a draft standard. In principle everyone can 
comment on this draft standard via their national standardization institute. This is the final 
stage for giving technical comment on the standard. The comments will be discussed in the 
working groups. A final draft will be prepared.   
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4. Formal Vote. This is the final vote for the members of CEN/TC 212. Technical comments 
can not be taken into account anymore. The CEN/TC 212 members can only 'approve', 
'disapprove' or 'abstain'. 71 % of the CEN/TC 212 members have to agree (weighted vote).  

5. Publication of the European standard. CEN will publish the European Standard.  
6. Harmonisation of the European standards. The Member States of the European Union have to 

approve this document also. After approval the European Standard will be published in the 
OJEC as a harmonised European Standard. In theory only harmonised standards give a 
presumption of conformity to the ESR's.  

This process will take a little bit more than three years.  

WG 1 'FIREWORKS CATEGORY 1, 2 AND 3': WORK PROGRAM 

Fireworks, categories 1, 2 and 3 are also called 'Consumer fireworks'. So, WG 1 is developing standards 
for consumer fireworks.   

WG 1 is developing the following 5 European Standards: 

prEN 15947-1 – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 1: Terminology 
prEN 15947-2 – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 2: Categorisation 
prEN 15947-3  – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 3: Requirements for 
labelling
prEN 15947-4  – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 4: Test Methods 
prEN 15947-5 – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 5: Requirements for 
construction and performance 

Currently theses documents are in the public enquiry phase. Submission of public enquiry: 2009-05-28. 
Closure of public enquiry 2009-10-28. This is the final phase in which technical comment can be given.   

WG 1 has identified  32 generic types of fireworks for which they defined requirements for construction,  
performance and labelling. For a complete overview of generic types, see Annex 1.  

Table 1. Examples of generic types for consumer fireworks (C1, C2 and C3 fireworks) 

Type name Brief description Principal effect(s) 

battery

batterie

Batterie

assembly including several elements, each of the 
same type and corresponding to one of the types 
of firework listed in this categorisation and in ac-
cordance with clause 4.3 of EN 0000 – Part 5, 
with one or two points of ignition 

as for the individual ele-
ments 

Bengal match 

allumette Bengale 

Bengalholz

short wooden stick partially coated (along one 
end) with slow-burning pyrotechnic composition, 
with a dot of friction-sensitive pyrotechnic com-
position at the tip, and designed to be held in the 
hand 

emission of coloured flame 
and sparks 
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Type name Brief description Principal effect(s) 

double banger 

pétard aérien 

Doppelschlag

tube containing two portions of black powder 
connected by a delay fuse 

report, then ascent followed 
by second report 

flash pellet 

clignoteur
pyrotechnique 

Blitztablette

pellet of intermittently-burning pyrotechnic com-
position

multiple flashes of light 

mine 

pot à feu en mortier 

Feuertopf

tube containing propellant charge and pyrotech-
nic units or non-pyrotechnic objects and designed 
to be placed on the ground or to be fixed in the 
ground 

ejection of the content in a 
single burst producing a 
widely dispersed visual 
and/or aural effect in the air 

Below some examples of ERS's are given and the way they are covered currently in the draft standard. 
Due to the fact that these are draft standards this means that the content can still change. 
The number of each ESR corresponds to the number of the ESR in the Directive (2007/23/EC). 
For every ESR WG 1 has decided how to deal with this requirement in the standard. 

ESR:(1) Each pyrotechnic article must attain the performance characteristics specified by the 
manufacturer to the notified body in order to ensure maximum safety and reliability. 
Is covered in the standard by type and batch testing.  

ESR:3b) The physical and chemical stability of the pyrotechnic article in all normal, foreseeable 
environmental conditions; 
The physical and chemical stability at high temperature is covered in the standard by the thermal 
conditioning test. The firework article is stored at 75° for 48 hours. The firework article shall function 
correctly after thermal conditioning. 
There are no tests nor requirements for very low temperature. WG 1 agreed that based on information 
from the Nordic countries no additional requirements or test methods are needed for low temperature 
storage and use. 

ESR: 3c) Sensitivity to normal, foreseeable handling and transportation; 
This is covered by mechanical conditioning. The procedure for this test is as follows:  
Start the machine so that the minimum deceleration of each shock is 490 m/s² ± 20 m/s² and the duration 
of each shock impulse is 60 ms ±10 ms. Continue running the machine with a frequency of 1 Hz ± 0,1 Hz 
for 1 h. Separate any pyrotechnic composition from the loose material and weight this pyrotechnic 
composition. The requirement is that the mass of loose pyrotechnic composition shall not exceed 100 mg. 
The mass of loose pyrotechnic composition of Christmas crackers and snaps shall not exceed 1,0 mg. 
The throwdown shall not explode during mechanical conditioning, and when tested subsequently it shall 
produce a single report. 

ESR: 5a,i. For category 1 fireworks the safety distance must be at least 1 m. However, where appropriate 
the safety distance may be less 
Is covered in the standard by using a test area  with a radius of at least 2,0 m and a circle, radius 1,0 m, 
shall be marked around the centre of the test area. No burning or incandescent matter shall fall to the 
ground more than 1,0 m (category 1). 
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ESR: (4) Fireworks must not move in an erratic and unforeseeable manner. 
Is covered in the standards in Part 5, Clause 7.2.3 Angle of ascent and height of effects. 
For aerial wheels: the angle of ascent of the aerial wheel shall not exceed 15° to the vertical up to a height 
of 20 m above ground. 
For double bangers: the angle of flight of a double banger shall not exceed 8° to the vertical up to a height 
of 3,0 m above ground. 
For mini rockets: the angle of flight of the rockets shall not exceed 30° to the vertical. 
 For rockets: the angle of flight of the rockets shall not exceed 15° to the vertical up to a height of 20 m 
above ground. 
For spinners: the angle of flight of the spinner shall not exceed 15° up to a height of 3 m above ground. 

WG 2 'FIREWORKS CATEGORY 4': WORK PROGRAM 

Currently, WG 2 has developed the following Technical Report: 

FprCEN/TR 15921’ Pyrotechnic articles – Fireworks, category 4 – Overview of harmonised standards 
that will be developed by CEN/TC 212/WG 2 

The closure of the  Final Vote was 2009-07-16.  

WG 2 has decided to develop the following 4 European Standards 

Pyrotechnic articles -  Fireworks Category 4. Part 1: Terminology 
Pyrotechnic articles -  Fireworks Category 4. Part 2: Requirements 
Pyrotechnic articles -  Fireworks Category 4. Part 3: Test methods  
Pyrotechnic articles -  Fireworks Category 4. Part 4: Labelling and user's documentation 

These documents are in the beginning of the standardization process.  

WG 2 has identified 12 generic types of fireworks for which they will define requirements for 
construction,  performance and labelling. For a complete overview of generic types, see Annex 2 

Table 2. Examples of generic types C4 fireworks  

Generic Type Definition Comments Principal effects 
Aqua Firework,
aquatic firework, 
nautical firework 

A firework designed to be 
floated on or near the surface of 
water by means of a buoyancy 
device or by itself and to 
function on or below water.  

 Same effects as bengal 
flames, fountains, 
mines, shells etc. 
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Generic Type Definition Comments Principal effects 
Guided Firework 
(Line rocket)

An article containing 
pyrotechnic composition 
equipped to function along a 
rope or other guide and to 
produce a visual and/or aural 
effect. 

For example, 
linerockets can also be 
used to put fire to other 
fireworks, generally 
fixed on a frame 
located at a distance 
from the firing place, 
e.g. at the top of a 
steeple or a tower. 

Emission of a visual 
and/or aural effect. 

Shell A device with or without 
propellant charge, with one or 
more delays before bursting, 
pyrotechnic unit(s) or loose 
pyrotechnic composition and 
usually designed to be projected 
and burst at a distance from a 
mortar. 

Pyrotechnic units can 
be stars, butterflies, 
crackers, hummers, 
spinners / tourbillions, 
whistles, etc. as well as 
report shells or other 
shells to produce 
multiple bursts 
simultaneously or 
sequentially. 

As for the individual 
pyrotechnic units 

Smoke / fog 
generator

Article containing smoke 
producing pyrotechnic 
composition or heat /gas 
generating composition to 
evaporate a substance or 
disperse hygroscopic particles 
and designed to function on the 
ground or fixed to a support.  

Casing of the article 
can be made of 
different materials. 

Emission of white or 
coloured smoke / fog 
without any aural effect 

The requirements for C4 fireworks will be limited due to the fact that these articles will only be used by 
persons with specialist knowledge (e.g. the masses of each pyrotechnic charge have to be known, 
however there will probably be no limitation for the amount used). The most important requirements for 
C4 fireworks will be that they have to function according to the specification given on the label and the 
instructions for use.

Of course C4 fireworks shall meet the ESR's regarding chemical stability of the components used, 
sensitivity to normal, foreseeable handling and transportation etc.  

WG 3 'THEATRICAL PYROTECHNIC ARTICLES': WORK PROGRAM 

Currently, WG 3 has developed the following Technical Report: 

FprCEN/TR 15922’  ‘Pyrotechnic articles – Theatrical pyrotechnic articles, categories T1 and T2 – 
Overview of harmonised standards that will be developed by CEN/TC 212/WG 3' 

The closure of the  Final Vote was 2009-07-16.  
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WG 3 has decided to develop the following 5 European Standards 

Pyrotechnic articles -  Theatrical pyrotechnic articles. Part 1:Terminology 
Pyrotechnic articles -  Theatrical pyrotechnic articles. Part 2: Categorisation 
Pyrotechnic articles -  Theatrical pyrotechnic articles. Part 3:Requirements 
Pyrotechnic articles -  Theatrical pyrotechnic articles. Part 4: Labelling 
Pyrotechnic articles -  Theatrical pyrotechnic articles. Part 5: Test methods 

These documents are in the beginning of the standardization process.  

WG 3 has identified 27 generic types of  theatrical pyrotechnic articles for which they will define 
requirements for construction,  performance and labeling. For a complete overview of generic types, see 
Annex 3.  

Table 3. Examples of generic theatrical pyrotechnic article types 

Generic Type Definition Primary Effect/Comments 
Theatrical Fire A pyrotechnic substance that is 

ignited in suitable container 
(open flame-bowl) or in a 
preformed cartridge to produce 
a (coloured) light or flame 
effect 

Production of coloured flame 
(and smoke) 

Dropping effects A single tube which may or 
may not be choked at one end 
that contains a pyrotechnic 
composition and which is 
designed to produce its effect in 
a downward direction 

Including waterfalls 

Generic Type Definition Primary Effect/Comments 
Explosion Simulators A device containing a 

pyrotechnic composition and/or 
pyrotechnic stars and/or 
pyrotechnic units and/or 
flammable solid and simulates 
a small or large explosion. 

A pyrotechnic device that 
produces an explosion effect 
with noise, consisting of 
coloured fire and/or smoke and 
or sparks and/or other visual 
effect(s) and/or aural effect(s) 

Squibs and Bullet hit squibs 
/Sparking squibs (ricochet 
squib) 

A device containing 
pyrotechnic composition 
designed to disrupt inert 
material to mimic a 
bullet/puncture wound or small 
explosion 

In the Technical report general features of T1/T2 articles are given (which distinguish them from 
consumer fireworks and sometimes C4 fireworks): 

Electric ignition (except for some hand held/ignited devices). 
There is no delay before the first effect (except for some hand held ignited devices). 
The operator is at a remote firing distance (except for hand held/ignited devices). 
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There is a significantly reduced likelihood of performers moving into the safety area of a device 
between the time of initiation and the time of its first functioning. 
The performance parameters are more stringent than for the functionally equivalent firework item. 

The Directive (2007/23/EC) defined Theatrical Pyrotechnic articles, T1 and T2.  
T1 presents a low hazard and T2 is only intended for use by persons with specialist knowledge. 
WG 3 has started to define parameters to distinguish between T1 and T2 articles. They divided T1 into 
two subcategories, T1 indoor and T1 outdoor. 
The following 25 parameters were identified as those which could, on a case by case basis be used to 
decide which category or categories (T1 indoor, T1 outdoor and T2) a pyrotechnic article would be in.    

Table 4. Potential criteria for the T1/T2 split 

Criterion  Explanation 
1. NEC/NEQ/NEM The net mass of explosive components in the 

article
2. Height of effect The functioning height of the effect when fired 

vertically
3. Width of effect The functioning width of the effect when fired 

vertically - which may be expressed as diameter or 
radius

4. Dangerous Debris Whether dangerous debris is produced - for 
instance sparks, fragments of the case, thermal 
effects etc 

5. All debris All debris - whether hazardous or not 
6. Potential Malfunction The possibility of malfunction 
7. Consequence of malfunction The most severe consequences of malfunction - 

including explosion 
8. Noise The level of noise produced at the relative distance 

(operator, performer, audience) 
9. Duration The duration of the effect 
10. Diameter The calibre of the device (eg for mines, fountains 

or Roman candles) 
11. Type of ignition Electric or manual 
12. Assembly at point of use Whether manipulation is required by the user prior 

to use 
13. Ancilliary equipment Whether ancilliary eqipment is required (provided 

or not) 
14. Specialised knowledge Whether specialist knowledge is required (and 

hence to exclude from T1) 
15. Additional information not on label/pack Whether additional information is required that 

cannot be made on the label 
16. Indoor If the product is for indoor use ONLY 
17. Outdoor If the product is for outdoor use ONLY 
18. Produces secondary Hazards If the device produces secondary hazards (eg toxic 

fumes) 
19. Primary Performer If the device may impact adversely on the primary 

performer (eg for a hand-held device) 
20. Secondary Performers If the device may impact adversely on other 
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Criterion  Explanation 
performers

21. Audience If the device may impact adversely on the audience 
22. Reaction Rate (mass consumption by time) The rate of burning (g/s) 
23. Other hazards on site The adverse impact on other hazardous substances 

on the site 
24. Exclusion Zone The need for a fixed exclusion zone 
25. Cross Ignition The possibility of cross ignition from/to another 

device

WG3 members considered that although this quantification is useful, it is too complicated for 
development of criteria for the T1/T2 split and for the development of Harmonised Standards,  although 
elements may be useful in providing Supplementary Product Information (SPI) to users. 
Hence WG3 considered only basic performance criteria (e.g. height and width of effect, noise) and 
maximum NEC per article would be considered in the T1/T2 split criteria. 
In the standards that will be developed, these figures will be quantified. 

The requirements for T2 articles will be limited due to the fact that these articles will only be used by 
persons with specialist knowledge. The most important requirements for T2 products will be that they 
have to function according to the specification given on the label and the instruction form use.  
Some chemicals will not be allowed, e.g. HCB. This is a similar approach as for C4 fireworks. 

WG 4 'PYROTECHNIC ARTICLES FOR VEHICLES': WORK PROGRAM 

Currently, WG 4 has developed the following Technical Report: 
FprCEN/TR 15970,  'Pyrotechnic articles – Pyrotechnic articles for vehicles – Overview of 
harmonised standards that will be developed by CEN/TC 212/WG 4'. 

The closure of the Final Vote was 2009-08-07.  

WG 4 decided to develop the following 10 European Standards (These European Standards will  be made 
available to the International Standardisation process. This means that in this case, EN-ISO standards will 
be developed. However, in this paper we will refer to them as European Standards).  

Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 1:Terminology 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 2:Test methods 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 3: Labelling 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 4: Requirements for micro gas generators 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 5: Requirements for airbag generators 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 6: Requirements for air bag modules 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 7: Requirements for seatbelt 
pretensioners
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 8: Requirements for igniters 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 9: Requirements for actuators 
Pyrotechnic articles -  Pyrotechnic articles for vehicles. Part 10:Requirements for semi-finished                                     
assemblies 

These documents are in the beginning of the standardization process.  
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WG 4 has chosen for the development of their standards another approach than WG 1, WG 2, WG 3 and 
WG 5. WG 4 will develop a separate standard regarding requirements for every 'generic type'.  

Currently the following definitions are used for these 'generic types'. 

Micro gas generator: article containing pyrotechnic composition and electric ignition, designed to 
produce or release gas, where the case is fully or partly destroyed when deployed 
Airbag gas generator (inflator): article containing pyrotechnic composition(s) and electric ignition(s), 
designed to produce or release gas, where the case may not be destroyed when  deployed 
Air bag module: article containing gas generator(s) and/or igniter(s), designed to protect an occupant 
or a pedestrian by inflating an airbag, and to be installed as a unit in vehicles. 
Seatbelt pretensioner: article containing one or several gas generator(s) and/or igniter(s), designed to 
tighten the seat-belt, and to be installed as a unit in vehicles 
Igniter: article containing pyrotechnic composition and electric ignition, designed to initiate a further 
combustion reaction or to activate a mechanical function 
Actuator: article containing an electrical igniter, designed to accomplish a safety function by a 
mechanical movement 
Semi-finished assembly: Is not defined yet.  

Parts / 'generic types' become more sophisticated (from the igniter to a module) often also a wider range 
of variants exist, with every part being adjusted to the huge range of vehicle models and/or production 
years. The standards to be developed will not try to solve the problematic difficulty to overlook variety, 
and will not specify articles through every possible detail. The standards will have to describe basic 
concepts and principal types of pyrotechnic articles. 

Igniters used as components in automotive pyrotechnic devices are specially designed for automotive 
applications. Any automotive igniters will not be taken in account by WG5. When they are used outside 
the automotive industry, the separate standards developed independently by WG4 and WG5 will be 
compared to determine what standard – the most restrictive – will be applicable.  In every case, type-
certified igniters according to the more restrictive harmonised standard will not need to be submitted 
again to type-examination for all less demanding applications. 

WG 4 has identified the following test methods that will be performed in order to demonstrate compliance 
with the ESR's. The acceptance criteria still have to be discussed. 

Drop test (ESR 3c: Sensitivity to normal, foreseeable handling and transportation).
The purpose of this test is to determine whether the pyrotechnic article for vehicles experiences any 
detrimental effect when dropped from a specified height and at specified orientations.  

Simultaneous vibration and temperature test (ESR 3c: Sensitivity to normal,  foreseeable handling and 
transportation). 
The purpose of this test is to determine the ability of the pyrotechnic article for vehicles to withstand 
combined vibration and temperature conditions. 

Thermal humidity cycling test (ESR 3e, resistance to moisture and ESR 3f: resistance to high 
temperature). 
The purpose of this test is to determine the ability of a pyrotechnic article for vehicles to withstand high 
humidity and temperature variations. 

Electrostatic discharge (ESD) test (ESR C2: Ignition devices must be protected against electrostatic 
discharge).
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The purpose of this test is to prove the avoidance of ignition by electrostatic discharges. 

Bonfire test (ESR B3: The pyrotechnic article must be designed in such a way as to minimise risk to 
health etc. when initiated inadvertently). 
The purpose of this test is to ensure that no fragmentation of the pyrotechnic article for vehicles occurs 
as a result of the heat from a fire. 

Trigger device testing (ESR C6: The electrical characteristics (e.g. no-fire, current resistance, etc.) of 
electrical igniters must be provided with the article). 
The purpose of this test is to establish the function and reliability of the trigger device using 
appropriate statistical tests. 

Tank test (ESR 3: Each pyrotechnic article must function correctly when used for its intended purpose).  
The purpose of this test is to assess the performance of a pyrotechnic article for vehicles by firing it 
into a closed volume container at a given temperature level. 

Functioning test (ESR 3: Each pyrotechnic article must function correctly when used for its intended 
purpose).
The purpose of this test is to assess the functioning of a pyrotechnic article for vehicles by firing it into 
an open volume. 

WG 5 'OTHER PYROTECHNIC ARTICLES': WORK PROGRAM 

Currently, WG 5 has developed the following Technical Report: 

FprCEN/TR 15923, ‘Pyrotechnic articles – Other pyrotechnic articles, category P1 and P2 - Overview 
of harmonised standards that will be developed by CEN/TC 212/WG 5'. 

The closure of the  Final Vote was 2009-07-16.  

WG 5 has decided to develop the following 6 European Standards: 

Pyrotechnic articles -  Other pyrotechnic articles. Part 1: Terminology 
Pyrotechnic articles -  Other pyrotechnic articles. Part 2: Requirements 
Pyrotechnic articles -  Other pyrotechnic articles. Part 3: Categorisation  
Pyrotechnic articles -  Other pyrotechnic articles. Part 4: Test methods 
Pyrotechnic articles -  Other pyrotechnic articles. Part 5: Labelling and user's documentation 
Pyrotechnic articles -  Other pyrotechnic articles. Ignition devices 

These documents are in the beginning of the standardization process.  

WG 5 has identified 16 generic types of 'other pyrotechnic articles' for which they will define 
requirements for construction,  performance and labelling. For a complete overview of generic types, see 
Annex 4. 

Table 5. Examples of other pyrotechnic articles  
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Generic type Definition 

Pyrotechnic Cords and fuses  Article consisting of black powder or another 
pyrotechnic composition either coated on a 
supporting medium, or with a protective covering, 
or both 

Flares  Articles consisting of casing filled with radiation 
producing composition with or without means of 
ignition

Pyromechanical devices  Articles consisting of mechanical mobile parts 
which are driven by a charge of pyrotechnic 
composition or detonating explosive, without 
pyrotechnic effect outside or only with a limited 
effect outside. 

Heaters   Articles containing a charge of pyrotechnic 
composition designed to generate heat.         

Test methods and criteria in order to show compliance with the ESR's still have to be defined.  

POSSIBILITY TO PARTICIPATE IN CEN/TC 212 AND THE WORKING GROUPS 

Participation in the development of the standards is always arranged via the National Standardisation 
Institutes. (Link: http://www.cen.eu/cenorm/members/national+members/index.asp). E.g. NEN in the 
Netherlands, AFNOR in France, BSI in the United Kingdom etc.   
Therefore, interested experts have to contact their National Standardisation Institute for participation. 

REFERENCES  

1. prEN 15947-1 – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 1: Terminology 
2. prEN 15947-2 – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 2: Categorisation 
3. prEN 15947-3  – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 3: Requirements for 

labelling
4. prEN 15947-4  – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 4: Test Methods 
5. prEN 15947-5 – Pyrotechnic articles - Fireworks category 1, 2 and 3  – Part 5: Requirements for 

construction and performance 
6. FprCEN/TR 15921’ Pyrotechnic articles – Fireworks, category 4 – Overview of harmonised 

standards that will be developed by CEN/TC 212/WG 2 
7. FprCEN/TR 15922’  ‘Pyrotechnic articles – Theatrical pyrotechnic articles, categories T1 and T2 

– Overview of harmonised standards that will be developed by CEN/TC 212/WG 3' 
8. FprCEN/TR 15970,  'Pyrotechnic articles – Pyrotechnic articles for vehicles – Overview of 

harmonised standards that will be developed by CEN/TC 212/WG 4'. 
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9. FprCEN/TR 15923, ‘Pyrotechnic articles – Other pyrotechnic articles, category P1 and P2 - 
Overview of harmonised standards that will be developed by CEN/TC 212/WG 5'. 

Note: can be ordered at National Standardisation Institutes

Directive 2007/23/EC 'on placing on the market of pyrotechnic articles'.  
This Directive can be downloaded via the website of the European Commission in the language of the 
Member State.  
Link: http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32007L0023:EN:NOT   

ANNEX 1 GENERIC TYPES OF FIREWORKS (C1, C2 AND C3)  (WG 1) 

Type name Brief description Principal effect(s) 

1. aerial wheel 

soucoupe volante 

Steigende Krone 

tubes containing propellant charges and sparks-, 
flame- and/or noise-producing pyrotechnic com-
positions, the tubes being fixed to a supporting 
structure

rotation and ascent, with 
emission of sparks and 
flames, producing a visual 
and/or aural effect in the air 

2. banger 

pétard à mèche 

Knallkörper

non-metallic case containing black powder report 

banger: see also 
'double banger', 'flash 
banger'

- - 

3. battery 

batterie

Batterie

assembly including several elements, each of the 
same type and corresponding to one of the types 
of firework listed in this categorisation and in ac-
cordance with clause 4.3 of EN 0000 – Part 5, 
with one or two points of ignition 

as for the individual ele-
ments 

4. Bengal flame 

feu de Bengale 

Bengalfeuer 

tube containing slow-burning pyrotechnic com-
position

emission of coloured flame 

5. Bengal match 

allumette Bengale 

Bengalholz

short wooden stick partially coated (along one 
end) with slow-burning pyrotechnic composition, 
with a dot of friction-sensitive pyrotechnic com-
position at the tip, and designed to be held in the 
hand 

emission of coloured flame 
and sparks 

6. Bengal stick 

baguette Bengale 

Bengalfackel 

wooden stick partially coated (along one end) 
with slow-burning pyrotechnic composition and 
designed to be held in the hand 

emission of coloured flame 
and sparks 
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Type name Brief description Principal effect(s) 

7. Christmas 
cracker 

christmas cracker 

Knallbonbon 

paper or foil tube, crimped at each end, enclosing 
novelties and with one or more snaps running 
along the length of the tube 

report when pulled apart and 
release of the novelty 

8. combination 

combinaison 

Kombination 

assembly including several elements, not all of 
the same type, each corresponding to one of the 
types of firework listed in this categorisation and 
in accordance with clause 4.3 of EN 0000 – Part 
5, with one or two points of ignition 

as for the individual ele-
ments 

9.crackling granules 

crépitant

Knatterartikel 

bag, or other container, enclosing small granules 
of pyrotechnic composition 

crackling

10. double banger 

pétard aérien 

Doppelschlag

tube containing two portions of black powder 
connected by a delay fuse 

report, then ascent followed 
by second report 

11. flash banger 

pétard à composition 
flash

Blitzknallkörper 

non-metallic case containing metal-based pyro-
technic composition 

report and flash of light 

12. flash pellet 

clignoteur
pyrotechnique 

Blitztablette

pellet of intermittently-burning pyrotechnic com-
position

multiple flashes of light 

13. fountain 

fontaine

Fontäne

non-metallic case containing sparks- and flame-
producing pyrotechnic composition and designed 
to be placed on the ground, or to be fixed in the 
ground, or to be fixed to a support, or to be held 
in the hand 

emission of sparks and 
flames with aural effect 
other than report or without 
any aural effect 

14. ground mover 

serpenteau 

Pyrodrifter

Novelty item containing non-metallic tube or 
tubes with gas- or sparks- or flame producing 
pyrotechnic composition that is designed to move 
on the ground 

Movement on the ground 
with emission of sparks or 
flames, with or without aural 
effects (other than report) 

15. ground spinner 

tourbillon 

Bodenfeuerwirbel 

non-metallic tube or tubes containing gas- and 
sparks-producing pyrotechnic composition, with 
or without noise-producing pyrotechnic composi-
tion

rotation on the ground and 
emission of sparks and/or 
flames with or without aural 
effect (other than report) 
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Type name Brief description Principal effect(s) 

16. hand-held 
sparkler 

cierge magique 

Wunderkerze

rigid wire partially coated along one end with 
slow-burning pyrotechnic composition, with or 
without an ignition head and designed to be held 
in the hand 

emission of sparks, with or 
without aural effect (other 
than report) 

17. jumping cracker 

pétard sauteur 

Knallfrosch

paper tube containing black powder, folded back 
on itself several times and bound together 

reports in succession, with 
jumping motions 

18. jumping ground 
spinner

tourbillon sauteur 

Sprungrad 

non-metallic tube containing gas- and sparks-
producing pyrotechnic composition, with or 
without whistling pyrotechnic composition 

rotation on the ground fre-
quently interrupted by a 
jumping motion, and emis-
sion of sparks and flames, 
with or without an aural ef-
fect (other than report) 

19. mine 

pot à feu en mortier 

Feuertopf

tube containing propellant charge and pyrotech-
nic units or non-pyrotechnic objects and designed 
to be placed on the ground or to be fixed in the 
ground 

ejection of the content in a 
single burst producing a 
widely dispersed visual 
and/or aural effect in the air 

20. mini rocket 

mini fusée 

Mini-Rakete

tube containing pyrotechnic composition 
equipped with stick(s) and designed to be 
propelled in the air 

ascent, with visual and/ or 
aural effects, with or without 
production of aural effects in 
the air 

21. non-hand-held 
sparkler 

cierge magique non 
tenu à la main 

Wunderkerze, groß 

rigid wire partially coated along one end with 
slow-burning pyrotechnic composition, with or 
without an ignition head 

emission of sparks, with or 
without aural effect (other 
than report) 

22. novelty match 

allumette détonante 

Scherzzündholz

match with a dot of pyrotechnic composition, de-
signed to be held in the hand 

report and/or visual effect 

23. party popper 

party popper 

Party-Knaller 

device operated by a pull-string with an abrasive 
surface in sliding contact with a friction-sensitive 
pyrotechnic composition and designed to be held 
in the hand 

report, with ejection of 
streamers and/or confetti 

24. rocket 

fusée 

Rakete

tube containing pyrotechnic composition and/or 
pyrotechnic units, equipped with stick(s) or other 
means for stabilization of flight, and designed to 
be propelled into the air 

ascent, with or without addi-
tional visual and/or aural ef-
fects, and production of 
visual and/or aural effects in 
the air 
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Type name Brief description Principal effect(s) 

25. Roman candle 

chandelle Romaine 

Römisches Licht 

tube containing alternate propellant charges, pyro-
technic units and transmitting fuses 

ejection of the pyrotechnic 
units in succession, produ-
cing a series of visual and/or 
aural effects in the air 

26. serpent 

serpent

Schlange

preformed shape of pyrotechnic composition 
with or without a support 

generation of expanded 
residue

27. shot tube 

chandelle monocoup 

Feuerwerksrohr 

tube containing propellant charge and a pyro-
technic unit, with or without a bursting charge 

ejection of the pyrotechnic 
unit, producing a visual 
and/or aural effect in the air 

sparkler: see 'hand-
held sparkler' and 
'non-hand-held 
sparkler'

- - 

28. snap 

pétard à tirette 

Knallziehband

two overlapping strips of cardboard or paper, or 
two strings, with a friction-sensitive pyrotechnic 
composition in sliding contact with an abrasive 
surface and designed to be held in the hand 

NOTE   A snap can be a pyrotechnic unit in a 
Christmas cracker. 

report, when device is pulled 
apart

29. spinner 

tourbillon volant 

Wirbel, steigend 

tube or tubes containing pyrotechnic composi-
tion, and with or without aerofoils attached 

rotation and ascent, with 
emission of sparks and/or 
flames, with or without aural 
effect (other than report) 

30. table bomb 

bombe de table 

Tischfeuerwerk

paper, cardboard or plastics tube with fixed base 
and closed top, containing a propellant charge 
and non-pyrotechnic objects 

report with ejection of 
streamers, confetti and/or 
novelties

31. throwdown 

pois fulminant 

Knallerbse

impact-sensitive pyrotechnic composition and 
grains of inert material wrapped in tissue paper 
or foil 

report, when thrown onto the 
ground 

32. wheel 

soleil

Rad

assembly including a non-metallic tube or tubes 
containing pyrotechnic composition and provided 
with a means of attaching it to a support so that it 
can rotate 

rotation around a fixed point 
or axis and emission of 
sparks and flames, with or 
without aural effect(s)  
(other than report) 
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ANNEX 2 GENERIC TYPES OF FIREWORKS (C4 fireworks) (WG 2) 

Generic Type Definition Comments Principal effects 
1. Aerial Wheel Tubes containing propellant 

charges and sparks-, flame- 
and/or noise-producing 
pyrotechnic compositions, the 
tubes being fixed to a supporting 
structure, designed to rotate and 
ascend into the air 

Some of the tubes (if 
not all) are fixed in 
such a way that the 
device ascend, in an 
unsupported manner, 
into the air by the 
action of the devices 

Rotation and ascent, 
with emission of sparks 
and flames, producing a 
visual and/or aural effect 
in the air 

2. Aqua 
Firework,
aquatic firework, 
nautical firework 

A firework designed to be 
floated on or near the surface of 
water by means of a buoyancy 
device or by itself and to 
function on or below water.  

 Same effects as bengal 
flames, fountains, 
mines, shells etc. 

3. Combination Assembly including several 
elements, of one or more types, 
each corresponding to one of the 
types of firework listed in this 
table, with one or more points of 
ignition.

The fireworks may be 
fused together in series 
or parallel, with or 
without delay fuses, to 
give their effects in a 
sequence or at the same 
time. This is not 
necessary made at the 
manufacturing level 
and can be achieved at 
the display's firing 
place. 

As for the individual 
elements 

4. Component Article usually included in other 
fireworks and generally without 
lifting charge and which 
requires further preparation 

 See “List of 
Components” 
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Generic Type Definition Comments Principal effects 
5. Fountain Case containing sparks- and/or 

flame-producing pyrotechnic 
composition and designed to be 
placed on the ground, or to be 
fixed in the ground, or to be 
fixed to a support, or to be held 
in the hand. 

The pyrotechnic 
composition may be 
pressed or not in the 
tube, with or without a 
choke or other 
constriction
incorporated into the 
tube. 

Emission of sparks and 
flames with aural effect 
other than report or 
without any aural effect. 

6. Guided 
Firework 
(Line rocket)

An article containing 
pyrotechnic composition 
equipped to function along a 
rope or other guide and to 
produce a visual and/or aural 
effect. 

For example, 
linerockets can also be 
used to put fire to other 
fireworks, generally 
fixed on a frame 
located at a distance 
from the firing place, 
e.g. at the top of a 
steeple or a tower. 

Emission of a visual 
and/or aural effect. 

7. Mine Article which may include 
integral mortar, containing 
propellant charge and more than 
one pyrotechnic units, having as 
main effect the discharge of all 
the pyrotechnic units in a single 
ejection.

Pyrotechnic units can 
be stars, bangers, 
butterflies, crackers, 
hummers, spinners / 
tourbillions, whistles, 
etc.

Ejection of all the 
pyrotechnic units in a 
single burst producing a 
widely dispersed visual 
and/or aural effect in the 
air.

8. Report Article containing pyrotechnic 
composition designed to 
produce a bang 

 Report - may also 
include a coloured delay 
element 

9. Rocket Article containing pyrotechnic 
composition and/or pyrotechnic 
units, equipped with a launching 
motor and stick(s) or other 
means for stabilization of flight, 
and designed to be propelled 
into the air. 

  Ascent, with or without 
additional visual and/or 
aural effects, and 
production of visual 
and/or aural effects in 
the air 

10. Roman 
candle

Tube containing a single charge 
or alternate propellant charges, 
pyrotechnic units and 
transmitting fuses. 

The pyrotechnic units 
may be bombettes, 
comets, hummers, 
maroons, mini mines, 
stars, whistles, etc.  

Ejection of the 
pyrotechnic units in 
succession, producing a 
series of visual and/or 
aural effects in the air 
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Generic Type Definition Comments Principal effects 
11. Shell A device with or without 

propellant charge, with one or 
more delays before bursting, 
pyrotechnic unit(s) or loose 
pyrotechnic composition and 
usually designed to be projected 
and burst at a distance from a 
mortar. 

Pyrotechnic units can 
be stars, butterflies, 
crackers, hummers, 
spinners / tourbillions, 
whistles, etc. as well as 
report shells or other 
shells to produce 
multiple bursts 
simultaneously or 
sequentially. 

As for the individual 
pyrotechnic units 

12. Smoke / fog 
generator

Article containing smoke 
producing pyrotechnic 
composition or heat /gas 
generating composition to 
evaporate a substance or 
disperse hygroscopic particles 
and designed to function on the 
ground or fixed to a support.  

Casing of the article 
can be made of 
different materials. 

Emission of white or 
coloured smoke / fog 
without any aural effect 

The following 33 firework products have been considered as subtypes of the previous generic types: 
Aqua Shell (or Aquatic Shell, Nautical Shell), Bag Mine (or Mortar Mine), Battery, Bengal Flame, Cake, 
Daylight Shell, Flash Banger, Flight Rocket, Gerbs, Ground Maroon, Lance, Lancework, Maroon, 
Maroon Shell, Multibreak Shell, Parachute Rocket, Parachute Shell, Peanut Shell, Portfire, Preloaded 
mortar (or Shell in mortar), Repeater Shell, Saxon, Set Piece, Shell of shells, Shot tube, Signal Rocket, 
Strobe, Tourbillion, Underwater Firework (or Sub aquatic firework), Volcano, Waterfall, Wheel. 
A definition of these subtypes is also given in the Technical Report of WG 2.  

ANNEX 3 GENERIC TYPES OF THEATRICAL PYROTECHNIC ARTICLES  (WG 3) 

No Generic Type Definition Primary Effect/Comments 

1 Combination Assembly including several 
elements either containing the 
same type or several types each 
corresponding to one of the 
types of pyrotechnic devices 
listed in this table, with one or 
multiple  points of ignition and 
in which the initial fuse 
transmits fire from one tube to 
the next to fire the devices 
sequentially or in some other 
pattern

As per the individual elements.
Note that WG3 consider there 
is no practical difference 
between a “Battery” and a 
“Combination” as in EN14035 
and will consider them 
together.  Where the individual 
elements could not be separated 
and still function individually, 
such items are not considered 
to be a combination. 
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2 Bengal flames + flares A device containing a 
pyrotechnic substance which 
produces a (coloured) light or 
flame where the duration of the 
effect is not instantaneous 

Production of coloured flame 
(and smoke) 

3 Theatrical Fire A pyrotechnic substance that is 
ignited in suitable container 
(open flame-bowl) or in a 
preformed cartridge to produce 
a (coloured) light or flame 
effect 

Production of coloured flame 
(and smoke) 

4 Bengal sticks A stick partially coated with 
slow-burning pyrotechnic 
composition and designed to be 
held in the hand 

Emission of a bright light for a 
stated duration 

5 Stage report A single sealed unit containing 
a pyrotechnic composition 
whose principle function is to 
produce a bang 

A pyrotechnic device that 
produces an instantaneous 
Report with or without 
coloured light and / or sparks 

6 Flashes A device containing 
pyrotechnic composition(s) 
where the effect is 
instantaneous and whose 
primary effect is a flash 

A pyrotechnic device that 
produces an instantaneous flash 
of light which may be 
accompanied by smoke, sparks 
and/or an aural effect and emits 
microstars 

7 Flash reports A device containing a 
pyrotechnic composition whose 
primary effect is a flash 
accompanied by a report 

8 Airbursts A device containing a 
pyrotechnic composition  
which is suspended into the air 
and functions to produce a 
visual and/or aural effect 

An instantaneous aerial effect 
to produce a visual effect and / 
or aural effect 

No Generic Type Definition Primary Effect/Comments 

9 Fountains A device containing pressed or 
consolidated pyrotechnic 
composition(s) producing 
sparks in a directional manner 

Includes "Jets"  

10 Dropping effects A single tube which may or 
may not be choked at one end 
that contains a pyrotechnic 
composition and which is 
designed to produce its effect in 
a downward direction 

Including waterfalls 
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11 Mines A device containing propellant 
charge and multiple 
pyrotechnic stars and/or 
pyrotechnic units which are 
ejected in a single burst in a 
directional manner 

A pyrotechnic device 
containing pyrotechnic effects 
which are instantaneously and 
simultaneously projected in an 
upward direction to a dispersed 
visual and or aural effect 

12 Confetti + streamer 
cartridges 

A single tube containing a 
pyrotechnic composition and 
inert items which projects the 
inert items from the device 

A pyrotechnic device that 
produces an instantaneous 
ejection of paper or novelty 
effects. May produce noise 
and/or smoke 

13 Line rockets A device containing a 
pyrotechnic composition that is 
designed to be attached to a 
wire and has a controlled 
trajectory   

A pyrotechnic device that is 
propelled along the wire it is 
attached to whilst producing 
light and/or aural effect(s) 
and/or sparks and or coloured 
smoke 

14 Comets A device containing propellant 
charge and a single pyrotechnic 
star or unit which is ejected in a 
single burst 

A pyrotechnic device that 
ejects a single pyrotechnic unit 
producing a directional visual 
effect 

15 Roman candles A device consisting of a single 
tube containing a series of 
pyrotechnic units with alternate 
payloads and propellant 
charges, and a transmitting fuse 

A pyrotechnic device that emits 
multiple units producing a 
directional visual effect  

16 Flame columns, flame 
projectors

A device containing a 
pyrotechnic composition 
producing a projected column 
of flame with or without other 
visual and/or aural effects. 

17 Fire balls A device containing a 
pyrotechnic lifting charge 
pyrotechnic compositions but 
not containing discrete 
pyrotechnic units which 
produces an instantaneous 
coloured ball of fire with or 
without smoke and/or sparks 
and/or aural effect  

No Generic Type Definition Primary Effect/Comments 

18 Rotating effects A device containing 
pyrotechnic  
compositions and functions in 
such a way that device rotates.   

A pyrotechnic device that 
produces a rotational effect of 
coloured light and/or sparks 
with or without an aural effect. 
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19 Smoke devices A device containing a 
pyrotechnic composition 
emitting smoke. 

A pyrotechnic device that emits 
coloured smoke for a stated 
duration. Device must not emit 
toxic or corrosive gasses/smoke 
specifically designed for 
extermination purposes 

20 Explosion Simulators A device containing a 
pyrotechnic composition and/or 
pyrotechnic stars and/or 
pyrotechnic units and/or 
flammable solid and simulates 
a small or large explosion. 

A pyrotechnic device that 
produces an explosion effect 
with noise, consisting of 
coloured fire and/or smoke and 
or sparks and/or other visual 
effect(s) and/or aural effect(s) 

21 Squibs and Bullet hit squibs 
/Sparking squibs (ricochet 
squib)

A device containing 
pyrotechnic composition 
designed to disrupt inert 
material to mimic a 
bullet/puncture wound or small 
explosion 

22 Phlegmatised pyrotechnic 
substance

A substance which is non 
pyrotechnic when supplied but 
is converted to a pyrotechnic 
substance at the point of use 

23 Whistles A device containing a 
pyrotechnic composition that 
produces an aural whistling 
effect with or without sparks 

24 Binary mixtures Separate non pyrotechnic 
components which when 
combined form a pyrotechnic 
composition. 

Various, but may include 
amongst others Report, 
coloured flash, fire, smoke, 
sparks

25 Flash trays / split tubes A device containing 
pyrotechnic composition (s) 
which is designed to produce a 
two-dimensional curtain of 
sparks or other pyrotechnic 
effects 

26 “Bounced” fountain Device containing pressed or 
consolidated pyrotechnic 
composition(s) producing light 
and sparks in a directional 
manner, and a small report 
inside, in such a way that, once 
the pressed composition is 
consumed, it ignites the report 
indicating the finishing of first 
principal effect. 

Designed to be held in the hand 
by means of ancillary 
equipment  

No Generic Type Definition Primary Effect/Comments 
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27 In-Hand effect An article comprising only a 
pyrotechnic substance(s) and 
that is ignited within the hand 
and optionally thrown from the 
hand, and that is optionally self 
consuming. 

May produce light, sparks, 
smoke or noise. 

ANNEX 4 GENERIC TYPES OF OTHER PYROTECHNIC ARTICLES (WG 5) 

Generic type Definition 

1. Igniters articles  containing explosive substance(s) used to initiate 
combustion or deflagration 

2. Components for pyrotechnic trains  Articles containing a pyrotechnic composition 
designed to transmit combustion, detonation or 
deflagration within a pyrotechnic train. 

3. Pyrotechnic Cords and fuses  Article consisting of black powder or another 
pyrotechnic composition either coated on a 
supporting medium, or with a protective covering, 
or both 

4. Pressed Fuse  Article consisting of a casing with a core of 
deflagrating explosive. Designed to transmit 
ignition over a time period 

5. Semi finished pyrotechnic products  Compact objects made of pressed, cast, rolled, 
extruded etc. pyrotechnic composition used as 
component of other explosive articles 

6. Fuzes  Devices which incorporate mechanical, electrical, 
chemical or hydrostatic components to initiate a 
train

7. Flash Cartridges  Articles consisting of a casing, a means of 
ignition and flash powder, all assembled in one 
piece ready for firing. 

8. Other Cartridges  Articles comprising a cup containing means of 
ignition, projecting charge and effect to be 
projected. Designed to be fired by hand from a 
device having the means of holding the cartridge 
and providing the stimulus to function the means 
of ignition 

9. Pyrotechnic matches  Articles comprising exposed, preformed 
pyrotechnic composition which may be coated on 
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Generic type Definition 

an inert support 

10. Flares  Articles consisting of casing filled with radiation 
producing composition with or without means of 
ignition

11. Sound / Noise emitters  Articles (except cartridges) designed to emit 
sounds or noises. 

12. Gas generators   Articles consisting of a casing, with an ignition 
device and a pyrotechnic charge designed to 
generate gases 

13. Smoke / Fog generators    Articles consisting of a casing, with or without 
means of ignition, filled with pyrotechnic 
composition designed to generate smoke or fog. 

14. Pyromechanical devices  Articles consisting of mechanical mobile parts 
which are driven by a charge of pyrotechnic 
composition or detonating explosive, without 
pyrotechnic effect outside or only with a limited 
effect outside. 

15. Rockets and their motors  Articles consisting of a charge of explosive, 
generally a solid propellant, either contained or 
not in a cylinder fitted with one or more nozzles. 

16. Heaters   Articles containing a charge of pyrotechnic 
composition designed to generate heat.         
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ABSTRACT 
 
In the paper considered the problem of control of the unstable physical fields in the stagnation zones of 
the high-loading-density solid propulsion system (SPS) during the ignition-transient period of operation. 
Within new concept of the phenomenon of "negative erosion", earlier suggested by author, the 
phenomenon of excitation of waves of "negative erosion" is analyzed. Propagation of the pressure waves 
in the non-flowing end-face clearances and other stagnation zones will induce waves of "negative 
erosion" that leads to the mode of pulsating ignition of the charge. The problem of optimum mode of 
ignition of the stagnation zones is not solved till now. Excitation of the thermo-electric convection in the 
liquid-viscous layer and formation of the micro-torch periodic structures on the energetic material burning 
surface is a primary factor for realization of the phenomenon of "negative erosion". During ignition of the 
charges with stagnation zones arise the reverse flows from the surface of the charge which essentially 
aggravate the efficiency of the ignition system and leads to increase of the ignition-transient period and to 
increase of necessary mass of the ignition charge. The appropriate technologies and ignition system 
designs for improvement the ballistic efficiency of the SPS are developed. New possibilities of practical 
use of processes of solid-flame burning of the nano-dimensional multilayered foils and foamed 
propellants for increase in ballistic efficiency of the SPS are considered. 
 
 

INTRODUCTION 
 

At present is observed stable tendency of expansion of the areas of the solid propulsion systems (SPS) 
application in the space programs. Space SPS practically do not differ from the SPS of the 
intercontinental ballistic rockets top stages, and they can be considered as one class of the SPS. The 
general tendency in the development of modern space SPS is characterized by increased propellant mass 
(the propellant loading density ~  0.95) and operation loads. 

Improvement of characteristics of the modern high-loading-density SPS and reduction in the cost and 
difficulty involved in their manufacture depends largely on improved understanding of the anomalous 
physics-chemical processes, which can arise during operation. The most important area of study for 
improvement of the high-loading-density SPS characteristics is investigation and creation of technologies 
for optimize the intra-chamber processes of the SPS ignition-transient period of operation in order to 
reduce impact and vibration loads on the SPS. It is necessary provide short propellant charge ignition 
delay times and ignition-transient periods without increasing the pressure level in the combustion 
chamber and thermal loads on the solid propellant charge and the engine combustion chamber structural 
elements. One of serious problems for such propulsion systems is control of the unstable physical fields in 
the stagnation zones during the ignition-transient period of operation. The phenomenon of reduction of 
the burning rate as a result of blowing of the solid propellant burning surface with small velocity of the 
combustion products (CP) of the same composition refers to as the effect of "negative erosion" (Refs. 1, 
2, 3). The phenomenon of "negative erosion" is one of typical anomalies of burning. Propagation of the 
pressure waves in the non-flowing end-face clearances and compensators of the burning surface will 
induce waves of "negative erosion" that leads to the mode of pulsating ignition of the charge. The 
phenomenon of waves of "negative erosion” will reduce the solid propellant energetic performances. 
However, the problem of optimum ignition of the end-face stagnation zones is not solved till now. 
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FEATURES OF DESIGNS OF THE HIGH-LOADING-DENSITY SPACE  
SOLID PROPULSION SYSTEMS 

 
For the space SPS and also for the SPS of the strategic rockets top stages are most spread the designs 

of the end-burning case-bonded charges with the central dead-end (not flowing) channel and with 
compensators of the burning surface manufactured as a system of dead-end peripheral channels (Fig. 1) 
(Refs. 4, 5). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Scheme of the solid propellant spherical charge with inclined dead-end  
           (not flowing) peripheral channels (Ref. 4). 

 
 
Use of compensators of the burning surface, manufactured as a system of dead-end peripheral 

channels is rather new approach. Compensators of burning surface provides reduction of deviations of the 
burning surface actual value from the mean-integrated value. Required law of variation of the mass flow 
rate characteristics can be provided by variation of dependence of the charge burning surface from the 
charge arch in the wide range. Use of compensators of the burning surface opens unique opportunity for 
change of the burning surface by variation of the number of channels, their length and diameter, the angle 
of inclination to the charge axis and the distances from the flange. For the charges with small elongation 
(less than 1.5) compensators of the burning surface are manufactured as inclined dead-end peripheral 
channels (Fig. 1 – Fig. 4) (Ref. 5). 
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Fig. 2. Sectional view of the space solid propulsion system. End-burning case-bonded spherical 
charges with compensators of the burning surface, manufactured as a system of inclined dead-end 
(not flowing) peripheral channels (Refs. 4, 5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Sectional view of the space solid propulsion system. End-burning case-bonded spherical 
charges with compensators of the burning surface, manufactured as a system of inclined dead-end 
(not flowing) peripheral channels (Refs. 4, 5). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
       Fig. 4. Sectional view of the space solid propulsion system (Ref. 6). 
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At increase of the charge relative elongation (more than 1.5) compensators of the burning surface can 

be manufactured as a system containing longitudinal dead-end peripheral channels and two or several 
rows of inclined dead-end peripheral channels (Fig. 5). 

 
 
 
 
 
 
 
 
 
 
Fig. 5. Sectional view of the space solid propulsion system. End-burning case-bonded charge 

with compensators of the burning surface, manufactured as a system of longitudinal dead-end 
channels and single-row inclined dead-end (not flowing) peripheral channels. 

Such design of the charges allows provide extreme high level of the propellant loading density 
coefficient which reaches the value of (0.980–0.985). The specified designs of the charges also can be 
used in various space propulsion systems, for example in the booster and braking systems, in the 
emergency rescue systems, in the systems for change of the spacecraft orientation on the orbit (Ref. 5). 

However providing of serviceability of such charges requires realization of special conditions for 
their steady ignition and combustion and for reliable SPS operation at the ignition-transient period. 

 
The main peculiarity of structural diagrams of the space large-sized high-loading-density SPS is that 

the case-bonded charge with internal channel has a partially non-fastening and unarmored end-face 
surface. Under these conditions the end-face combustion surface can represent up to 50 % or even more 
of the whole burning surface. The charge end-face is usually fastened to the engine head (nozzle) end by 
use of a boot (sealing ring). Figure 6 shows a typical structural diagram of this type of SPS (1 -  lid; 2 - 
engine casing; 3 - case-bonded solid propellant charge; 4 - fastening layer connecting propellant charge 
with load-carrying SPS case; 5 - pyrotechnic ignition system (IS); 6 - split control nozzle; 7 - autonomous 
solid propellant engines for roll channel control; 8 - actuators). The engine case has a “cocoon” type 
design and is manufactured from organic plastic materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Sectional view of the high-loading-density sustainer solid propulsion system with case-
bonded charge having partially non-fastening and unarmored end-face surface in the vicinity of the 
head end. 
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The other peculiarity of this class of SPS is that under normal conditions, for which the propulsion 

systems storage is provided, the clearances between the engine case head (or nozzle) end internal surface 
and the charge end-face   0.001 m. As the chamber is filled by the high-temperature CP coming from 
the IS and from the ignited part of the propellant, there are simultaneous elastic deformations of the 
propellant charge and the engine case. Under such conditions, the thickness of the non-flowing clearance 
between the SPS case head end internal surface and the charge end-face clearance can increase 20-100 
times at the operating pressures in the combustion chamber (5-10 P ). 

Actually, the main problem consists in providing of necessary heat supply to the surface of solid 
propellant in the stagnation zones. 

 
 

EXCITATION OF THE WAVES OF “NEGATIVE EROSION”  
IN THE STAGNATION ZONES 

 
In real SPS, combustion normally occurs under conditions of blowing, i.e., with the motion of a hot 

CP along the burning surface of the energetic material (EM).  
Possible mechanisms of excitation of the phenomenon of the “negative erosion” has been described 

in detail earlier (Refs. 3, 8 - 16). In accordance with recent experimental data, the existing theory of 
negative erosion phenomena is not correct. 

Excitation of the thermo-electric convection in the liquid-viscous layer and formation of the micro-
torch periodic structures on the EM burning surface is a primary factor for realization of the phenomenon 
of "negative erosion" (Refs. 16, 17). The spatially-periodic micro-structures periodically arising in the 
liquid-viscous layer enters into interaction with the burning zone and causes local changes of the area of a 
flame surface and intensity of a thermal emission from different parts of the burning surface and flame. At 
the same time, excitation of the periodic toroidal vortex micro-structures over the burning surface that 
determine development of the phenomenon of “negative erosion” was not taken into account earlier. The 
boundary of existence of the phenomenon of “negative erosion” is determined by stability of the toroidal-
shaped vortex structures in the stream of the CP which is blowing the burning surface of the EM (Ref. 
16). At increase of the blowing velocity occurs destruction of the micro-vortex toroidal structures that 
leads to reduction of the heat supply to the burning surface.  

At transition to the high pressures, the level of turbulence, created by disordered pulsations of the 
flow injection from the burning surface, induced by the burning cells, will gradually decrease and the 
range of existence of the phenomenon of "negative erosion" is essentially narrowed. 

Under the phenomenon of waves of “negative erosion” is implied the wavy propagation of the local 
zones, captured by “negative erosion”, along the burning surface. Usually, appearance of this 
phenomenon is connected with propagation of the pressure waves over the burning surface. In particular, 
such phenomenon can be observed at propagation of the pressure waves from the ignition system along 
the propellant charge channel. The waves of "negative erosion" leads to local extinction of the flame on 
the burning surface and to appearance of the regime of pulsating ignition of the charge channel.  

During ignition of the charges with stagnation zones arise the reverse flows from the surface of the 
charge which essentially aggravate the efficiency of the ignition system and leads to increase of the 
ignition-transient period and to increase of necessary mass of the ignition charge. 

On the burning surfaces in the stagnation zones will appears the spatially-periodic micro-structures 
and also torch micro-structures. Development of this phenomenon will leads to reduction of an effective 
cross-sectional area of the stagnation zone. Certainly, the phenomenon of waves of "negative erosion" 
will appears in various degree depending on a thickness of the clearance (stagnation zone). 

Realization of this phenomenon in the stagnation zones of the high-loading-density SPS during the 
ignition-transient period of operation can lead to excitation of the pulsating ignition of the charge.  

For development of technologies which can reduce influence of the phenomenon of waves of 
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“negative erosion” it is necessary to know essence of the physico-chemical processes accompanying this 
phenomenon. 

All previous theoretical concepts describing excitation of the phenomenon of "negative erosion" 
(Refs. 3, 8-15) did not allow suggest technologies for minimization of the given phenomenon. Active 
controlling by self-organizing processes of the spatial-periodic micro-structures in the EM liquid-viscous 
layer and on the EM burning surface opens possibilities for efficient control by the boundary layer over 
the burning surface of the EM and by development of the phenomenon of "negative erosion". 

 
 

UNSTABLE PRESSURE WAVE PROPAGATION PHENOMENON IN THE 
COMPENSATORS OF THE BURNING SURFACE 

 
The elongation degree of dead-end peripheral channels considerably influences on ignition delay of 

the propellant burning surface in the dead-end channels and on the time of the SPS ignition-transient 
period of operation. The situation is possible when after the ignition system operation in the dead-end 
channels will appears zone with raised pressure that hinder for the CP movement along the burning 
surface in these dead-end channels. It may considerably reduce heat transfer from the CP into the 
propellant surface layer in the dead-end channels, and this may lead to instability of the SPS ignition-
transient period of operation and to increase of duration of this period. 
 The dependence of current value of the burning surface from the burning arch of the model solid 
propellant charge with compensators of the burning surface is shown on Fig. 7. The abnormal mode of 
operation of such model SPS are shown on Fig. 8. The charge ignition delay ( ID = 5.65 s.) is caused by 
influence of the compensators of the burning surface manufactured as a system of the dead-end peripheral 
channels. The fire stand tests were executed for the charges manufactured from composite solid propellant 
that consists of the ammonium nitrate, hexogen, ammonium perchlorate, aluminium and energetic binder. 
Parameters of the model SPS combustion chamber: CCF  = 0.0008295 2m ; CCV  = 0.001094 3m . 
Elongation of the dead-end peripheral channels  dl  = 11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Dependence of the burning surface S from the burning arch e of the model solid propellant 
charge with compensators of the burning surface manufactured as a system of the dead-end (not 
flowing) peripheral channels. 
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Fig. 8. Experimental pressure evolution for the model SPS. Case-bonded propellant charge with 
compensators of the burning surface manufactured as a system of the dead-end peripheral 
channels. The charge ignition delay time is ID  = 5.65 s. Elongation of the dead-end (not flowing) 
peripheral channels  l / d = 11. 

 
 
For reduction of the dead-end peripheral channels influence on the mode of the SPS initial stage of 

operation is usually recommended to limit the elongation of the dead-end peripheral channels up to the 
values of (8 - 10). Experimental investigations have shown (Ref. 18), that in the narrow channel takes 
place unstable, pulsing mode of the flame propagation and before flame front appears the luminous cells. 

The intra-ballistic parameters at the ignition-transient period of the high-loading-density SPS (Fig. 2 
- Fig. 5) operation in many respects are determined by physics-chemical processes development in the 
dead-end peripheral channels (the compensators of the burning surface). The most probable sequence of 
anomalous mode ignition development can look like as follows. The dead-end channels, representing a 
poorly heated up stagnation zones, will hinder supply of sufficient heat quantity necessary for their 
ignition. It will lead to increase of the charge ignition delay time and to non-uniformity of the charge 
ignition processes. 

In connection with non-uniformity of ignition of the burning surface in the dead-end channels, the 
effect of abnormal strengthening of the pressure waves can develop. Besides, at the beginning of the 
ignition system operation, the CP flowing into both from the ignition system, and from already ignited 
charge sections will affect the initial gas, placed in the dead-end peripheral channels, as a piston. Thus, 
into the depths of the dead-end peripheral channels will begin propagate the compression waves, which, 
typically, are transformed into the intensive shock wave. The last, when reaching the dead-end channels 
boundaries, is reflected by simultaneous build up of the pressure. Then, propagation of reflected shock 
wave begins, and the initial gas will contract up to the high pressure. As a result of sequential 
development of an indicated phenomenon, in the dead-end channels can give rise to strong local dynamic 
loads. It may lead to occurrence of cracks in the dead-end channels and to opening of the new burning 
surfaces. The last circumstance is a reason that the anomalous process development begins on a new 
qualitative level. Such anomalous processes can affect more large-scale action on the SPS intra-chamber 
processes. Further development of non-stationary physics-chemical processes can endanger for normal 
operation of the SPS. Propagation of compression wave along the cracks in the dead-end channels can 
result in ignition of the propellant opened surfaces and can create dangerously large pressures. This, in 
turn, can result in the propellant charge destruction. 
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UNSTABLE PRESSURE WAVE PROPAGATION PHENOMENON 
IN THE END-FACE CLEARANCES 

 
The intra-ballistic parameters in the ignition-transient period of the high-loading-density SPS (Figure 

6) operation in many respects are determined by unstable wave processes in the clearances between the 
engine casing head (nozzle) end internal surface and the charge end-face surfaces. Traditional ignition 
system design schemes provide CP supply to the high-loading-density SPS charge simultaneously in all 
spacial directions. In the course of filling the intra-chamber volume with CP coming from the ignition 
system and from already ignited part of the charge, joint elastic deformations of the propellant charge and 
the organic plastic SPS casing may occur. However, the elongated non-flowing end-face clearances have 
no time to be expanded to the necessary size. 

The clearances, representing a poorly heated stagnation zones, will hinder supply of sufficient heat 
quantity, necessary for the charge end-faces ignition. In case of absence of beforehand organized 
distribution of the CP flows from the ignition system can result in irregularity of the heat supply to the 
charge. It will lead to increase of the end-faces ignition time delay and to the non-uniformity of all charge 
ignition processes. 

Numerous experiments have displayed (Ref. 19), that in real propulsion systems the clearance can be 
so small, that the CP has no possibility to propagate along this clearance. This circumstance can result in 
the anomalous regimes of operation of the propulsion system. Also in the experiments the phenomenon of 
delay of filling of the cavity of clearance by the CP in comparison with pressure level in the cavity of the 
charge channel was observed (Fig. 9). This dependence demonstrates non-monotony of deformation of 
the end-face stagnation zone. 

During the initial stage of operation of the propulsion system (t = 0 – 0.06 sec.) the clearance 
remains closed. After reaching of the pressure in the channel P* = 2.2 MPa the clearance starts to be 
unclosed. The clearance is filled up by the CP during the time of t  0,004 sec. and the gradient of filling 
of the cavity of the clearance by the CP reaches the magnitudes of dP/dt = 500 MPa. Propagation of the 
CP in the clearance (stagnation zone) is accompanied by development of damped oscillations of the 
bottom of the case with frequency of 150 Hz. 

During the experiments (Ref. 19), the shock-dynamic character of propagation of the pressure waves 
along the length of clearance, during its opening, was observed. The experiments also have displayed, that 
the shock action of the gas stream results in formation of splitting of the thermal-protective cover in the 
top of the clearance. 

At the beginning of the ignition system functioning, the CP flowing into both from the ignition 
system and from already ignited parts of the charge, will affect the initial gas, placed in the end-face 
clearance, as a piston. Thus, into the depths of the end-face clearance will begin to propagate the 
compression waves, which, typically, are transformed into the intensive shock wave. 
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Fig. 9. Time dependences of the combustion products pressure for the solid propellant charge 
channel (1) and for the end-face clearance (2). 

 
 
The last, when reaching the area of interface of the SPS head end with the boot and the charge end-

face, is reflected by simultaneous build up of the pressure. Then, propagation of reflected shock wave 
begins, and the initial gas, which is contiguous to the area of interface of the SPS head end with the boot 
and the charge end-face, will contract up to the high pressure. As a result of sequential development of 
indicated phenomenon, in the area of interface of the end-face clearance cavity with the boot, which 
fastens the charge end-face with the SPS head end, can give rise to strong local dynamic loads, causing 
either the boot to break off, or the boot to break off from the SPS casing and from the charge. 

The numerical analysis shows, that at the clearance value equal of  = 0.001 m, the maximum 
pressure at the end-face clearance cavity will exceed more than 13 times the pressure level, corresponding 
to the clearance value equal to  = 0.1 m. The boot breaking off (or rupture) from the SPS casing is 
accompanied by the opening of a new cavity, in which the high-temperature CP begins inflow. The last 
circumstance is a reason that the anomalous process development begins on a new qualitative level. Such 
anomalous processes can affect more large-scale action on the SPS intra-chamber processes. 

If the surface on which there is the boot breaking off is large, the intra-ballistic process development 
in the SPS chamber can happen in the following way: the CP pressure in the vicinity of the boot breaking 
off place on a some time interval can decrease, and in the SPS chamber will be propagated the rarefaction 
wave. In case of strong rarefaction wave appearance, either extinction of the propellant charge (complete 
or temporary) or transition to the propellant charge to unsteady burning modes (SPS “chuffing”) can take 
place. Propagation of the compression wave along the cavity, formed at the boot breaking off, can result 
in ignition of the propellant opened surface and can create dangerously large pressures in the vicinity of 
the upper boundary of an indicated cavity. This, in turn, can result in the propellant charge destruction. 

The numerical analysis of traditional ignition technology of the SPS front end-face burning surface 
has shown the following results (Figure 10, curve 1 corresponds to parameters: = 0.002 m., K def =0; 

curve 2 - = 0.002 m., K def =0.15; curve 3 - = 0.001 m., K def =0. and curve 4 - = 0.001 m., 

K def =0.3). When the front end-face clearance is not deformed, the propellant surface in this front-end 
face clearance is not ignited completely even at time t > 0.3 sec. In case, when the front-end face 
clearance is increased with time, all propellant surface in this clearance is ignited during the time t < 0.12 
sec (curves 2, 4). 
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Fig. 10. Dependence of the charge front end-face burning surface ignition delay time from relative 
longitudinal coordinate 

 
 
Figures 11 and 12 present variations in CP flow velocity along the front end-face clearance length, 

during the propagation of a strong rarefaction wave at the opened cavity with a volume of 
3calc

0 m03.0W  (Figure 11) and 3calc
0 m06.0W  (Figure 12). Curve 1 corresponds to time t = 0.050 

sec. (before the beginning of the transitional period). Curve 2 corresponds to time t = 0.057 sec., curve 3 
to t = 0.060 sec. and curve 4 to t = 0.080 sec. (completion of the transitional period). The CP velocity 
dependencies at t = 0.050 s. are identical in Figs. 11 and 12, as are those at t = 0.080 s. (Curves 1 and 4). 
For the purposes of representation it is assumed, that the positive CP velocity value corresponds to the 
direction from the engine axis towards the non-flowing end-face clearance boundary. As follows from 
Figs. 11 and 12, the intensity of the wave processes in the end-face cavity is much higher at 

3calc
0 m06.0W . For 3calc

0 m03.0W  the maximum value of the CP velocity, in the uncovered end-face 
cavity is 63 m/s (Fig. 11, Curve 3), whereas for 3calc

0 m06.0W  the peak velocity is 486 m/s (Fig. 12, 
curve 3, peak not shown). The transient in the end-face clearance (in terms of CP velocity values) lasts 
between 0.02 s. (for 3calc

0 m03.0W ) and 0.04 s. (for 3calc
0 m06.0W ). 

Calculation results show that realization of the anomalous modes of ignition, (which is accompanied 
by intensive shock waves rise in the high-loading-density propulsion system combustion chamber) are 
extremely dangerous (Fig. 13). 

In these conditions, the phenomenon of waves of "negative erosion" in the non-flowing end-face 
clearances will leads also to excitation of the anomalous modes of ignition. 
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Fig. 11. Variations in CP flow velocity along the front end face clearance length ( calc
0W 0.03 3m , 1 

-  t = 0.050 sec., 2 -  t = 0.057 sec., 3 -  t = 0.060 sec., 4 -  t = 0.080 sec.).          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Variations in CP flow velocity along the front end face clearance length ( calc
0W 0.06, 1 -  

t=0.050 sec., 2 -  t=0.057 sec., 3 -  t=0.060 sec., 4 - t=0.080 sec.).  
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Fig. 13. The dependencies of the calculated combustion products pressures from the process time: 
comparison of the numerical calculation results (curves 1 and 2, continuous lines) with the fire 
stand tests results for the full-scale solid propellant rocket motor (curve 3, dotted line), corresponds 
to the processes development at boot breaking off. 

 
 

TRADITIONAL IGNITION TECHNIQUES FOR IMPROVEMENT OF THE BALLISTIC 
EFFICIENCY OF THE HIGH-LOADING-DENSITY  

SOLID PROPULSION SYSTEMS 
 
At using of traditional ignition system design schemes, for intensification of the solid propellant 

charge ignition process and reduction of the ignition-transient period time are necessary to increase of the 
ignition system mass flow-rate characteristics and the heat flow from the CP. But in this situation 
increased thermal effect on the solid propellant charge will induce the charge "burning out" and the 
pressure extreme rise (pressure peak) in the SPS combustion chamber. Between the charge channel 
various cross-sections will arise intensive, non-stationary axial pressure differentials. In the result, before 
the nozzle plug opening, the high non-estimated vibration and impact loads will arise, and will act on the 
solid propellant charge and the SPS casing.  

Use of traditional designs of ignition systems leads to significant losses of energy performances (the 
ballistic efficiency) of the propulsion system and causes necessity in increased control forces on initial 
stage of operation that result in to increasing of passive mass of the propulsion system and lowering of 
ballistic efficiency. 

 
Analysis of technical solution presented on the Figure 14 (Ref. 20) show that attempt of use of the 

mobile ignition system for ignition of the deaf channel cannot ensure necessary reliability of ignition. 
 
In the following technical solution (Figure 15) (Ref. 21) is suggested the method for creation of 

induced circulation of the CP in the stagnation zone - in the nozzle end-face clearance. 
At injection of the CP into the clearance along the charge end face on all perimeter, owing to braking 

of the CP flow, in vertex of this clearance the stagnation zone is created. Hot CP from the ignition system 
practically does not flow into this zone and here there is no heat supply to the charge surface. This area 
can overlap a part of the burning end face of the charge that aggravates conditions of ignition. The charted 
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motion of the CP flows 13 is displayed on Figure 16, where the boundary of stagnation zone 14 and the 
tips of the boot (sealing ring) 15 is displayed also. 

At beginning of ignition of the burning surface, over this surface will be excited the torch micro-
structures which will hinder for circulation of the CP in the stagnation zone. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14. Sectional view of the mobile ignition system for ignition of the deaf channel of the solid 
propulsion system (Ref. 20).         
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Fig. 15. Sectional view of the high-loading-density solid propulsion system with case-bonded charge 
having partially non-fastening and unarmored end-face surface in the vicinity of the nozzle end 
(Ref. 21). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16. Motion of the flows of combustion products in the clearance along the charge end face (13 - 
is the flows of combustion products, 14 - is the boundary of stagnation zone, 15 - is a tip of the boot 
(sealing ring)) (Ref. 21). 
 
 

Use of the given design of ignition system will induce the phenomenon of the waves of "negative 
erosion" and will not allow to provide stable ignition of the end-face burning surface. In this case, the 
phenomenon of the waves of "negative erosion" in the end-face clearance will induce extinction of the 
ignited burning surface. 
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APPLICATION OF NEW PHYSICAL PRINCIPLES FOR IMPROVEMENT OF THE 
BALLISTIC EFFICIENCY OF THE HIGH-LOADING-DENSITY 

SOLID PROPULSION SYSTEMS 
 
The technical task of suggested techniques is improvement of energetic performances of the 

propulsion system by providing of more prompt and stable ignition of the charge on all burning surface. 
 

Technique for Selection of the Flows from the Ignition System Both  
in Space Orientation and in Time 

 
In Figure 17 the longitudinal cross section of the newly developed pyrotechnic ignition system 

design is shown schematically. The pyrotechnic ignition system consists of the casing, divided into two 
sections. The main section (1) contains the main pyrotechnic ignition charge, and the additional section 
(2) contains the additional pyrotechnic ignition charge. When the ignition system is installed in the 
engine, the perforations on the lateral surface of the additional section (2) are placed opposite the cavity 
of the non-flowing end-face clearance in the vicinity of the nozzle end. The separating baffle (3) 
manufactured as a grain of solid-flame combustion, provides the required delay in ignition of the 
additional pyrotechnic charge (2). When the reaction propagated through the separating baffle (3), the 
additional ignition charge (2) will ignite. This provides a time-delayed CP flow supply from the ignition 
system in the crosswise direction, into the engine end-face clearance in the vicinity of the nozzle end. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig 17.  Sectional view of the high-loading-density solid propulsion system with 
                       installed new design of the pyrotechnic ignition system. 
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When the CP flows from the ignition system main section (1) into the solid propellant charge channel 

in the longitudinal direction, joint elastic deformation will take place in both the propellant charge and the 
SPS case. The end-face clearance cavity will be increased up to the necessary sizes before the moment of 
flame appearance on the propellant charge surface. Then, the CP will start flow from the ignition system 
additional section (2) into the end-face clearance in cross wise direction, to improve the SPS ignition-
transient period of operation. This will provide an improved heat supply to the propellant surface in the 
non-flowing end-face clearance. Under these conditions, the dP/dt maximum values are reduced, the 
flame propagation velocity along the end-face clearance increases, the ignition delay time of the 
propellant surface located in the end-face cavity decreases, and the probability of boot break off is 
significantly reduced. 

 
 

Application of Solid-Flame Burning of the Nano-Dimensional Multilayered Foils for Improvement 
of Conditions of Ignition 

 
Achievements in basic researches of self-propagating high-temperature synthesis (SHS) processes 

(Refs. 22-25), opens new possibilities for improvement of conditions of ignition of the burning surfaces 
disposed in the stagnation zones. Application of SHS processes opens opportunity for considerable 
increase of stability of physical-chemical processes in the combustion chamber and for provides of 
optimal organization of intra-chamber processes development in the SPS ignition-transient period of 
operation. 

In this connection is necessary to provide small values of the propellant charge ignition delay time 
and time of ignition-transient period without increase of the pressure level in the combustion chamber and 
thermal loads on the solid propellant charge and the SPS combustion chamber structural elements. With 
purpose for improvement of conditions of ignition of the burning surface in the stagnation zones (dead-
end peripheral channels or compensators of the burning surface) is suggested use phenomenon of solid-
flame burning of the nano-dimensional multilayered foils. Such nano-dimensional multilayered foils can 
be used as a cover of the burning surface (Figure 18). 

 
 
 
 
 
 
 
 
 
 
 
 
          Fig. 18. Sectional view of the high-loading-density solid propulsion system. 
 
 
Use of solid-flame burning processes allows change mechanism of heat supply to the propellant 

burning surface. In particular, as a material for nano-dimensional multilayered foils can be used both the 
high- and low-exothermic systems.  

This technology gives possibility to provide stable ignition of the burning surface in stagnation zones 
without increase of the temperature, velocity and the pressure level of the CP coming from the ignition 
system. 



-249-

 

There can be a question, whether it is possible to use a high velocity burning materials to enhance 
ignition in the long dead-end channels. Use of such materials is inexpedient for the following reasons. 
First of all, use of such materials will lead to substantial increase of the pressure level in channels and can 
induce occurrence of the cracks. Also occurrence of strong shock waves is possible. Besides when there 
are number of long dead-end channels will be difficult to provide simultaneous ignition of all these 
channels. Use of nano-dimensional multilayered foils does not lead to increase of pressure in the cavity of 
dead-end peripheral channel, because here we deal with the effect of "solid flame”. In this case will be 
provided effective supply of heat to the burning surface without increase of the pressure level in the dead-
end channel.   

For providing of more intensive heat-supply to the propellant burning surface, located in the narrow 
front end face clearance (stagnation zone), can be suggested method of applying of the nano-dimensional 
multilayered foil on the internal surface of the SPS casing head end (Figure 18).   

 
 

Basic Physics of Solid-Flame Burning of the Nano-Dimensional Multilayered Foils 
 
First of all, understanding of basic physics of solid-flame burning of the nano-dimensional 

multilayered foils is necessary for understanding possibilities of use of these processes for improvement 
of the solid propulsion technologies.    

SHS is based on the exothermic mixing of reactants which typically includes a transition metal and a 
light element. These exothermic reactions often have high maximum temperatures and relatively high 
heating rates, both of which are desirable for a variety of applications including near-net shape forming, 
brazing, and ignition (Refs. 22 - 24). The properties of powder-based SHS reactions depends strongly on 
the size, purity, and packing density of the constituent powders, as described in several review papers 
(Ref. 22 – 24). The maximum reaction temperature depends on the initial temperature, the formation 
enthalpy for the final product, and the presence of secondary transformations such as melting. The 
reaction velocity depends on maximum temperature and also on diffusion distances, impurities, and 
diffusion barriers at the reactant interfaces. 

Besides powder compacts, self-propagating exothermic reactions (SERs) have also been observed in 
vapour deposited multilayered foils Ref. (25 - 27). These foils contain many nano-meter thick layers that 
alternate between two elements that react exothermically (Figure 19). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 19. Schematic representation of a self-propagating reaction in a multilayer foil that is 
propagating from left to right. The as-deposited foil consists of alternating layers of elements A and 
B with an intermixed region between the layers (Ref. 27). 
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Multilayered nano-foils, containing hundreds or thousand alternating layers at thickness of each layer 

of (1-1000) nm shows unusual properties. Many of mechanical, electromagnetic, physical-chemical and 
other properties of the substances considerably change at reduction of the characteristic sizes of the 
objects up to the nano-meter values. 

It is necessary to note that these processes develops with abnormal high burning rate that is 
connected with features of behaviour of the substances in the nano-dimensional state. The reaction occurs 
with rate that in tens and hundreds times exceeds the rate value, characteristic for the solid-phase 
chemical reactions. The diffusion distances in the reactive multilayer foils are reduced 10–1000 times 
compared to powders, thereby enhancing atomic mixing. The layering also places the reactants in intimate 
contact and reduces interface impurities, as compared to powder compacts. These differences result in 
large increases in reaction velocities and enable exothermic reactions to self-propagate in many more 
binary systems than is possible in powder compacts. For an exothermic reaction to self-propagate, heat 
must be generated through atomic mixing faster than it is removed by thermal diffusion. Atomic mixing 
or diffusion is thought to be assisted by melting of the reactants, but is reduced by the presence of 
impurities or second phases at the interfaces between the reactants (Ref. 27). 

In the exothermic reaction of multilayered foils, atomic diffusion mainly occurs normal to the 
layering while thermal diffusion occurs parallel to the layering as indicated in Figure 19. Analytical 
models have been developed to predict the reaction velocity in multilayered foils by solving the 
constitutive equations for atomic and thermal diffusion (Refs. 27 – 29). The general equation for atomic 
diffusion is 

 

                                                   CD
td
Cd

                                                              (1) 

 
The general equation for thermal transport is 
 

                                                               Tc
td
Tdc

td
Qd 2

pp                                                   (2) 

 
 
These equations are coupled by assuming that the rate at which heat is generated  ( tdQd ) is 

proportional to the rate at which the composition of the foil changes ( tdCd ). In the simplest case, it is 
assumed that a linear relationship exists between the composition and the energy released. Armstrong and 
Koszykowski solved the coupled equations to obtain the following relationship for the reaction velocity, 

xv  for a multilayer foil (Ref. 29): 
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Equation (3) expresses the inverse relationship between the reaction velocity and the bilayer 

thickness as well as the strong dependence of the velocity on the maximum reaction temperature. 
Mann et al. expanded on Armstrong and Koszykowski’s model by including the effect of an intermixed 
region [28]. In one simple case, they assumed that the intermixed region consisted of the final phase (fully 
reacted), and that the composition profile was a step function. The following equation for the reaction 
velocity was developed: 
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The intermixed region is incorporated into nk  through the composition profile that varies from pure 

Al (C = + 1) to pure Ni (C = - 1) with an intermixed region (C = 0) present between the layers. When 
there is no intermixed region, Eq. (4) reduces to Eq. (3), where 2nn . Mann et al. demonstrated 
a good agreement between predicted velocities using Eq. (4) and measured velocities for Al/Monel and 
Al/Ni multilayer foils (Ref. 28). It was shown that by inclusion of the intermixed region, the reaction 
velocity was lowered due to a reduction in the reaction temperature and a decrease in the rate of atomic 
diffusion. Even for small intermixed regions, only 1 nm thick, it was determined that a drop in velocity 
would occur for multilayer foils with small bilayer thicknesses (typically less than 20 nm).  

Exothermic reactions can self-propagate rapidly in multilayered foils, and properties of these 
reactions depends strongly on heat of reaction, the average atomic diffusion distance, and the degree of 
intermixing at the layer interfaces prior to ignition (Ref. 27). Increasing the average thickness of the 
intermixed region from 2.4 to 18.3 nm reduced the reaction velocity for all of the foils but was most 
significant for the foils with bilayer thicknesses less than 25 nm. The results, presented in paper (Ref. 27) 
indicate that the reaction velocity can be separated into two distinct regimes. The first regime occurs for 
thicker bilayers in which the average atomic diffusion distance is large. In this regime, reaction 
temperatures are high and reducing the bilayer thickness increases the reaction velocity. The second 
regime occurs for thinner bilayers where reaction velocity is dominated by the reduction in available 
energy due to intermixing. In this regime, reducing bilayer thickness results in a decrease in reaction 
velocity. 

The experimental, analytical, and numerical results suggest that in multilayer foils the velocities of 
SERs are governed by the balance between the small diffusion distances, which enhance atomic mixing, 
and the higher density of interfaces, which increases the fraction of A-B bonds and thereby reduces the 
energy released. As the diffusion distances are decreased by reducing the layer thicknesses, the reaction 
velocity initially increases. However, at layer thicknesses approaching 10s of nanometers, further 
reductions in layer thickness decrease the velocity due to a decrease in the stored energy. 

In the paper (Ref. 27) the effect of the thickness of the intermixed phase on the velocity of self-
propagating exothermic reaction in the Al/Ni multilayered foils was examined. The heats of reaction and 
the reaction velocities of the foils were measured for each bilayer thickness. In Figure 20 are plotted the 
velocities of the SERs in the Al/Ni multilayered foils as a function of bilayer thickness. 
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Fig. 20. Measured ( ) and predicted reaction velocities as a function of bilayer thickness. The ideal 
curve (···) assumes that there was no intermixing and the maximum temperature was the ideal 
adiabatic temperature. All predictions assume no heat losses to the medium. ( ) – Measured 
velocity (as-deposited foil); (···) – Predicted velocity (ideal); ( ) – Predicted velocity (as-deposited 
foil). 

 
As the bilayer thickness decreases, the velocity rises steadily. However, at some critical thickness, the 

velocity reaches a maximum and then rapidly drops toward zero. The velocity of self-propagating 
reactions in multilayer foils depends primarily on the bilayer thickness  and maximum reaction 
temperature. 

On the Figure 21 are shown the predicted reaction velocities with and without the effect of the 
peritectic phase transformation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        
       Fig. 21. Predicted reaction velocities with (---) and without ( ) the effect of the peritectic  
                   phase transformation. 
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The empirical equation for predicting reaction velocities can be presented in the following form (Refs. 26, 
30): 

 

                                             w21BVx
                                                          (5) 

 
The heat lost due to intermixing is proportional to ( w2 ). Modifying this equation to include 

formation of an intermixed region that is a different phase than the final product, one obtains: 
 

                                            w2BB1Vx                                                     (6) 

 
Good agreement between Eq. (6) and the measured velocity was obtained as shown in Figure 22 (Ref. 

27). From this equation, the two velocity regimes can be examined. It can be seen that for thick bilayers, 
where the volume fraction of intermixing ( w2 ) is small, the velocity will vary inversely with the 
bilayer thickness. For thin bilayers, where the volume fraction of intermixing is large, the velocity will 
depends strongly on the amount of energy removed from the system due to intermixing. The peak 
velocity, maxV , can be determined by taking the partial derivative of Eq. (6) with respect to and setting 
it equal to zero. Doing so reveals that 

maxV occurs at a constant value of )B2(/B)w2( . 
A desired reaction velocity and maximum temperature can be obtained by properly selecting the 

thickness of both the bilayer and the intermixed region. It is also likely that the energy required to initiate 
the SERs will depends on the bilayer thickness and the amount of initial intermixing. Thus, in addition to 
being able to control the reaction velocity and the maximum temperature, it may also be possible to 
control the initiation energy of SERs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

               Fig. 22. Empirical predictions of reaction velocities as a function of bilayer thickness.  
                           ( ) – Measured velocity; ( ) – Predicted velocity.                                                               

 
 

Application of Foamed Propellants 
 
For providing of stable ignition of the burning surfaces disposed in the stagnation zones the covers 

manufactured from the foamed propellants can be used (Figure 23). The burning characteristics of these 
porous charges show specific differences compared to standard gun propellants, e.g. the mass conversion 
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rates are essentially above those obtained by combustion of compact materials. In addition, the burning 
behaviour of foamed propellants depending on pressure deviates from that expected by a straightforward 
use of Vieille's law. 

 
 
 
 
 
 
 
 
 
 
  Fig. 23. The fast-burning solid propellant charge containing the cellular carriage,  
                that contains the elastic material covered by thin layer of solid propellant. 
 
 
Because of their porous structure, polymer foams filled with explosives will burn at very high rates. 

By using different polymer-matrix, energetic filler, and additive formulations, shaped foamed propellant 
bodies can be made with a wide range of material properties and performance characteristics. 
Furthermore, there is virtually no limit to the geometrical configurations that can be produced by the 
chosen process of reaction foam moulding. 

This technology includes also preliminary heating up of the initial gas in the stagnation zone. In this 
case, the density of initial gas in the stagnation zone will decrease. According to physics laws, than more 
the density of medium, that more intensity and velocity of propagation of the shock wave and vice versa. 
At the CP efflux from the ignition system into already heated gas medium, it will be observed reduction 
of level of the shock wave, propagating along the stagnation zone. 

 
 

Application of Special Materials with Self-Adaptive Spatial-Periodic Micro-Structures 
 
Existing technologies for suppression of the solid propellant combustion instability do not take into 

account the influence of the synergetic spatial-periodic micro-structures on the propellant burning surface 
(Ref. 17). In the recent Russian patent (Ref. 31), at designing of acoustic absorbers is suggested to use 
special materials with self-adaptive micro-structures providing effective absorption of oscillations in the 
SPS combustion chamber cavity. Formation of micro-structures of the absorbing material occurs in the 
process of SHS, under influence of the field of CP oscillations, propagating from the solid propellant 
burning surface.  

In accordance with experimental data, obtained for SHS processes (Refs. 32, 33), the external 
oscillations, including the ultrasonic band, are transmitted through the gas phase on the surface of the 
reacting material to produce essential influence on formation of the micro-structures on the surface of 
indicated material. In the result, in the SHS process on the acoustic absorber surface is formed the spatial-
periodic micro-structures, appropriate for the synergetic micro-structures, formed on the burning surface 
of specific solid propellant. In other words, in the SHS process, this absorbing material adapts for 
properties of specific solid rocket propellants and on this reason has the maximal absorbing capability.  

For practical realization of this technology, special SPS ignition system design was elaborated. Such 
ignition system can be used in the high-loading-density SPS. In Figure 24 the longitudinal cross-section 
of the design version of the developed pyrotechnic IS design is shown schematically. 

The SPS ignition system design scheme has greater reliability. The pyrotechnic ignition system 
contains the cylindrical casing, having two sections – (1) and (2). On the lateral surface of section (1) and 
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on the end face surface of section (2) there are perforations – (3) and (4). In the casing are mounted two 
flange plugs – (5) and (6). In the casing also are located sequentially the additional (7) and the main (8) 
ignition charges. All perforation (3), in the ignition system casing section (1) lateral surface, are 
overlapped by the solid propellant layer (9), which is located on the internal cylindrical surface of section 
(1). This layer (9) provides time delay of the CP flow supply from the ignition  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

         
          Fig. 24. The sectional view of the design of developed pyrotechnic ignition system.   

 
 
system section (1) in the cross direction, into the SPS end face clearance.  
The ignition system casing surface is covered by thermal insulating layer (10). On the external 

surface of the ignition system casing first section (1) is installed special layer (11), manufactured from the 
exothermic hydrogen-generating mixture (EHM). The EHM used is the mechanical mixture of powders of 
the solid propellant - carbide - or nitride-forming metals of groups IV - V of D.I.Mendelyeev's Periodic 
System and the solid oxidizer - hydrogen-containing compounds of carbon or nitrogen. Whole 
perforations (3) and (4) are hermetically sealed outside by the external cover (12). In the SPS front 
volume (Figure 25), layer (11) will be opposite the non-flowing front end face clearance. The micro-
structures formed on the absorbing layer surface (11) in the SHS process are located in front of the SPS 
non-flowing front end face clearance (Figure 25). 

 
 
 
 
 
 
 
 
 
 
 

          Fig. 25. The pyrotechnic ignition system operation in the high-loading-density 
                        solid propulsion system. 

 
 
 
Formation of the spatial-periodic micro-structures is influenced by the CP oscillations propagating 
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from the solid propellant burning surface. The formed micro-structures is appropriate for the synergetic 
micro-structures formed on the burning surface of the specific solid propellant. In the SPS non-flowing 
front end face clearance (Figure 25) is possible the compression waves propagating. Development of this 
process can produce the dangerously large pressures in the vicinity of the upper boundary of the cavity, 
resulting in charge destruction. Thus, in the SHS process, the material of layer (11) adapts for properties 
of specific solid rocket propellant and for this reason layer (11) provides suppression of the unstable 
combustion modes and the compression waves and also provides highly effective absorption of the CP 
acoustic oscillations energy in the wide frequency band in the non-flowing front end face clearance 
cavity. This technique by suppressing of unstable pressure waves in the end face clearance also will allow 
to diminish influence of the effect of waves of "negative erosion".    

 
CONCLUSION 

 
Improvement of characteristics of the modern high-loading-density SPS and reduction in the cost and 

difficulty involved in their manufacture depends largely on improved understanding of the anomalous 
physics-chemical processes, which can arise during operation. 

The phenomenon of waves of “negative erosion” is one of typical anomalies of burning that reduces 
the solid propellant energetic performances. Hence, development of technologies which can reduce 
influence of this phenomenon has great importance.  

During ignition of the charges with stagnation zones arise the reverse flows from the surface of the 
charge which essentially aggravate the efficiency of the ignition system and leads to increase of the 
ignition-transient period and to increase of necessary mass of the ignition charge. 

Use of traditional designs of ignition systems leads to significant losses of energy performances (the 
ballistic efficiency) of the propulsion system and causes necessity in increased control forces on initial 
stage of operation that result in to increasing of passive mass of the propulsion system and lowering of 
ballistic efficiency. 

On the basis of numerical modeling results, new technologies, including nano-technologies, for safe 
ignition of case-bonded solid propellant charges was developed. This technologies allows reduction of the 
ignition-transient period time without a pressure increase in the engine combustion chamber and 
simultaneously reduction of the thermal loads on the charge and the structural elements of the engine 
combustion chamber. 

Suggested new variants of application of the self-propagating high-temperature synthesis processes 
opens opportunity for considerable increase of stability of the physical-chemical processes in the 
combustion chamber and for providing optimal organization of the intra-chamber processes development 
in the SPS ignition-transient period of operation. 

 
 

NOMENCLATURE 
 

A 
B 
 
B* 
C 
C p 
d 
 
D 
e 
E 

- Arrhenius prefactor; 
- Constant that includes atomic diffusivity, thermal conductivity, density, and heat 
capacity of the final product; 
- Constant similar to B, but for the intermixed phase; 
- Composition; 
- Average heat capacity; 
- Diameter of the compensators of the burning surface manufactured as a system of the 
dead-end (not flowing) peripheral channels; 
- Average coefficient of atomic diffusion; 
- Burning arch of the solid propellant charge; 
- Activation energy for mass diffusion; 
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CCF  
l 
 
L 

defK  
nk  

chL  

- Solid propellant rocket motor combustion chamber throat area; 
- Length of the compensators of the burning surface manufactured as a system of the 
dead-end (not flowing) peripheral channels; 
- length of clearance; 
- Coefficient of proportionality, which are determined experimentally; 
- Fourier coefficients; 
- Length of the dead-end central channel; 

P 
0P  

- Pressure of the combustion products; 
- Pressure of ambient medium; 

Q 
R 
S 

- Total heat in a unit volume of the system; 
- Gas constant; 
- Burning surface; 

t - Time; 
T 

0T  
aT  

 
maxT  

 
CCV  

xv  
w 
 

0W  
U 

- Temperature, temperature of the combustion products; 
- Initial temperature; 
- Ideal adiabatic temperature that is only reached when there is no intermixing or heat lost 
to the ambient medium; 
- Maximum temperature obtained during steady-state propagation, which, if heat losses 
and intermixing are ignored, would be the ideal adiabatic temperature; 
- Initial free volume inside the combustion chamber; 
- Reaction velocity; 
- Average thickness of the intermixed regions (two intermixed regions form in each bi-
layer); 
- Volume value of the re-opened cavity at 0PP ; 
- Longitudinal component of the combustion product flow velocity; 

Greek Symbols 
n  

 
 

ID  
 

 
 

 
 

- Fourier eigenvalues; 
- The sum of the A and B layer thicknesses; 
- Average thermal diffusivity; 
- Ignition delay time of the burning surface; 
 
- Clearance between the SPS casing head (nozzle) end internal surface and the charge 
end-face surface; 
- longitudinal coordinate in the solid propellant rocket motor curvilinear zone 
(coordinate along the solid propellant rocket motor front head-end clearance axis);  
- relative value, L . 

Subscripts and Superscripts 
o -  Initial conditions; 
calc -  Parameters obtained by computational way. 
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ABSTRACT 
 
In this paper, we propose to study 3 mixtures, which components can be easily obtained and are not 
classified as explosives according to Regulation on the Classification, Labelling and Packaging of 
Substances and Mixtures, nevertheless these mixtures can produce violent effects in particular 
circumstances.  The 3 alkali-nitrate based powders studied are: a blend with industrial sodium nitrate, one 
with potassium nitrate fertilizer and one with calcium nitrate fertilizer. The behaviour of these 3 samples 
has been compared with classic black powder. More precisely, the deflagration capability of these 4 
powders has been studied. For that, several experimental tests have been performed, such as the 
Differential Thermal and Thermogravimetry Analysis (DTA/TG) test, the Audibert-Koenen test and the 
open air trough deflagration test. The results obtained allowed a ranking of these powders according to 
their reactivity, sensitiveness to confinement and deflagration velocity. The results show that the 3 studied 
powders are capable of violent behaviour according to the circumstances. 
 
1. Introduction

Hazardous materials must be classified and labelled according to the EU regulatory framework for 
Registration, Evaluation and Authorisation of CHemicals (REACH), in order to inform users of their 
hazards. Currently, substances can be classified according to 15 categories: flammable, corrosive, 
oxidizers, toxic, explosive... For instance, black powder is classified as explosive. In this work, we 
propose to study 3 pulverulent mixtures made with components which can be easily obtained and which 
are not classified as explosives: a blend with industrial sodium nitrate, one with potassium nitrate 
fertilizer and one with calcium nitrate fertilizer. The effects of these 3 alkali-nitrate based powders have 
been compared to those of black powder. To compare the deflagration ability of these products, several 
tests have been performed: differential thermal and thermogravimetry analysis, Audibert-Koenen test, test 
of deflagration in open air in trough. Section 2 describes the studied samples. Sections 3, 4 and 5 present 
the performed tests and the results obtained, and the conclusions of this study are given in the last section. 
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Description of samples 

The 3 samples studied contain a reducer - sulphur, charcoal - and an oxidizer – potassium nitrate, sodium 
nitrate or calcium nitrate. These oxidizers can be easily found since they can have various applications in 
agriculture, industry. For instance, they can be used in fertilizers. Table 1 gives the composition of these 3 
samples1 and of black powder.  

Samples Composition Mass ratio Molar ratio 

E13 (black 
powder) 

Potassium nitrate 78% 37%
Sulphur 10% 15% 
Charcoal 12% 48% 

E14 
Sodium nitrate fertilizer grade 78% 41%

Sulphur 10% 14% 
Charcoal 12% 45% 

E15 
Potassium nitrate fertilizer grade 78% 37%

Sulphur 10% 15% 
Charcoal 12% 48% 

E16 
Calcium nitrate dehydrate fertilizer grade 78% 27%

Sulphur 10% 17% 
Charcoal 12% 56% 

Table 1: Description of samples 
 
These products contain an oxidizer and a reducer. The following table compares the characteristics of 
oxidizers used in these blends [1]: 
 

 Potassium
nitrate 

Sodium
nitrate 

Calcium
nitrate

Oxygen balance +39.6 % +47,1% +48,8% 
Density 2,100 g/cm3 2,265 

g/cm3 
1.100 
g/cm3(1) 

Molecular
weight

101,1 85,0 164.1 

Energy of 
formation

4841 kJ/kg 5443 
kJ/kg 

5657 
kJ/kg 

Enthalpy of 
formation

4891 kJ/kg 5503 
kJ/kg 

5715 
kJ/kg 

Nitrogen
content

13,86 % 16,48 % 15.5%(1) 

Melting point 314 °C 317 °C 561 °C 
(1) given by a supplier Yara (http://www.yara.us) 

Table 2: Properties of oxidizers used in studied powders  

1 The studied samples have been manufactured with the same operating process that the one used to 
manufacture black powder in a plant specialized in black powders. 
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The studied samples are hygroscopic (capability to absorb water from air), particularly the calcium nitrate 
based blend. The hygroscopicity of substances may have an influence on their deflagration capability. 
That is why the samples have been dried at ambient temperature under dessicator during 8 days before 
each test. 

 
2. Differential Thermal and Thermogravimetry Analysis 

2.1.  Description of test  
 
The Differential Thermal and Thermogravimetry Analysis (DTA/TG) (standard ASTM E 2550-07) 
allows evaluating the reactivity of a product with the air oxygen, by evaluating in particular the runaway 
temperature of the oxidation reaction. Thank to this test, the 3 studied products are compared according to 
their reactivity with the air oxygen. 
 
A sample of the powder to be analysed is placed in a small container, made out of wire mesh; an inert 
reference substance is placed in an identical container. Both containers are introduced at ambient 
temperature into an oven which is heated at a fixed rate (5°C/min). The variation of the mass of the 
sample is recorded as a function of time with an electronic balance. The temperatures of the sample and 
of the reference are also recorded as a function of time. A comparison of the temperatures of the sample 
and of the reference shows, in a semi-quantitative way, endothermic or exothermic phenomena which 
occur during the heating.  
 
2.2. Results 
 
The results of DTA / TG are represented by two curves: 
- Figure 1: the difference, , between the temperature of the sample and those of the reference (°C) as 
function of the temperature of the reference. When  reaches 50°C, there is thermal runaway. 
- Figure 2: the evolution of the variation of mass during the heating (%) as function of the temperature of 
the reference 
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Figures 1and 2 presents the results obtained for the 4 samples: 
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Table 3 sums up the main results obtained: 

Sample

Loss of mass 
before

runaway

Reference 
temperature when

 = 50°C 

Mass decrease 
at the end of 

the test 

Comments
about reaction 

E13
Black powder 

2,2 % about 220°C 0% 
- Strong reaction
- Stop of the test

E14
Sodium nitrate based 

blend
7,5 % about 260°C 0% 

- Strong reaction
- Stop of the test

E15
Potassium nitrate 

fertilizer based blend
5,3 % 247°C 15% 

- Moderate 
reaction 

E16
Calcium nitrate based 

blend 
30,0 % 220°C 15% - Moderate 

reaction 

Table 3: TDA / TGA results 

 
A sample is highly reactive from an auto-ignition point of view if the temperature of the reference when 

 reaches 50°C (thermal runaway/combustion) is inferior or equal to 250°C. A sample is moderately 
reactive if the temperature of the reference when  reaches 50°C (thermal runaway/combustion) is 
between 250°C and 400°C. Consequently, according to this rule, black powder, potassium nitrate 
fertilizer based blend and calcium nitrate based blend can be considered highly reactive from an auto-
ignition point of view, even if calcium nitrate based blend presents a moderate reaction from the 
exothermic reaction point of view. Sodium nitrate based blend is at the limit between both categories, but 
it can be considered as highly reactive too.  
 
3. Audibert-Koenen test 
 
3.1. Description of test 
 
Audibert-Koenen test is a standardized test (NF T 70-506 of December 1995, United Nations test series 1 
(b)), which is used to determine the sensitiveness of substances to the effect of intense heat under high 
confinement. The apparatus consists in a non-reusable steel tube, which is closed by a plate. Gases from 
the decomposition of the sample escape through a hole in the closing plate. The diameter of this hole may 
vary from 1 to 20 mm. The tube is heated by a set of four propane gas burners at a strictly defined heating 
rate. The tube is filled with 27 cm3 substances, closed with the plate and the closing device and then 
suspended in a protective box. The burners are lit simultaneously and the time to reaction and its duration 
are measured. When the tube is split into three or more fragments the result is evaluated as “explosion”.  
 
3.2. Results 
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The Audibert-Koenen test allows comparing the studied samples according to their sensitiveness to the 
effects of intense heat and of confinement. For that, we compared their limit diameter, the diameter from 
which there is explosion. The more the limit diameter of a sample is significant, the more this sample is 
sensitive. Table 4 sums up the limit diameters determined with test for the studied samples: 

Samples Limit diameter 
E13

Black powder
 6 mm 

E14
Sodium nitrate based blend

5 mm 

E15
Potassium nitrate fertilizer based blend

 6 mm 

E16
Calcium nitrate based blend

2 mm 

 Table 4: Limit diameters for the studied samples  
 
This table allows establishing a hierarchy of these powders according to their sensitiveness to the effects 
of confinement: sample of black powder (E13) and potassium nitrate fertilizer based blend (E15) are 
the most sensitive powders; and calcium nitrate based blend (E16) is the less sensitive powder. For a 
confinement corresponding to a hole’s diameter of 2 mm, the 4 powders behave in the same way: there is 
a phenomenon of explosion. We can note that substances causing an “explosion” at  2.0 mm hole’s 
diameter are considered to present a danger of explosion in the sense of the Commission Directive 
92/69/EEC and in the sense of the United Nations Recommendations on the Transport of Dangerous 
Goods [2]. 

4. Test of deflagration in open air in trough 
 
4.1. Description of test 

This test is a standardized test (standard NF T70-507 of December 1996), which consists in loading the 
mixture in a trough. One end of the rough is heated by a heating apparatus (for instance by a burner). If 
there is a deflagration, the propagation speed is evaluated. The evaluation of propagation speed allows 
ranking the substances tested. 

4.2. Results 
 
Samples of sodium nitrate based blend (E14) and of calcium nitrate based blend (E16) did not deflagrate. 
Samples of black powder (E13) and of potassium nitrate fertilizer based blend (E15) deflagrated with 
respectively deflagration speed of 682 mm/s and 73 mm/s.  Consequently, E13 and E15 are more reactive 
in open air than E14 and E16. 
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5. Conclusions

The results of tests performed on these 4 samples allowed establishing a characterization and a ranking of 
these mixtures according to their reactivity and performance: 

- Test 1: DTA / TG reactivity of powders with the air oxygen. Results showed that these 4 powders 
are highly reactive. We can note that sample of black powder (E13) and sample of sodium nitrate 
based blend (E14) produced qualitatively stronger reactions than those produced by sample of 
potassium nitrate fertilizer based blend (E15) and sample of calcium nitrate based blend (E16). E13 
and E16 present the lowest runaway temperature: about 220°C. 

- Test 2: Koenen test, sensitiveness of powders to the effect of intense heat under high 
confinement. Results showed that with a confinement represented by a hole’s diameter of 2 mm, the 
4 powders react similarly with an explosion. The determination of limit diameter allows establishing a 
ranking of these powders: E13 and E15 are the most sensitive powders to effects of confinement; and 
E16 is less sensitive. 

- Test 3: Deflagration in open air in trough. Results showed that E13 and E15 deflagrated 
(propagation speed of E13 was superior to those of E15); E14 and E16 did not deflagrate. These 
results (in open air) are in accordance with those obtained with Koenen test (under confinement) with 
the same ranking. 

The following table ranks the 4 powders according to the 4 tests: 
Test 1, reactivity to progressive heat from high to low  E13, E14 > E16 > E15 

Test 2, sensitiveness to intense heat under confinement, 
from high to low 

E13, E15 > E14 > E16 

Test 3, deflagration velocity from high to low 
1.1.1 E13 > E15 > E14 > E16 

Table 5: Ranking of the 4 powders 

Even if these results show that it is possible to rank these 4 powders according to their reactivity, 
sensitiveness to confinement and deflagration velocity, these results also show that the 4 powders remain 
capable of violent behaviour according to the circumstances.  
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ABSTRACT 
 

Burning characteristics of some guanidinium 1,5’-bis-1H-tetrazolate (G15B)/ammonium nitrate 
(AN) /additive mixtures were examined through linear burning rate tests and closed vessel tests by using a 
chimney-type strand burner. Additives tested in this study were: manganese dioxide MnO2, copper Cu, 

copper( ) oxide Cu2O, copper( ) oxide CuO, basic cupric nitrate (BCN), activated carbon (AC), 
sodium nitrate NaCl, and silicon oxide SiO2. Linear burning rate data of G15B/NH4NO3/additive mixtures, 
together with the degree-of-pressure-rise data, the rate-of-pressure-rise data and the temperature-rise data 
from the closed vessel tests were compared to those of guanidine nitrate (GN)/strontium nitrate 
(SrN)/BCN mixture. Linear burning rate test results show that all the additives tested enhanced the 
combustion of the original G15B/AN mixture, which did not burn even under 10 MPa (initial gauge 
pressure) N2 atmosphere at 298 K, and that the mixture with AC or CuO additive was faster than 

GN/SrN/BCN mixture in the linear burning rate under the whole pressure range tested (0.1 10 MPa 
(initial gauge pressure)) while the mixture with Cu, Cu2O, BCN or NaCl additive was faster under 
average ambient pressure over 5 MPa. It was also shown that r for the mixtures with AC, Cu, Cu2O, BCN 
or NaCl were, although slower than G15B/AN/CuO at 2 MPa, faster at 5 MPa for all former mixtures 
except G15B/AN/Cu and faster at 7 MPa or above for all former mixtures. Meanwhile, closed vessel test 
results show that all mixtures with one of the additives burnt completely three times out of three tests and 
that the mixture with Cu, Cu2O, CuO or BCN additive was, although higher in the average 
temperature-rise, also higher in both the average pressure-rise and the average rate-of-pressure-rise, while 
the mixture with AC additive was higher in both the average pressure-rise and the average 
rate-of-pressure-rise and lower in the average temperature-rise. 
 

1 INTRODUCTION
 

There have been active researches and developments regarding ammonium nitrate (AN) based clean 
gas generating agents, over the years, for automobile airbag inflators. Kumasaki et al.(1) have found that 
Cu - 1H-tetrazole complex ([Cu(CHN4)2]H2O)/ AN mixture demonstrated higher pressure-rise and 
maximum rate of pressure rise during 52 mL deflagration test as compared to 1H-tetrazole/AN mixture. 
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Miyata et al. (2), (3) used aminoguanidinium 5,5’-azobis-1H-tetrazolate (AGAT), a tetrazole which 
undergoes exothermic self-decomposition, as a fuel component, and by adding 5 wt% Cu or CuO to the 
AGAT/AN mixture, improved the mass burning rate and the average rate of pressure-rise, while the 
addition of 5 wt% MnO2 did not show any such improvement.  In a recent study(7), burning 
characteristics and thermal decomposition characteristics of the AN-based mixture composed of 
guanidinium 1,5’-bis-1H-tetrazolate (G15B), a double-ring tetrazole compound whose mixtures with 
potassium perchlorate(5) and metal oxides(6) have shown high performances in linear burning rates, mixed 
with Cu-based additive were examined through linear burning rate tests and DSC analysis, and it was 
found that the linear burning rates for G15B/AN/Cu, G15B/AN/Cu2O and G15B/AN/BCN were, although 
slower than G15B/AN/CuO at up to approximately 2 MPa, faster at 7 MPa or above, and that DSC curves 
for G15B/AN/Cu, G15B/AN/Cu2O and G15B/AN/CuO were shown to follow a similar pattern, 
suggesting that these three mixtures may have a similar decomposition process. In this study, burning 
characteristics of G15B/AN/additive mixtures, in which the additive is one of Cu-based additives 
previously studied(7), or one of MnO2 (which was reported by Miyata et al.(2), (3) to be ineffective as 
burning catalyst of AGAT/AN based mixture), activated carbon (AC) (which has been found to promote 
combustion of AN-based propellants including glycidyl azide polynmer-diol (GAP)/AN mixture(8)), 
sodium chloride (NaCl) (which has been found to promote combustion of AN-based propellants including 
GAP/AN mixture(8)) or silicon dioxide (SiO2)(whose amorphous state (glass) particles have been found to 
sensitize high explosives(9)), were examined through linear burning rate tests and closed vessel tests. 

 

 

 

2  EXPERIMENTAL 
2.1 Reagents 
 

G15B was purchased from Toyo Chemicals Co., Ltd. Activated carbon (AC), AN (purity: 99.0%), 
Cu2O (purity: 99.0%), CuO (purity: 99.9%), strontium nitrate (SrN) (purity: 99.5%) and NaCl (purity 
99.9%) were purchased from Kanto Chemicals Co., Ltd. Cu (purity 99.9%, average particle size 10 m) 
was purchased from Rare Metallic Co., Ltd. Guanidine nitrate (GN) was purchased from Alfa Aesar. 
Basic cupric nitrate (BCN) was purchased from Nihon Kagaku Sangyo Co., Ltd. Particle size of G15B 

and GN were controlled between 45 75 m, and the particle size of NH4NO3, NaCl and SrN were 
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controlled between 75 149 m, each of them through milling and sieving process, but Cu, Cu2O, CuO 
and BCN were used without sieving. The powders were then dried separately in vacuo for 24 hours at 
room temperature and they were then stored in dessicators for at least 24 hours. 
 

2.2 Preparation of the Mixtures and the Pellets 
 

G15B, AN and additives were mixed at one of the mixing ratios as given in Table 1, by using a 
rotary mixer. Meanwhile, as a reference mixture, GN/SrN/BCN mixture based on patented composition 
(10) was prepared, mixing at 56.05 wt% / 19.45 wt%/ 24.50 wt  ratio. The mixtures were then dried 
again in vacuo for 24 hours at room temperature and they were then stored in desiccators. Four grams of 
each dried mixture was pressed by a hydraulic press at 9.8 MPa for 1 minute to make a pellet (diameter 
14.8 mm) to be used for the linear burning rate test or the closed vessel te 

Table 1.  Mixing ratios of G15B/AN/additive mixtures and GN/SrN/BCN mixture (units in wt.%) 

 

2.3 Linear Burning Rate Test 

The schematic diagram and the snapshot of the strand burning test apparatus are given in Figure 2. 
Chimney-type strand burner TDK-15011 (Tohata Denshi Co., Ltd.) was used in this study. A pellet, 
previously coated with epoxy resin and dried, is mounted on a strand holder and the ignition of the pellet 
is carried out through nickel/chrome wire (diameter 0.6mm) in N2 atmosphere. The internal pressure of 

Sample 
G15B/ 

AN 

 

+ AC 

 

+ MnO2 

 

+ CuO 

 

+ Cu 

 

+ Cu2O 

 

+ BCN 

 

+ NaCl 

 

+ SiO2 

GN/SrN/ 

BCN 

G15B  20.59  20.59 20.59  20.59 20.59 20.59  20.59 20.59 20.59   

GN          56.05 

AN 79.41  79.41 79.41  79.41 79.41 79.41  79.41 79.41 79.41   

SrN          19.45 

AC  5.00         

MnO2    5.00        

CuO     5.00         

Cu     5.00       

Cu2O       5.00      

BCN       5.00    24.50 

NaCl        5.00   

SiO2          5.00  
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the vessel is monitored through PG-100KU-F (Kyowa Dengyo, Co. Ltd) strain-gauge pressure sensor, and 
after amplification through CDV-230C signal conditioner (Kyowa Dengyo, Co. Ltd), the signal is 
recorded on a data recorder (GR-3000, Keyence, Corp.). Initial gauge pressure of N2 atmosphere was 

controlled between 0.1 10 MPa, and the temperature of the thermostat bath which house the chamber 
was controlled at 298 K. The time of the onset of pressure-rise (tinit) and the time of peak pressure (tpeak) 
were measured to deduce the linear burning rate r of the pellet (length L [mm])) according to the 
following equations: 

t tpeak – tinit          (1) 

r L / t                              (2) 

 

 

Figure 2. Schematic diagram and snapshot of strand burning test apparatus 

 

2.4 Closed Vessel Test 
 

The same apparatus, as given in Figure 2, was used for the closed vessel test. However, unlike the 
linear burning rate measurement, the pellet was not coated with epoxy resin. After inserting the strand 
holder which is already mounted with a cylindrical pellet, into the vessel, the atmosphere inside the strand 
burner was purged twice through a repetition of introducing N2 gas up to 0.5 MPa and releasing the purge 
gas through an exhaust valve. Closing the valve after completing the purging process, N2 gas was 



-272-

introduced into the vessel until the internal pressure reached 2.0 MPa. Upon stabilization of the internal 
pressure, the pellet was ignited by heated nickel/chrome wire. 

The schematic diagram of the pressure-time characteristic within the chimney-type strand burner for 
a pellet of a given mixture is given in Figure 3. The pressure rise, P, is given by  

P = Ppeak – Pinit    [MPa]          (3) 
 

The time elapsed from the onset of pressure rise to the peak pressure, t, is given by 
t = tpeak – tinit    [s]      (4) 

From (1) and (2), the average rate of pressure rise, ( P/ t)  is given by 
( P/ t). = P / t     [MPa s-1 g-1]        (5) 
 

 
 
Temperature-rise inside the vessel was also measured during the burning test, through K-type 

thermocouple. Temperature-rise inside the vessel, T, was determined through the following equation: 
T= Tpeak – Tinit    [K]          (6) 

The closed vessel tests were conducted 3 times each for all mixtures, and the degree of pressure rise, 
( P)av, average rate of pressure-rise, ( P/ t)av, and average temperature-rise, ( T)av, for each mixture 
were determined. 
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3. RESULTS AND DISCUSSION 
3.1 Linear Burning Rate Test 
 

The results of the linear burning rate test for G15B/AN/additive mixtures and GN/SrN/ BCN are 
given in Figure 3. G15B/AN mixture did not burn during linear burning rate test even under initial N2 
gauge pressure of 10 MPa, but all G15B/AN/additive mixtures burnt completely at an initial gauge 
pressure of 2.0 MPa or above. Especially, G15B/AN/Cu-based additive mixtures burnt completely at an 
initial gauge pressure of 0.1 MPa or above. It was also found that, contrary to the finding of Miyata et 
al.(2), (3), addition of MnO2 promoted the combustion of G15B/AN mixture, and that the promotion of 
combustion of G15B/AN mixture through addition of AC or NaCl agreed well with the findings of 
Sinditskii et al.(8). Addition of SiO2 was also found to promote the combustion of G15B/AN mixture, 
which may be caused by the formation of hot spots, similar to the formation of hot spots in explosives 
with addition of foreign particles (8).  r of all mixtures followed Vieille’s equation r = a Pn, where a is the 
pre-exponential factor, P is the average chamber (absolute) pressure, and n is the pressure index. The 
values of a and n, together with calculated r at 2 MPa, 5 MPa and 7 MPa are given in Table 2. It was 
shown that, n for G15B/AN/Cu, G15B/ AN/Cu2O and G15B/AN/BCN were similar (n  0.9), n for 
G15B/AN/MnO2, G15B/AN/NaCl and G15B/AN/SiO2 were similar (n  1.0), while those for 
G15B/AN/CuO was similar (n = 0.56) to that of GN/SrN/BCN (n = 0.565). With regard to r, it was shown 
that, all G15B/AN/Cu-based additive mixtures except G15B/AN/Cu and G15B/AN/AC were faster than 
GN/SrN/BCN at 2 MPa, and all of the mixtures except G15B/AN/MnO2 and G15B/AN/SiO2 were faster 
at 7 MPa or above. In fact, mixture with AC or CuO additive was faster than GN/Sr(NO3)2/BCN mixture 

in the linear burning rate under the whole pressure range tested (0.1 10 MPa (initial gauge pressure)). It 
was also shown that r for G15B/AN/AC, G15B/AN/Cu, G15B/AN/Cu2O, G15B/AN/BCN and 
G15B/AN/NaCl were, although slower than G15B/AN/CuO at 2 MPa, faster at 5 MPa for all former 
mixtures except G15B/AN/Cu and faster at 7 MPa or above for all former mixtures.   
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Table 2.  Linear burning rate data for G15B/AN/additive mixtures and GN/SrN/BCN mixture 

Mixture a [mm s-1 MPa-1] n [-] r at 2 MPa r at 5 MPa r at 7 MPa 
G15B/AN NA NA NA NA NA 
G15B/AN/AC 2.40 0.779 4.12 8.41 10.93 
G15B/AN/MnO2 0.48 1.031 0.98 2.52 3.57 
G15B/AN/Cu 1.71 0.931  3.26 7.65 10.47 
G15B/AN/Cu2O  2.05 0.940  3.93 9.31 12.77 
G15B/AN/CuO 3.28 0.560  4.84 8.08  9.75 
G15B/AN/BCN 2.02 0.888 3.74 8.43 11.37 
G15B/AN/NaCl 1.49 1.088 3.17 8.58 12.38 
G15B/AN/SiO2 0.76 0.967 1.49 3.60  4.99 
GN/SrN/BCN 2.23 0.565  3.30 5.54  6.70 

NA Did not burn, therefore data is not available. 
 

3.2 Closed Vessel Test 
 

The result of the confined vessel test for G15B/AN/additive mixtures and GN/SrN/BCN mixture is 
given in Table 3. Even though the original G15B/AN mixture burnt completely only once out of each 
three tests, all other mixtures with additives burnt completely three times. Although the mixture with Cu, 
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Cu2O, CuO or BCN additive was higher in the average temperature-rise, they were also higher in both the 
average pressure-rise and the average rate-of-pressure-rise. It was also shown that the mixture with AC 
additive was higher in both the average pressure-rise and the average rate-of-pressure-rise and lower in 
the average temperature-rise. 
 

Table 3.  Closed vessel test data for G15B/AN/additive mixtures and GN/SrN/BCN mixture 

Mixture ( P)ave [MPa] ( P/ t)ave [MPa s-1] ( T)ave [K] 
G15B/AN 0.585* 0.108* 33.0* 
G15B/AN/AC 0.644 0.192 18.4 
G15B/AN/MnO2 0.552 0.108 37.5 
G15B/AN/Cu 0.544 0.249  43.6 
G15B/AN/Cu2O  0.641 0.239  29.8 
G15B/AN/CuO 0.671 0.245  44.2 
G15B/AN/BCN 0.682 0.298 31.1 
G15B/AN/NaCl 0.576 0.119 16.5 
G15B/AN/SiO2 0.343 0.078  19.7 
GN/SrN/BCN 0.440 0.113  21.6 

* Burnt only once 
 

4 CONCLUSIONS 
 

The effects of the addition of manganese dioxide MnO2, copper Cu, copper( ) oxide Cu2O, 
copper( ) oxide CuO, basic cupric nitrate (BCN), activated carbon (AC), sodium nitrate NaCl, and 
silicon oxide SiO2 on the combustion of G15B/AN/additive mixtures were studied through linear burning 
rate tests and closed vessel tests. Other than Cu or CuO whose catalytic effect on the combustion of AN 
based gas generating mixtures has been studied, addition of one of all the other additives also enhanced 
the combustion of G15B/AN mixture in both tests. Especially, the mixture with AC additive was faster 

than GN/SrN/BCN mixture in the linear burning rate under the whole pressure range tested (0.1 10 MPa 
(initial gauge pressure)), the mixture was higher in both the average pressure-rise and the average 
rate-of-pressure-rise and lower in the average temperature-rise as compared to the GN/SrN/BCN for the 
closed vessel test. 
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ABSTRACT 

The laser ignition of GUDN has been examined to assess its potential as a low hazard (‘IM’) 
squib fill.  Because of its particular stoichiometry GUDN (C2H7O5N7) is best formulated with an oxidant.  
However, as granular oxidants could potentially increase the shock sensitivity of this material, it was 
formulated here with PPZ-E, a nitrate ester based energetic polyphosphazene with oxidising properties.  
As neither pure GUDN nor GUDN/PPZ-E (90:10wt%) absorb strongly in the near infra red (NIR), it was 
necessary to introduce an optical sensitizer (carbon black, CB) to effect ignition.  GUDN/PPZ-E 
(90:10wt%) formulations were found to ignite reliably with the addition of a minimum of ~12wt% CB.  
The ignition threshold of this formulation, both confined and unconfined, was ~ 2.75kWcm-2.  In contrast 
the ignition delay time at the threshold flux density was greatly affected by confinement, being about an 
order of magnitude less when the sample was confined (~2.5 ms) than when it was unconfined (~30ms).  
Small-scale hazard test data suggested that the PPZ-E bound GUDN formulation had retained the 
characteristics of a relatively insensitive energetic material.  Whilst some ambiguity was observed with 
respect to ESD effects, the material demonstrated low explosiveness.  It is concluded from this 
preliminary study that an optimized GUDN/PPZ-E/optical sensitizer formulation is likely to have 
potential as a low hazard IR laser diode ignitable squib fill.  

Introduction

Efficient and prompt combustion are 
key criteria for any energetic materials used as a 
squib fill.  However, other important factors 
include safety during manufacture, storage, 
transportation and use, and also overall 
environmental impact.  Current gas generating 
pyrotechnic compositions, though effective with 
respect to performance, often exhibit significant 
sensitivity towards spark, friction or impact.  
Thus, it is common for squibs to employ at least 
some primary explosive.  Whilst such sensitivity 
can be mitigated to an extent, for example by 
containment within a metallic actuator body, the 
risk of inadvertent initiation by electrostatic 
discharge (ESD) or radio frequency 
(RF)/electromagnetic (EM) radiation is well 
established. Sensitive materials also pose 
significant risks during processing and 
manufacture, possibly necessitating the use of 

special safety precautions.  The potential 
advantages of optical ignition in eliminating 
ESD, RF and EM risks to electro-explosive 
devices is well understood, whilst the use of low 
hazard energetic materials can obviously help to 
facilitate safe processing and manufacture.  
Indeed such materials are a key element within 
the general move towards insensitive munitions 
(IM), whilst the elimination of heavy metals 
from pyrotechnics (e.g. as in lead styphnate) 
remains a highly desirable objective on 
environmental grounds.   

The broader search for IM1,2 has driven 
extensive research on the laser ignitibility of 
energetic materials over the last 3 decades.  
High-power pulsed lasers operating in both the 
visible and infra-red (IR) wavelengths have been 
found to give rise to combustion in explosives 
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and propellants3,4.  The kinetics of optical energy 
transfer from laser pulses and the subsequent 
combustion through temperature rise in 
energetic materials and pyrotechnics have been 
modelled5,6 and for propellants, the ignition 
thresholds and ignition delays have been 
reported7,8. Whilst there have been recent reports 
on the effects of various parameters on the 
kinetics and dynamics of laser interactions with 
energetic materials, particularly relating to 
pyrotechnics9,10 and the effect of confinement11,
no such report on the laser ignition of materials 
having potential as IM squib fills has appeared 
in the open literature, to our knowledge. 

Figure 1: Chemical Structure of GUDN

GUDN (Guanyl Urea Dinitramide, 
FOX-12,) having the chemical structure shown 
in Figure 1, is a low hazard energetic ingredient 
which has already found application within a 
commercial gas generator composition for car 
air bags and may be of value to military systems.  
Due to the stoichiometry of GUDN (C2H7O5N7)
effective combustion of this material is 
facilitated by the addition of an oxidant.  
However, simple incorporation of granular 
oxidants can tend to increase shock sensitivity, 
thereby degrading IM characteristics.  One 
potential solution to this problem would be to 
mix GUDN with an energetic polymer 
possessing oxidising characteristics.  We have 
sought to explore this possibility by formulating 
GUDN with an energetic (nitrate ester based) 
polyphosphazene binder (PPZ-E) and have 
examined the susceptibility of such a 
composition towards laser induced deflagration. 
A simplified chemical structure for PPZ-E is 
shown in Figure 2 (PPZ-E is actually a random 
copolymer12a).  

Experimental

Materials   

GUDN - Class 2 (NSG 120, mean 
particle size 147 μm, EURENCO Bofors, 
Sweden) and 2,2,2- trifluoroethoxy/5,6-
dinitratohexan-1-oxy polyphosphazene (PPZ-E, 
QinetiQ)12 containing 70% C6 dinitrato side 
chains and 30% trifluoroethoxy side groups, 
were used.  The carbon black was specified at 
13nm [FW2V, Tagussa; a very fine particulate 
grade of carbon black is required (though not 
necessarily nanometric) to ensure effective 
coverage.]   

Figure 2: Simplified Structure of PPZ-E

Methods

Formulation was effected by adding the 
appropriate quantity of GUDN to a solution of 
PPZ-E in acetone.  The slurry was then stirred 
with gentle warming until the solvent had 
evaporated.  The formulation containing 10wt% 
of the binder was isolated as a slightly sticky 
powder which had a tendency to form clumps.  
CB was subsequently added to this dry powder 
and mixed manually until uniform.  Such 
addition of CB suppressed any tendency towards 
clumping and provided optical sensitization.  
This powder was used directly for laser ignition 
experiments.  Pressing was performed using a 
10mm diameter press tool and a force of two 
tons for five minutes.  Samples weighing 0.41g 
were pressed, this being the amount calculated 
(at 100% TMD) to produce pellets with a 
thickness of 3mm.  Zinc stearate was used as a 
mould release agent to prevent sticking to the 
die.  Densities of both powder and pressed 
pellets were measured using gas pycnometry.  



-279-

A schematic showing the experimental 
set up for unconfined laser ignition tests is 
shown in Figure 3.  A near IR (NIR) diode laser 
(IRIDEX Apex 800) was employed which was 
capable of delivering a maximum peak power of 
~ 230W at 801 nm with a pulse rise time of 
~7.5μs. The output power was dependent upon 
pulse length, which for the current work was 
typically 60ms at flux densities of 6.3kWcm-2

and below, and 40ms for all flux densities above   
6.3kWcm-2.  The light was delivered to the 
sample via a single core 400μm fibre optic 
cable, which was clamped in position such that 
the free space beam was focussed into a ~ 2mm 
diameter spot on the unconfined target material 
by a 50mm focal length lens. Samples typically 
weighed ~12mg and covered an area around 
three times greater than that illuminated by the 
laser. It was thus clearly evident whether a 
particular sample had produced sustained 
ignition after the initial laser pulse.

Figure 3: Schematic of setup for unconfined 
laser ignition experiments.

A steel chamber/piston arrangement was 
used for confined ignition tests.  This has been 
described in detail elsewhere11 and is shown 
schematically in Figure 4.  For these 
experiments the target plate was replaced by the 
confinement chamber which was set at an 
appropriate distance to facilitate comparison 
between the confined and unconfined ignition  

delay results (i.e. laser spot size constant at 
~2mm diameter, on the sample). 

Figure 4: Schematic of the cross-sectional 
view of the steel chamber and piston used for 

confined ignition tests. 

The laser pulses and subsequent ignition 
events were recorded using fast photodiodes 
(BPX65) with a rise time of around ~3.5ns.  The 
outputs from these were recorded by a digital 
oscilloscope (Agilent – DSO5054A) having a 
detection bandwidth of 500 MHz (4 giga 
sample/s).  Time to ignition with respect to the 
leading edge of the laser pulse was measured 
from the oscilloscope traces using its cursor.  All 
experiments were repeated in triplicate; the 
ignition times reported are the mean values.  
During the initial experiments with GUDN/CB 
the laser power output was kept constant whilst 
the concentration of optical sensitizer (CB) was 
varied. In subsequent experiments the 
concentration of CB was fixed at 12wt% and the 
flux density was varied, in order to construct 
ignition maps.  

Results and Discussion

Laser Ignition Experiments

A near infra-red (IR) diode laser was 
used as the ignition source for these studies, 
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Figure 5: Dependence of ignition delay time on the concentration of CB for unconfined 
GUDN at a flux density of 3.9 kWcm-2 (100ms pulse length). 

because of the relative cheapness and ready 
availability of these devices.  However, as 
GUDN and its formulations with PPZ-E do not 
absorb strongly in the IR region it was 
anticipated that it would be necessary to 
introduce an optical sensitizer (carbon black – 
CB) in order to facilitate ignition by the diode 
laser (801nm).  Initial experiments were 
performed (unconfined) at a flux density of 3.9 
kWcm-2 and using the experimental set up 
shown in Figure 3.  Previous experience 
suggested that this power level was capable of 
igniting energetic materials, given adequate 
absorption of laser energy.  At this flux density 
pure GUDN showed no response to a 100ms 
laser pulse.  We therefore undertook a series of 
experiments, adding between 1% and 20% CB 
to the GUDN in order to establish the quantity 
necessary to achieve reliable ignition.  With 2% 
or more CB, using the same flux density and 
pulse length, unconfined combustion took place 
and the sample was consumed, but ignition was 
inconsistent unless ~14wt% CB was present 
(estimated from Figure 5).  In further ignition 
experiments under similar but confined 
conditions, mixtures of GUDN/CB containing 
between 5% and 20% of CB generated so much 
smoke that it was difficult to monitor the 
progress of the reaction.  Thus, whilst 
GUDN/CB appeared capable of (sometimes 

erratic) laser induced deflagration in air, which 
provided additional oxygen, its combustion 
under confined conditions was far from ideal. 

The next phase of work examined the 
effect of adding PPZ-E to the GUDN.  However, 
even at the maximum available flux density of 
8.9kWcm-2 GUDN/PPZ-E (90:10wt%) would 
not ignite.  Therefore, building on the data in 
Figure 5, CB was introduced as an optical 
sensitizer and it was established that around 
12wt% CB was required to achieve reliable 
ignition in presence of 10wt% PPZ-E.  The 
formulations containing PPZ-E and CB were 
mixed in two stages.  Initially a GUDN/PPZ-E 
moulding powder was prepared containing 10 
wt% of binder using a solvent paste process, 
then the requisite quantity of CB was added to 
this moulding powder.  Thus with the addition 
of 12 wt% of CB the stoichiometry became: 
79.2/8.8/12wt% GUDN/PPZ-E/CB.  This 
formulation was found to ignite reproducibly 
and to burn to completion unconfined across a 
range of laser flux densities (vide infra) provided 
that the laser pulse was 60ms or longer.  The 
same formulation was also examined under 
confined conditions using the apparatus depicted 
in Figure 4.  Again it underwent complete 
combustion, reproducibly.   



-281-

Figure 6:  Temporal histories of the ignition flame and the initiating laser pulse for
GUDN/PPZ-E/CB (for 6 kWcm-2 power density and  60ms pulse duration).

A typical example of the laser pulse and 
ignition events is shown in Figure 6. Ignition 
delay was measured as the interval between the 
leading edge of the laser pulse and the time at 
10% of full flame intensity.  The scan in Figure 
6 depicts the unconfined ignition of a 
GUDN/PPZ formulation with 12 % CB, using a 
laser fluence of ~6 kW cm-2.  For these 
experiments combustion was often so fast that it 
was complete before the end of the laser pulse, 
which was fixed at 60ms for power outputs of 
6.3kWcm-2 and below, or 40ms for higher flux 
densities.  Nevertheless, it is possible to deduce 
that laser induced deflagration had taken place, 
as distinct from laser supported combustion, 
because the total sample was consumed even 
though the laser illuminated only about one third 
of its area. 

Data on ignition delay times at different 
laser flux densities were recorded and used to 
construct ‘ignition maps’ for both unconfined 
and confined combustion.  These data are shown 
in Figures 7 and 8 respectively.  The results 
show that the minimum laser fluence required to 
initiate combustion of     GUDN/PPZ-E/CB 
(79.2/8.8/12wt%) was ~2.75 kW cm-2 under 

both confined and unconfined tests conditions.  
However, at this threshold power level the 
ignition delay time for the confined system was 
around an order of magnitude less than for the 
unconfined system (~2.5ms confined, ~30ms 
unconfined).  This difference probably reflects 
increasing combustion rate with pressure, a 
common feature with energetic materials.  

Hazard Characterisation

GUDN and PPZ-E were selected for laser 
ignition studies on the basis that they were both 
intrinsically low hazard materials.  However, a 
key part of the current study was to establish the 
hazard characteristics of the GUDN/PPZ-E 
(90:10wt%) formulation.  This material was 
therefore examined using small-scale mallet 
tests, the EMTAP spark test and the Rotter 
Figure of Insensitiveness (F of I) test (Table 1).  
The small-scale mallet test produced no reaction 
(steel on steel) using either direct or glancing 
blows and the mallet friction test gave 0% (steel 
on steel).  In both Rotter impact and the electric 
spark tests, the formulation showed low 
explosiveness.  The Rotter test produced an F of 
I in excess of 120 (nominally comparable with 
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Figure 7: Ignition map for GUDN/PPZ-E/CB (79.2/8.8/12wt%) under unconfined conditions.

Figure 8: Ignition map of GUDN/PPZ-E/CB (79.2/8.8/12wt%), under confined conditions.
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TNT)  but with very little gas evolution, 
although some reaction was evidenced by 
browning of the material at the edges of the 
brass cap.  This type of behaviour has been 
observed previously when PPZ-E has been 
subject to a Rotter test and is attributed to 
thermal decomposition of the nitrate ester 
functionalities due to the elevated temperatures 
which arise during crushing of the metal cap.  
[We have been unable to shock initiate pure 
PPZ-E even with a booster charge.]  The F of I 
of pure GUDN was determined as 160.  
Although the incorporation of 10wt% PPZ-E has 
produced an apparent reduction in F of I from 
160 to 121, this is thought to be more indicative 
of the response of a nitrate ester based polymer 
to this test (ie thermal decomposition) than of 
sensitization of the GUDN.  Eldsäter13 observed 
a similar effect when the addition of polyGLYN 
(another nitrate ester based energetic polymer) 
to FOX-7 reduced its F of I significantly, but did 
not render the formulation particularly 
susceptible to detonation.   

In the electric spark tests, bulging of the 
copper foil at an energy level of 4.5J was 
observed, which suggested that some reaction 
had taken place, and small voids were observed 
on removal of the copper foil.  At 0.45 J some 
bulging of the foil was assessed, but there was 
no charring.  No reactions were observed at the 
0.045J energy level in 50 tests.  Given that 
neither GUDN nor PPZ-E generate a response 
individually at 0.45J, a fuller investigation into 
the significance of an apparent response at this 
energy level for the combined materials may be 
warranted.  However, it should be noted that in 
no case did the observed reactions propagate 
through the whole sample, in either this electric 
spark or the Rotter test.  It is worth noting that 
these tests were performed without the addition 
of CB, on the assumption that dilution with this 
inert material would, if anything, tend to 
desensitize the formulations.  (Addition of CB 
may actually be helpful with respect to the ESD 
test if its conductive ability helps to dissipate 
energy and suppress response.)  DSC and TGA 
data were also collected on this GUDN/PPZ-E 
formulation (Table 2).  DSC indicated the onset 
of decomposition for this formulation to be at 
203.9oC with the peak at 207.5oC which was a 

little above that observed for pure PPZ-E 
(186oC), but below that of GUDN itself (onset of 
decomposition: 211.9oC, DSC at 5oC/min).  
Mass loss by TGA was 1.5% after 15 hours at 
1200C.   

Pressing Characteristics

As energetic materials are sometimes 
employed in pelleted form, the suitability of 
selected PPZ-E based formulations for pressing 
was examined by making pellets with a nominal 
size: 10mm diameter, 3mm thick.  However, 
these pellets were not subject to laser ignition 
studies as part of the current study.  The 
GUDN/PPZ-E (90:10wt%) moulding powder 
proved to be amenable to pressing and yielded 
reasonably robust pellets, some examples of 
which are illustrated in Figure 9.  The mean 
density of this moulding powder was measured 
as 1.742gcm-3 which was within 1% of 
theoretical.  The powder pressed to a density of 
1.6825gcm-3 which is 96.8% of theoretical 
maximum density (TMD).  This was regarded as 
satisfactory for preliminary work.  In presence 
of 1% CB the corresponding figures were 
moulding powder 1.7401gcm-3, pellets 
1.6814gcm-3 which equated to 96.6% of TMD. 

Figure 9: Pressed pellets and moulding 
powder of GUDN/PPZ-E (top) and 
GUDN/PPZ-E/CB (1%) (bottom) 
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Future Work 

Whilst the results of the current study 
are encouraging, it is clear that further work is 
necessary to optimize this system, particularly 
with regard to formulation stoichiometry and 
hazard properties. Other variables which require  
further investigation include sample size, 
morphology and the most appropriate 
nature/power/ pulse length for the diode laser. 

Conclusions 

This preliminary study has shown that 
GUDN alone (at 3.9kWcm-2) and its formulation 
with 10wt% PPZ-E (at 8.9kWcm-2) were not 
ignitable by directed energy from a IR diode 
laser (801nm, ~3.1 mm2 beam area at the target).  
However, ignition could be achieved though the 
introduction of an optical sensitizer (CB).  This 
approach was effective both for GUDN alone, 
requiring about 14wt% CB to achieve reliable 
ignition (unconfined) and for GUDN formulated 
with 10% PPZ-E, where the addition of 12wt% 
CB was sufficient to promote effective ignition 
under both confined and unconfined conditions.  
For GUDN/PPZ-E formulated with 12% CB, the 
ignition threshold under both confined and 
unconfined test conditions occurred at a flux 
density of ~2.75 kW cm-2.  In contrast the 
ignition delay time at (or near) the threshold flux 
density was greatly affected by confinement, 
being an order of magnitude less when the 
sample was confined (~2.5ms) than when it was 
unconfined (~30ms). This result probably 
reflects increased burning rate with pressure, 
which is commonly observed with energetic 
materials.

Small-scale hazard data for a 
GUDN/PPZ-E (90:10wt%) formulation 
suggested that such a mixture possessed 
relatively benign hazard characteristics and 
hence significant potential as a reduced hazard 
squib fill.  Thus, this product showed no 
response to the small-scale mallet test and an 
acceptable F of I, despite probable distortion of 
the test result by thermal decomposition of PPZ-
E.  Although a possible ESD response was 
observed at 0.45J, the material exhibited low 
explosiveness.  Given that neither of the pure 

ingredients reacted in this way, it may be 
possible to eliminate this limited response 
through optimization of the formulation.  If an 
adverse ESD response is substantiated for an 
optimized formulation, this may necessitate 
special handling precautions.  Nevertheless, this 
type of formulation still appears to offer 
significant safety advantages over many current 
formulations (e.g. those containing primary 
explosives) because any ESD event did not 
propagate through the sample.  It is concluded 
that, given suitable optimization, GUDN/PPZ-
E/CB formulations should have significant 
potential as relatively low hazard NIR laser 
diode ignitable squib fills.   

Table 1: Small-scale Powder Hazard Test 
Results for GUDN/PPZ-E (90:10wt%)

Small-scale Mallet Test 
Direct Blow No reaction 

10 tests 
Glancing Blow No reaction 

10 tests 

Rotter Test 
10 cap (Langlie) F of I 121 

Mallet Friction 
(Steel/Steel)

0% 
5 Cycles 

Spark Test Ignitions at 0.45J 
No Ignitions at

0.045J 

Table 2: DSC and TGA Test Results for 
GUDN/PPZ-E (90:10wt%)

DSC 5oC/Min in air 
Exotherm Onset 203.9 oC
Exotherm Peak 207.5 oC

Mass Loss by TGA (in air) 
5oC/min 79.8% at 

202.1oC
15 Hours at 120oC 1.5% 
15 Hours at 140oC 5.4% 
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ABSTRACT 

 

Ammonium nitrate (AN)/ tetrazole mixture cannot burn, or even if it does, burns only slowly. In this 

study, combustion characteristics of some mixtures of 1H-tetrazole (1HT) (which demonstrates large 

heat of formation) and AN were examined. Effects of pressure, temperature and the addition of CuO or 

Cu on the burning rate of 1HT/AN mixtures were studied. The gas generation capabilities of the 

mixtures were also examined through closed vessel test. Comparing the mass burning rates at 298 K and 

2 MPa, the burning rate of CuO-added mixture was 1.8 [g cm-2 s-1] and that of Cu-added mixture was 

0.93 [g cm-2 s-1], while that of the original 1HT/AN mixture was 0.74 [g cm-2 s-1]. Meanwhile, 

temperature sensitivities of the original mixture, CuO-added mixture and Cu-added mixture were 

3.57×10-3 [K-1], 2.80×10-3 [K-1], 2.29×10-3 [K-1], respectively, which indicates that by adding CuO or Cu 

powder, temperature sensitivity is affected less by pressure. In addition, gas generation ability, which is 

defined by the equation Pmax ( t)-1, where Pmax is the difference between initial pressure and 

maximum pressure and t is the time difference between the onset and endset of pressure increase, is 

0.104[MPa s-1] for stoichiometric ratio mixture, 1.19[MPa s-1] for CuO-added mixture and 0.145[MPa

s-1] for Cu-added mixture, which goes to show that the addition of CuO enhances the gas generation 

ability. 

 

1. INTRODUCTION 

 

In this study, we deal with a new gas generating agent for airbags. Ammonium nitrate(AN) has been 

attracting attention over the years as an oxidizer for environment friendly, clean gas generating agents, 

because it does not give off harmful gases and solid burning residues. These merits could fulfill strict 

requirements imposed on gas generating agents for automobile airbag systems. However, AN has its 

disadvantages in that it is hygroscopic, which becomes a problem upon manufacturing and storage 
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process, and that it goes through contraction and expansion during a series of phase transfer. There have 

been numerous studies 1) 10) related to these problems, e.g. phase stabilization has been achieved by 

adding potassium nitrate and metal oxides to AN to make metal complexes and nitrate salts 11), 12). Also, 

there is a problem that AN itself is difficult to burn, i.e. AN is poor in thermal reactivity and burning 

reactivity, so that AN-based gas generating agents made by mixing with organic compound fuels have 

low burning rates. In the past, we have been studying on gas generating agents utilizing 

5-amino-1H-tetrazaole (5-ATZ) 13) 19) and bis (aminoguanidinium) 5,5’-azotetrazolate (AGAT) 20), 21). 

However, because 5-ATZ undergoes endothermic decomposition, it does not readily burn by itself. Since 

AN also does not readily burn by itself, 5-ATZ is not favorable as a fuel when AN serves as an oxidizer. 

AGAT that can be self-decomposed by ignition has been studied as a fuel to mix with AN. It was found 

that CuO improve the burning rate of AGAT/AN 21). 

It is desirable for an airbag to maintain its time required for inflation regardless of low temperature 

in winter and high temperature in summer. If the burning rate of the gas generating agents becomes too 

fast under high temperature condition, an airbag would inflate too rapidly causing injury or even death 

of a passenger, and if the burning rate becomes too slow under low temperature condition, it would be 

impossible to protect the passenger. If the temperature sensitivity of burning rate is large, the rate of 

inflation of a airbag would change with a change in temperature, which is undesirable for an airbag 

which is used under fluctuating temperature condition, so it is desirable for the temperature sensitivity to 

be small. The factors that affect the burning rate of the propellants are pressure and temperature, and 

there have been many researches 23-25) on the effect of initial temperature on the burning rate of rocket 

propellants but there does not seem to be such researches related to airbag gas generating agents. 

 

2. EXPERIMENTAL 

2.1 Sample 

 

Figure 1 gives the structural formula of 1HT (Toyo Chemicals Co., Ltd). After drying AN (Kanto 

Kogyo Co., Ltd, JIS special grade reagent) at 298 K for 24 hours in a vacuum drier, it was milled with a 

vibration ball mill, and it was sieved through Japanese Industrial Standards (JIS) sieves. IHT was also 

dried in a vacuum drying oven and sieved. The particle size of AN and 1HT were in the range of 75 - 

150 m. CuO(average particle size is 3.3 m, Kanto Kogyo Co., Ltd.)  and Cu(particle size is in the 

range of 75 - 150 m, Kanto Kogyo Co., Ltd.) . The samples were mixed by the compositions as shown 

in Table 1. 
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Figure 1. Structural formula of 1HT. 

 

 

 

 

 

 

 

Particle size 

[ m] 

1HT 

75 - 150 

AN 

75 - 150 

CuO 

3.3 

Cu 

75 - 150 

Density 

[g cm-3] 

1HT/AN 22.59 77.41 - - 1.75 

1HT/AN/CuO 22.59 77.41 5* - 1.84 

1HT/AN/Cu 22.59 77.41 - 5* 1.77 

*:Additional % 

 

2.2 Measurement of Burning Rate 

 

         1.5 grams of AGAT/AN mixtures were compressed at approximately 290 MPa for 3 minutes to 

make cylindrical pellet. The side of cylindrical pellet were coated with epoxy resin to assure cigarette 

burning. Combustion test was performed by using a pressure and temperature controlled chimney-type 

strand burner with optical window (TDK-15011, Tohata Denshi Co., Ltd.), under approximately 1 - 10 

MPa N2 atmosphere. The initial temperature Ti was set at any temperature between 238 - 358 K.  

Figure 2 shows the schematic diagram of strand burning testing apparatus. 

         The ignition of the strand was carried out through heated nichrome wire (diameter 0.6 mm). 

Pressure within the chamber P was measured by using strain-gauge pressure transducer (PG-100KU-F, 

Kyowa Electric Instruments Co., Ltd.) and after amplification through a signal amplifier (CDV-230C, 

Kyowa Electric Instruments Co., Ltd.), the data was recorded on a digital data recorder (GR-3000, 

Keyence Corp.). The mass burning rate m were deduced from the endurance of the recorded pressure 

rise. Pressure starts to rise as soon as the sample starts burning and the pressure stops rising when the 

burning ceases. Average internal pressure P was calculated by averaging out the pressures at the start 

and the end of the combustion. 

Mass burning rate m, could be determined by the combustion chamber pressure P and the linear 

burning rate r. 

 

m = r         (1) 

C
N

NN

N
H

H

Table 1. Composition of each mixture. 
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Here,  is the density of the sample [g cm-3]. The linear burning rate r shows a different value, 

depending on the density of the sample, whereas the mass burning rate m is unaffected 26). 

 

 

Figure 2. Schematic diagram of pressure and temperature controlled test chamber with optical 

window. 

 

2.3 Temperature sensitivity 

 

Temperature sensitivity P[K-1] of each mixture was determined from m. As shown in Figure 3, the 

relationship between m and Ti at each pressure could be determined from the relationship between m and 

P at each Ti. By determining the equation between m and Ti, the temperature sensitivity could be 

obtained from eq. (3). 
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Figure 3. Schematic diagram of transforming graph for mass burning rate as a function of  

pressure to a function of temperature. 

 

P is the degree of change in the burning rate per unit temperature in Kelvin. It could be determined 

by the following steps of calculation. 

First, correlation equation between m and Ti was determined; in this study, second-order equation for 

Ti, which demonstrated the highest correlation, was used. 

 

m = b2(p) Ti2+ b1(p) Ti + b0(p) (2) 

 

Here, b2(p), b1(p) and b0(p) are the functions of pressure. m as a function of Ti was plotted for each 

pressure.  

In the following step, m was substituted into the following eq. (3), which is the definitive equation of 

P
 27).  P was calculated from this equation and plotted for each pressure. 

 

    

 

By the way, the change in the rate of deployment of airbags by ambient temperature would become 

smaller by reducing P. Therefore, it is desirable for P to be small. 

 

(3) P =  
 ln m 

 T i 
P 

Temperature [K] 

M
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s-1
]

Pressure [MPa] 
(a) Mass burning rate versus pressure (b) Mass burning rate versus temperature 
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2.4 Closed vessel test 

 

A dried 4g mixture was pressed at approximately 290 MPa for 3 minutes to make a cylindrical pellet 

whose diameter is 14.7 mm and whose height is between 13.5 - 14.5 mm. The pellet was also coated 

uniformly by epoxy resin to achieve cigarette-burning. Using chimney-type strand burner 

(Kyowa-Giken Co., Ltd.) as the burning test apparatus, the closed vessel tests were conducted at an 

initial temperature 296 K and initial pressure 2 MPa, igniting the top surface of the sample through 

electrically heated (voltage was approximately 15 V) nickel/chrome wire (  0.6 mm). The internal 

pressure of the vessel was monitored through PG-100KU-F (Kyowa Dengyo, Co. Ltd) strain-gauge 

pressure sensor, and after amplification through CDV-230C signal conditioner (Kyowa Dengyo, Co. 

Ltd), the signal was recorded. From the acquired pressure-time data, the difference between the initial 

pressure and maximum pressure, Pmax, time duration from the onset of pressure increase to the peak 

pressure, t,were calculated to determine pressure generation ability, Pmax ( t)-1. 

 

 

 
Figure 4.  Schematic diagram of the analysis of closed vessel test. 

 

3. RESULTS AND DISCUSSION 

3.1 Burning rate 

 

  The results of the linear burning rate tests are shown in Figures 5 - 7 and the results of the mass 

burning rate tests are shown in Figures 8 - 10. If we let the chamber pressure be the x-axis and the 

burning rate be the y-axis, the burning rate data for stoichiometric mixture, CuO-added mixture and 

Time [s] 

Pr
es

su
re

 [M
Pa

] 

t

Pmax 

P1 

t1 t2 

 

P Pmax P1 

t1 Onset time of ignition  P1 Initial pressure 
t2 Time taken to reach Pmax  Pmax Maximum pressure 
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Cu-added mixture obeyed Vieille’s law r=a Pn, each forming a straight line in ln - ln plot. It was also 

shown that the burning rate increases with an increase in initial temperature and pressure. Especially, by 

adding CuO, the burning rate increased dramtically. Its linear burning rate was found to be equivalent to 

that of 5-ATZ/Sr(NO3)2 mixture at 2 MPa 14). Upon addition of Cu powder, on the other hand, there was 

some increase in mass burning rate at lower P but the increase in the burning rate at high P was 

insignificant.  

 

 

 

 

 

 

 

Figure 5. Linear burning rate for stoichiometric mixture. 

Figure 6. Linear burning rate for CuO-added mixture. 
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Figure 7. Linear burning rate for Cu-added mixture. 

Figure 8. Mass burning rate for Cu-added mixture. 
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The values of a and n at initial temperatures of 238, 296, and 358K, that were derived from the results 

of mass burning rate are shown in Table 2. The constant a increased by adding CuO or Cu. Especially, it 

was shown that by adding CuO, the value increased by approximately three times. Meanwhile, n 

decreased by adding CuO or Cu powder. The constant n at each temperature was about the same when 

an additive was added, but for stoichiometric ratio mixture, n increased with an increase in temperature. 

 

Figure 9. Mass burning rate for CuO-added mixture. 

Figure 10. Mass burning rate for Cu-added mixture. 
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Table 2. Values of a and n at different temperatures for each mixture. 

Initial 

temperature 

a  

No additive CuO Cu No additive CuO Cu 

358K 0.4661 1.5647 0.6747 0.8973 0.5843 0.6686 

296K 0.4153 1.2075 0.5819 0.8413 0.6066 0.6745 

238K 0.3826 1.097 0.5161 0.7939 0.5895 0.6708 

 

 

3.2 Temperature Sensitivity 

 

  Table 3 shows the typical examples of coefficients of eq.(2) determined at 6 MPa.The relations 

between measured m and Ti for each pressure for stoichiometric mixture, CuO-added mixture and Cu 

powder-added mixture are shown in Figures 11, 12, and 13, respectively. In general, the effect of 

temperature becomes more pronounced with an increase in pressure. 

 

Table 3. Coefficients of eq.(2) determined at 6 MPa. 

Mixtures b2(p) b1(p) b0(p) 

1HT/AN 2.0×10-5 -0.0037 1.572 

1HT/AN/CuO 4.0×10-6 0.0082 0.985 

1HT/AN/Cu 2.0×10-5 0.0017 1.038 

 

 

 

 Figure 11. Effect of temperature on mass burning rate for stoichiometric mixture. 
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Figure 12. Effect of temperature on mass burning rate for CuO-added mixture. 

Figure 13. Effect of temperature on mass burning rate for Cu powder-added mixture. 
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Temperature sensitivities determined from mass burning rate data are shown in Figures 14-16. It was 

shown from the graph that P for stoichiometric mixture was low at low pressure region, but increases 

with an increase in pressure. Meanwhile, pressure dependence of P diminishes with an addition of CuO 

and Cu. Especially, it was shown that P decreases with an addition of Cu powder. 

  It was shown for any mixture that temperature sensitivity decreases with an increase in temperature. It 

was also shown that temperature sensitivity increases with an increase in pressure for stoichiometric 

mixture. However, it was shown that by adding CuO or Cu, the effect of pressure on the temperature 

sensitivity diminish. As a matter of fact, it was shown that, by adding Cu, temperature sensitivity 

decreases further so that it depends less on temperature. 

  Kubota 22) states that temperature sensitivity decreases with an increase in pressure, but, in this study, 

that of stoichiometric ratio mixture increased with an increase in pressure. 

Table 4 shows p at 238 K - 358 K. 

 

Table 4. p at 238 K - 358 K. 

Mixtures p [K-1] 

1HT/AN 2.59×10-3 

1HT/AN/CuO 2.44×10-3 

1HT/AN/Cu 1.94×10-3 

 

It was shown that the burning rates changed by approximately 1.9% to 2.6% as the temperature from 

238 K to 358 K. 

 

 Figure 14. Temperature sensitivity of 1HT/AN mixture. 
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3.3 Closed Vessel Test 

 

  The results of the closed vessel test are shown in Figure 17 and Table 5. Each sample ignited and 

burnt completely. Gas generation ability Pmax•( t)-1 for CuO-added sample was 1.19[MPa s-1], which 

was approximately 11 times that of stoichiometric ratio mixture which was 0.104[MPa s-1]. The value 

for Cu-added mixture was 0.145[MPa s-1], which was relatively insignificant. By the way, the value of 

Figure 15. Temperature sensitivity of 1HT/AN/CuO mixture. 

Figure 16. Temperature sensitivity of 1HT/AN/Cu mixture. 
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Pmax( t)-1 of CuO-added mixture was higher than that of 5-ATZ/Sr(NO3)2 mixture which is one of the 

gas generating agents in practical use.  

 
 

 

Table 5. Gas generation abilities for mixtures studied. 

Mixtures Pmax [MPa] t [s] Pmax/ t [MPa s-1] 

1HT/AN 0.803 7.68 0.104 

1HT/AN/CuO 1.283 1.08 1.19 

1HT/AN/Cu 0.868 6.00 0.145 

5ATZ/Sr(NO3)2 1.20 1.34 0.896 

 

 

4. CONCLUSIONS 

 

  From the burning experiments for 1HT/AN mixtures, the following conclusions were obtained.  

1) The burning rate for stoichiometric ratio 1HT/AN was 0.74 [g cm-2 s-1]  at 2MPa 

2) The burning rate of CuO-added mixture improved to 1.8 [g cm-2 s-1] at 2MPa, whereas there was 

almost no improvement in the burning rate for Cu-added mixture. 

3) It was shown that by adding CuO or metallic Cu, the temperature sensitivity is less affected by 

pressure. 

4) From closed vessel tests, gas generation ability for CuO-added mixture surpassed that of 

5-ATZ/Sr(NO3)2 mixture which is already in practical use. 

 

Figure 17. Results of closed vessel tests. 
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F-1 

Coating of energetic materials in a fl uidized bed plasma reactor

A.E.D.M. van der Heijden, Y.L.M. Creyghton, R.J.E. van de Peppel, E. Abadjieva

TNO Defense Safety and Security

ABSTRACT

Nanomaterials are a topic of increased interest, since they have properties which differ from their 
macroscopic counterparts. Many applications nowadays take advantage of the new functionali-
ties which natural and manufactured nanoparticles possess. Based on these developments, the 
research on energetic nanomaterials is receiving more and more attention. Apart from the synthe-
sis of energetic nanomaterials, another area of interest is the coating of energetic (nano)powders, 
in order to be able to modify their properties or to add new functionalities to these particles. 
(Modifi ed) energetic materials may fi nd applications in explosives, gun and rocket propellants 
and pyrotechnic devices. Enhanced properties are expected e.g. a lower vulnerability towards 
shock initiation, enhanced blast, enhanced shelf life and environmentally friendly replacements 
of currently used materials.
At TNO Defence, Security and Safety in The Netherlands, a facility for coating of energetic ma-
terials has been designed and constructed. A new plasma coating technique for energetic materi-
als with suffi ciently improved production rates is proposed. The facility aims to treat powders 
in the low micron range and at ambient temperature. The range of materials that can be treated 
is not restricted by their temperature sensitivity. The facility is based on a circulating solid-gas 
fl uidized bed. The precursors are introduced in the system in either gas or liquid phase.
The research fi eld in which the facility will be primarily used, is the reduction of the sensitivity 
of several MIC’s (metastable intermolecular composites) and possibilities for prolonged shelf-
life. This paper describes the design of the new fl uidized bed plasma reactor and presents some 
of the preliminary results obtained with it.
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Thermite Type Reactions of Different Metals with Iron-Oxide 
and the Infl uence of Pressure

V. Weiser*, E. Roth, A. Raab, M. Juez-Lornezo, St. Kelzenberg

Fraunhofer Institut für Chemische Technologie ICT, 
Joseph-von-Fraunhofer-Str. 7

76327  Pfi nztal, Germany
* volker.weiser@ict.fraunhofer.de

ABSTRACT

Thermite type reactions are usually used when high quantities of heat shall safely be produced 
with low gas release. So a minor infl uenced of pressure to the reaction was expected. Stoichio-
metric samples of aluminium, magnesium and titanium particles in μm-scale were mixed with 
iron-II-oxide and fi lled into small test-tubes maintaining a constant bulk density. The metals were 
chosen regarding its heat release and the melting and boiling point of the metals and its oxides. 
The samples were burned in a window bomb pressurized with 0.1 to 10 MPa in nitrogen. The 
reaction was observed using a colour high-speed camera and different emission spectrometers in 
UV/Vis and NIR to determine burning velocity, emitting species and reaction temperatures. The 
residues were analysed using SEM including EDX and with XRD. The samples burnt reproduc-
ible developing a linear regression rate. A strong infl uence of pressure to the burning velocity 
and emission temperatures was observed. The burning velocity varied by a factor of 3 forming a 
maximum at a certain pressure that is characteristic to the type of metal fuel. In correlation emis-
sion temperature varied of several hundred Kelvin. Results were discussed regarding the decom-
position, melting and boiling behaviour also including thermodynamic equilibrium calculations 
as well as in correlations to pressure combustion of rocket propellants. So the observed phenom-
ena result in interesting insights to the physico-chemical mechanism of thermite type reactions.
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Nanothermites for Pyrotechnic Heaters 

K. Monogarov, A. Pivkina, Yu. Frolov, N. Muravyev, O. Ordzhonikidze1

Semenov Institute of Chemical Physics, Russian Academy of Science, Moscow, Russia, 
1Moscow Engineering Physics Institute (State University), Russia 

ABSTRACT 

Recently, the excellent reaction propagation during interaction within Al/FeO, Mg/Fe2O3 and 
Al/Fe2O3 thermite systems inside sealed steel tube of 10 mm in diameter has been shown. Experiments 
revealed the smooth temperature distribution along the steel tube and warming up of shell surface to tem-
perature 700-1000°C. This article is focused on Mg/Fe2O3 and Al/Fe2O3 nanothermites, i.e., compositions 
where at least one of the components is a nano-sized powder, in order to regulate burning rate, to decrease 
critical diameter, and to increase the tube surface temperature. In addition, different mixing techniques 
were used to improve the homogeneity of the systems. All the ingredients and the formulations were 
characterised by scanning electron microscopy (SEM), atomic force microscopy (AFM), and nitrogen 
adsorption analysis (BET). The reactivity of the formulations was determined by simultaneous DSC/TG 
measurements. The burning critical diameter of nanothermite compositions was defined and compared to 
conventional thermites for minimization of steel shell diameter. 

1. INTRODUCTION 

Pyrotechnic heaters utilize gasless combustion for different technical applications, including ma-
terials processing in space [1]. In contrast to combustion of hydrocarbon fuels with oxygen, which pro-
duce very large quantities of hot gases, the gasless combustion can be used safely on board spacecraft or 
other microgravity platforms. 

At present, more than 500 solid-state combustion reactions are known to generate little or no 
gaseous products [2]. Most of these reactions, in theory, could be used in pyrotechnic heaters. However, 
for heat transfer to be effective, it is desirable the combustion products in pyrotechnic heaters to be in a 
liquid state with solidification temperature of the melt lower than the adiabatic reaction temperature be-
cause of a close contact between the products and container tube to be heated. In addition, the heat trans-
fer coefficients are much higher in melts than in porous solids. This requirement sufficiently narrows the 
list of solid-state combustion reactions to be used in pyrotechnic heaters. Details of the pyrotechnic com-
position selection are presented in [3], and the excellent reaction propagation during interaction within 
Mg/Fe2O3 and Al/Fe2O3 thermite compositions inside a pyrotechnic heater prototype has been shown. 
Results proved the adiabatic temperature of thermite reactions to exceed the melting points of products 
and the good wettability of the combustion products wetting of the internal tube surface. Experiments re-
vealed the smooth temperature distribution along the steel tube and warming up of shell surface to tem-
perature 700-1000°C. Post-firing analysis for Mg/Fe2O3 thermite shows (i) the homogeneous distribution 
of the combustion products within the tube, and (ii) the absence of the sufficient reduction of the initial 
volume after solidification.  

It is important to minimize the diameter of pyrotechnic heaters, which set a problem of critical di-
ameter lowering. Additional application-dependent problems are ability to control the reaction propaga-
tion rate, and increasing of the tube surface temperature. To these purposes Mg/Fe2O3 and Al/Fe2O3 nan-
othermites, i.e., compositions where at least one of the components is nano-sized powder, were elaborated 
and investigated. Nanothermites, sometimes called superthermites or metastable intermolecular (or inter-
stitial) composites (MICs), can greatly increase flame propagation rates [4-6], gas production, peak pres-
sures [7], and ignition sensitivities [8]. These enhanced properties can be partially explained by the in-
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creased surface area to volume ratio of nano particles which enhances mixture homogeneity and a reduc-
tion in the distance between particles.  

Stability and velocity of the combustion front propagation in self-propagation regime depends on 
several parameters [9,10], i.e., reactants particle size and shape; reactant mixtures stoichiometry, degree 
of mixing and green density; system geometry; ignition energy; heat generated by the reaction and heat-
ing and cooling rates.  

This work is a comparative study of the reaction between nano- and micro-sized components by 
non-isothermal simultaneous thermal analysis (DSC/TG). We investigated confined propagation rates of 
nanothermites, Al+Fe2O3 and Mg+Fe2O3. In addition, different mixing techniques were used to improve 
the homogeneity of the systems. 

2. EXPERIMENTAL  

2.1. Structural characterization 

To determine aluminum particle influence on Al/Fe2O3 thermite reaction two different aluminium 
powders were investigated: scale-shaped micron-sized aluminium PAP-2 and ultrafine aluminium powder 
ALEXTM (Argonide Corporation, USA). Magnesium powder of two types was used for Mg/Fe2O3 ther-
mite, i.e., micron-sized powder MPF-4 (GOST 6001-79, Russia), and ultra-sized Mg with the average 
particle diameter 300 nm. Conventional iron oxide powder (K, TU 6-09-5346-87, Russia) and nano-Fe2O3
powder, were used as components of both thermite mixtures.  

Table 1. Some physical properties of reactants 
Component Particle size, 

d50

and d90-d10 ( m) 

Density, 
(kg*m-3) 

Purity, % 

Fe2O3
Type K, TU 6-09-5346-87, Russia 

14,5 
22,6-8,3 

5,06*103 98.8 

Nano-Fe2O3 ~0,05-0,3 5,06*103 99,5 
Al
PAP-2, GOST 5494-95, Russia 

13,4 
23,8-8,0 

2,7*103 97 

ALEXTM

Argonide Corporation, USA 
0,11 

0,05-0,11 
2,7*103 84* 

Mg
Type MPF-4, GOST 6001-79, Russia 

52 
40,5 – 81,0 

5,70*103 95 

Mg (ultrafine) ~0,3 5,70*103 92 
* - obtained by EDS 

The evaluation of particle morphology and size distribution was done using laser diffraction spec-
trometry (LASKA-1K, LUMEX, Russia), scanning electron microscopy (Phenom and Quanta 200 3D, 
equipped with energy dispersive spectrometer EDS, FEI, The Netherlands), atomic force microscopy 
(NTEGRA Prima, NT-MDT, Russia), and nitrogen adsorption analysis BET (FlowSorb III 2305, Micro-
meritics, USA). Table 1 presents some physical properties of reactants. Purity data was based on fabricant 
reports, and purity of ALEX was obtained by EDS-analysis.  

Figure 1 shows the aluminium powder images of conventional powder (a), obtained by SEM, and 
AFM-image of ultra-sized powder ALEX (b). Micron-sized aluminium particles are scaly-shaped with the 
flake’s effective size of 10-20 m and thickness of 500 nm. ALEX particles are almost spherical with the 
diameter variation from 30 to 300 nm. The full set of AFM images (about 700) was digitally processed 
and converted into particle size distribution curve.   
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Micron-sized magnesium is a cutting-formed powder, as illustrated in Fig. 2a, with the average 
particle size of 50 m. Nano-Mg particles (Fig. 2b) have about spherical shape with the average size of 
300 nm. Iron oxide powders morphology is presented in Fig. 3. The micron-sized powder (a) is formed by 
agglomerates of initial particles of 10-20 m, whereas nano-iron oxide (b) is formed by particles of 50-
100 nm. 

a) b) 

Fig. 1. Images of aluminium powders used for Al/Fe2O3 thermite fabrication:  
a) conventional Al (SEM), b) ultra-sized powder (AFM).  

a) b)

Fig. 2. Magnesium powder used for Mg/Fe2O3 thermite fabrication: 
 a) micron-sized “cuttings” powder, b) nano-sized Mg powder.   
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a) b) 

Fig. 3. Iron oxide (Fe2O3) powders of different grade used for thermite compositions:  
a) conventional powder, b) nano-sized iron oxide. 

2.2. Thermite fabrication 

Aluminium or magnesium nano-powders and nano-iron oxide in stoichiometric ratio were me-
chanically mixed in benzene and then cold-pressed to pellets under uniaxial pressure of 350 MPa. Scan-
ning electron micrographs (SEMs) of the mixed powders are shown in Figures 4, 5 (lighter points corre-
sponds to iron oxide). To improve the mixture uniformity, the ultra-sonification process was applied with 
ultrasonic probe. Components were mixed in benzene under ultrasonic processing during 30 minutes; thus 
obtained paste was dried under vacuum, and then pressed into samples by uniaxial pressing. Hereafter 
compositions ALEX/nanoFe2O3 and nanoMg/ nanoFe2O3 are denoted as “nanothermites”, with letter “M” 
for mechanical or “U” for ultrasonic mixing. 

Figures 4, 5 show that the mixtures homogeneity is sufficiently improved when ultrasonic probe 
treatment is applied. 

a) b)
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Fig. 4. SEM-images of Al/Fe2O3 thermite pellets after compaction: 
a) conventional; b,c,d) nanothermite (M); e,f) nanothermite (U).

e)

c) d)

f)

a) b)
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Fig. 5. SEM-images of Mg/Fe2O3 thermite pellets after compaction: 
a) conventional; b,c,d) nanothermite (M); e,f) nanothermite (U). 

2.3. Thermal Analysis 

Investigation of thermal behaviour was carried out using the DSC/TG simultaneous thermal ana-
lyzer NETZSCH STA 449 F3 (Germany) to conduct tests on both the individual reactants and compo-
sites. The DSC/TGA was purged with Ar during the tests; the purge gas flow rate was 20 ml/min while 
the balance protection flow rate was 50 ml/min. All samples were run in alumina crucibles. The samples 
were heated either to 800 °C or 1550 °C. Calibrations of TG mass, DSC baseline, and temperature were 
conducted before the experiments. 

According to the literature, the heating rate is of a paramount importance for the thermite reaction 
Al/Fe2O3. Firstly the Al reduction by iron (III) oxide in air flow was investigated by Sarangi [11], and the 
exothermic peak of thermite reaction at 890 C was found. Heating at 10 /min under He atmosphere 
shows exothermic peak at 953 C, but heating at high rate of 50 /min  results in additional exotherm of the 
“real” exothermic reaction at 1450 C, as reported in [12]. Based on these data, the heating rate of 50 /min 
was applied for TG/DSC experiments.

Details of the tests are shown in Table 3. 

e) f)

d)c)
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Table 2. Specific information on DSC/TG traces.

Material Sample 
mass (mg) 

Heating rate, 
/min 

Max temperature, 
C Atmosphere 

nano Al (Alex) 9.550 50 800 Ar 
nano Fe2O3 6.845 50 1550 Ar 
micro Mg 2.534 50 1550 Ar 
nano Mg 2.144 50 1550 Ar 
Conventional thermite Al / Fe2O3 9.760 50 1550 Ar 
Nanothermite Al / Fe2O3 (U) 8.522 50 1550 Ar 
Nanothermite Al / Fe2O3 (M) 9.530 50 1550 Ar 
Conventional thermite Mg / Fe2O3 2.316 50 1550 Ar 
Nanothermite Mg / Fe2O3 (U) 2.341 50 1550 Ar 
Nanothermite Mg / Fe2O3(M) 9.810 50 1550 Ar 

450 500 550 600 650 700 750 800
Temperature /°C

-6

-4

-2

0

2

4

6

[1]
DSC /(μV/mg)

Main    2009-07-15 15:00    User: 1

Onset: 625.4 °C

655.5 °C

Al (Alex)

nano Fe2O3

[1]

[2]

 exo

Fig. 6. DSC/TG traces of the initial nano-components: a) Al (ALEX) and nano-iron oxide;  
b) nano and micro-sized Mg (melting endotherms are shown in insets). 

b)

a)
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Figure 6 shows the DSC/TG traces for components used in these experiments. The trace of Al 
(ALEX) initially shows an exotherm with an onset temperature of 625°C. The melting endotherm is very 
apparent; it has a peak temperature of approximately 655°C. Nano-iron oxide powder did not show any 
significant thermal effect being heated up to 1500°C. Thermogravimetric measurements for these two 
powders reveal no mass changes during heating from 30°C to 1550°C. The melting endotherms with the 
peak temperatures of 633°C are clearly apparent for both magnesium powders, as presented in Fig 6b in 
insets. TG curves for micro- and nano-Mg powder (Fig. 6b) shows the mass decrease as a result of Mg 
evaporation: onset temperature for nanopowder is 846°C, whereas for conventional Mg - 858°C. The 
DSC/TG traces of the initial powders show that they have no significant impurities. 

Fig. 7 presents the DSC spectrum of the mixed powders of Fe2O3 and Al in nano- and microscale. 
Nanothermites were fabricated by mechanical mixing (M) and ultrasonification (U). Melting endotherms 
of aluminium at 645°C before the thermite reaction are presented in all the investigated mixtures. Melting 
endotherms of iron (thermite reaction product) at T>1500°C are clearly distinguished for all the mixtures, 
proving the thermite reaction occurrence, as shown in insets on Fig. 7. The thermite reaction exotherm 
peak at 918°C is observed for conventional thermite, whereas for the nanothermite prepared by ultrasonic 
mixing the reaction peak at 811°C is revealed. Both nano- and micro-scaled reactions show no significant 
mass change. Comparison of DSC spectrum of nanothermites Al/Fe2O3 in a compact sample and in a 
powder did not revealed any appreciable differences. 

Fig. 7. DSC traces for mixed powders Al/Fe2O3: nano-sized and micro-sized components,  
melting endotherms of aluminum and iron are shown in insets. 

Mg/Fe2O3 thermite reaction peak exotherm is observed at 672°C for micro-scaled components, 
whereas for nanothermite (U) – at 650°C, and nanothermite (M) – at 636°C, as shown in Fig. 8. Practical-
ly no mass change occurs for these mixtures, indicating the reaction completeness because of the Mg 
powder conversion into magnesium oxide. In addition, melting endotherms of iron (thermite reaction 
product) at T>1500°C are clearly appeared for all the mixtures. 

600 800 1000 1200 1400
Temperature /°C

-10

-5

0

5

10

15

[2]
DSC /(μV/mg)

Main    2009-07-14 17:41    User: 1

918.3 °C

832.5 °C

811.0 °C

610.2 °C

643.8 °C

603.8 °C

654.4 °C

590.6 °C

644.5 °C

FTU - 0M

FT - 0

FTU - 0U
[1]

[2]

[3]

 exo

Nanothermite (U)

Conventional 
thermite 

Nanothermite (M)
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-50

0

50

100

150

200

[1]
DSC /(μV/mg)

Main    2009-07-15 13:32    User: 1
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 exo

Fig. 8. DSC traces for mixed powders Mg/Fe2O3.

Thus, DSC/TG experiments reveal that under heating rate of 50°/min the thermite reaction in na-
nothermites proceeds at lower temperatures than that of the micro-scaled compositions. The absence of 
noticeable mass change proves the reaction completeness, as well as the iron melting endotherm (one of 
the main thermite reaction product). A very low gas generation was observed during heating experiments 
both for micro-sized and nano-sized compositions.  

2.4. Critical Diameter Measurements 

The burning critical diameter is an important parameter for pyrotechnic heaters. This value de-
fines the minimal size of pyrotechnic device, which is significant for technical application. Figure 9 
shows the experimental set-up for the critical diameter determination within steel tube of varying diame-
ter 2-10 mm with constant wall thickness of 2 mm.   

Fig. 9. Set-up for critical diameter measurements 

Igniter 

Stainless 
steel tube 

Nanothermite 

Fast-burning 
powder 
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The tube was mounted inside Crawford bomb. Thermites were burned under nitrogen pressure of 
5 MPa, – the pressure generated by igniter in pyrotechnic heater. To more accurate determination of com-
bustion time fast-burning powder was compacted at the bottom side of the sample. 

For conventional thermites burning critical diameters are less than or equal to 3 mm. Where as for 
nanothermite Mg/Fe2O3 the critical diameter is 3 mm, and for nanothermite Al/Fe2O3 – less than or equal 
to 2 mm. 

2.5. Reaction propagation within steel tube 

To study the front propagation in compacted thermite compositions, a steel tube with internal di-
ameter 8 mm, external diameter 14 mm and length of 120 mm is used (Fig. 10). Details of the experimen-
tal set-up are given in [3]. The schematic of the experimental assembly that houses the pyrotechnic heater 
is shown in Fig. 10. The compacted composition is hermetically sealed inside steel tube by steel plugs.  

To compact composition within steel tube, the portion loading was applied with the constant 
pressure load of 300 MPa. The porosity of Al/Fe2O3 compacted compositions is not changed when the 
micro-sized components are replaced with nano-sized ones. In contrast, the Mg/Fe2O3 porosity decreased 
in two times with the same replacement.  

The reaction is assisted with a set of 15 W/Re-thermocouples, welded onto the external surface of 
the tube, as shown in Fig. 11. Characteristic temperature traces for nanothermites are presented in Fig. 12.  

1

4 63

5

2

Fig. 10. Schematic of the experimental set-up: 1 – steel tube, 2 – thermocouples,  
3 – initiation system, 4 – pressure gauge, 5 – thermocouple signal amplifier,  

6 – digital registration system 

Fig. 11. Scheme of the thermocouples location on the steel tube surface. 

5 4 3 2 1

678910

15 14 13 12 11
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Fig. 12. Experimental time-temperature histories for nanothermites 
a) Al/Fe2O3 (M); b) Mg/Fe2O3 (U). 

Fig. 13. Characteristic pressure traces for nanothermites: a) Al/Fe2O3 (M); b) Mg/Fe2O3 (U). 

Though thermites are generally considered to be gasless reactions, which is far from real gas gen-
eration within sealed pressure tube for micron-sized thermites [3], nano-scale thermites have been re-
ported to produce large amounts of gaseous products [7].  

Fig. 13 shows characteristic pressure traces for nanothermites, as determined by piezoelectric 
pressure sensors, which illustrates the burning time of Al/Fe2O3 composition to be much less and generat-
ing several times higher internal pressure, than that of Mg/Fe2O3 nanothermite.  

Fig. 14 presents a series of still images taken from nanothermite tests. Reaction propagation alone 
the tube results in the continuous steel surface heating.  

Table 3 summarizes the experimental results on the reaction propagation within horizontal orien-
tated steel tubes. The porosity of the compositions compacted within tubes, the combustion velocity, as 
derived from the pressure traces, the peak pressure values, the peak temperature values, and the heating 
rate of the tube surface are presented for investigated thermites and compared to results earlier obtained 
for conventional thermites [3].  
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t = 0 s t = 0 s 

t = 2 s t = 6 s 

t = 4 s t = 12 s 

t = 6 s t = 18 s 

t = 8 s t = 24 s 

t = 10 s t = 30 s 

Nanothermite Al/Fe2O3 (M) Nanothermite Mg/Fe2O3 (U) 

Fig. 14. Still images of the reaction front propagation alone the sealed steel tube. 

Table 3. Summary of velocity and peak pressure experimental results 
Composite Porosity, 

%
Combustion 

velocity
(mm/s) 

Peak pres-
sure, MPa 

Peak tempera-
ture on the  
surface, C

Surface Heating 
Rate, 
°C/s 

conventional Al/Fe2O3 36 36 89.8 774 57 
nanothermite Al/ Fe2O3 (M) 32 140 37.3 722 68 
nanothermite Al/ Fe2O3 (U)* 33 210 61.9 - - 
conventional Mg/ Fe2O3 35 33 46.4 742 57 
nanothermite Mg/ Fe2O3 (M) 15 5,2 5.2 748 37 
nanothermite Mg/ Fe2O3 (U) 18 7,7 7.0 762 44 
* - tube was exploded 
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Fig. 15. Diagram of the peak pressure values within sealed steel tube. 



-319-

0

50

100

150

200

250

co
nv

en
tio

na
l

th
er

m
ite

A
l/F

e2
O

3

na
no

th
er

m
ite

Al
/F

e2
O

3
(M

)

na
no

th
er

m
ite

Al
/F

e2
O

3
(U

)

co
nv

en
tio

na
l

th
er

m
ite

M
g/

Fe
2O

3

na
no

th
er

m
ite

M
g/

Fe
2O

3
(M

)

na
no

th
er

m
ite

M
g/

Fe
2O

3
(U

)

C
om

bu
st

io
n 

Ve
lo

ci
ty

, m
m

/s

Fig. 16. Diagram of the combustion velocity values within sealed steel tube. 

The combustion velocity (U) of aluminium/iron oxide nanothermite is 4 times higher than that of 
micro-scale composition. In addition, the increased homogeneity by ultrasonification results in the sup-
plementary U value increase in 1.5 times. In contrast, the Mg/Fe2O3 nanothermite reveals 6 times less 
combustion velocity than that of micro-scaled composition, which is caused, possibly, by considerable 
porosity drop. But applying the ultrasound increases U value in 1.5 times also.  

The Al/Fe2O3 conventional composite has peak pressures approximately twice than that of the 
conventional Mg/Fe2O3. This is an unexpected result since Mg/Fe2O3 was predicted to have much less gas 
generation [13]. Recently, new mechanism for the nano-Al particle oxidation (combustion) at high heat-
ing rate has been proposed [14]: reaction is not limited by diffusion through an oxide shell but by disper-
sion of fast moving molten Al clusters. The flow induced by this melt dispersion mechanism may con-
tribute toward the high peak pressures.  

The maximum pressure values (Pmax) drops for nanothermites: in two times for Al/Fe2O3 and in 
about an order of magnitude for Mg/Fe2O3 in comparison to micro-scaled composition.  

Measured peak temperature values (Tmax) reveal no considerable difference for nano- and micro-
compositions of both thermites, and vary within 720-760 C. Replacement of micro-sized aluminium with 
ALEX results in increase of heating rate of the steel tube surface in about 15%. Ultrasonificated nan-
othermite Al/Fe2O3 has very high heating rate, which leads to local overheating of the tube with the fol-
lowing tube breaking and explosion, as indicated in Table 4.    

SUMMARY

The low heating rates used in the DSC/TG experiments caused reactions and very low gas gen-
eration, as evidenced by the low mass loss observed during the reactions. Gas generating ability of these 
materials is greatly enhanced by high heating rates under combustion, and significantly stifled by low 
heating rates. These results suggest enhancing convective reaction propagation of molten Al and Mg in a 
sealed steel tube. 

Steel tube experiments reveal the combustion velocity of aluminium/iron oxide nanothermite is 4 
times higher than that of micro-scale composition. In contrast, the Mg/Fe2O3 nanothermite reveals 6 times 
less combustion velocity than that of micro-scaled composition. The maximum pressure values (Pmax)
drops for nanothermites: in two times for Al/Fe2O3 and in about an order of magnitude for Mg/Fe2O3 in 
comparison to micro-scaled composition. Measured peak temperature values (Tmax) reveal no consider-
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able difference for nano- and micro-compositions of both thermites, and vary within 720-760 C. In addi-
tion, the increased homogeneity by ultrasonification results in combustion velocity increase in 1.5 times.  

Thus, the decreasing of the internal pressure within sealed steel tube with the constancy of the 
peak temperature proves the efficiency of the nanothermite application for pyrotechnic heaters. Increasing 
homogeneity by ultrasonification of green mixtures is effective way for further increase of the combustion 
velocity, but causing a problem of local overheating of the tube. 
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Methods for Proving the Equivalency of Detonator Performance 

 

Alan Munger, Adrian Akinci , Keith Thomas, Steven Clarke, Eric Martin, Michael Murphy 
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Abstract: 

One of the challenges facing engineers is developing newer, safer detonators that are equivalent to 

devices currently in use. There is no clear consensus on an exact method for drawing equivalence of 

detonators.  This paper summarizes our current efforts to develop diagnostics addressing various aspects 

of detonator design to better quantify and prove equivalency.  We consider various optical techniques to 

quantify the output pressure and output wave shape. The development of a unique interpretation of streak 

camera breakouts, known as the apparent center of initiation, will be discussed as a metric for detonation 

wave shape. Specific examples apply these techniques to the comparison of a new laser-driven detonator 

with an existing exploding bridgewire (EBW) detonator.  Successes and short-comings of the techniques 

will be discussed.  

 

 

Introduction:

Most explosive systems consist of trains involving multiple layers of explosives in a complex 

arrangement.  As explosive systems and designs age, we are constantly seeking new methods to develop 

safer components.  The replacement of component devices requires a fundamental understanding of how 

the new device impacts the ensemble performance (full assembly).  Ideally, new components will perform 

in an equivalent manner as the parts they are designed to replace.  Hence, diagnostics are required that are 

capable of demonstrating that different components display equivalent behavior.  Suitable diagnostics 

should reveal critical device parameters necessary for designing performance-matched components.  

Additionally, screening techniques are required to assess aged components that are operating beyond their 

original design lifetimes to determine if degradation exists. 

Measurements of output pressure and function time are typically made to characterize the behavior of 

explosive components and assemblies.  Since most components interface with other devices, e.g. larger 
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explosives, metal, etc., we contend the wavefront shape of the output is also a critical metric.  If the 

component interfaces with additional explosives or metals, the wave shape determines the drive profile.  

Output wavefront geometry also provides insight into the physics of the initiation buildup and detonation 

of explosive devices, since small changes in front geometry can yield large differences in the shape of the 

detonation wave due to high propagation velocities.  Thus, diagnostics capable of measuring wavefront 

geometry of device output into various media are necessary for quantifying detonator equivalence.  

Accordingly, three optical diagnostic techniques are explored, where each provides a unique 

measurement. 

First, an analysis technique developed at LANL known as center of initiation (COI) is employed based on 

streak-camera imaging1. Second, ultra-high speed, time-resolved schlieren imaging techniques are 

developed to visualize shock waves produced by both intermediate devices, e.g. exploding bridgewires, 

laser-driven plasmas, etc., as well as output of full-up detonators.  The schlieren diagnostic is presented 

separately2, and therefore not discussed here.  Finally, the technique of particle image velocimetry (PIV) 

is extended to explosive systems to measure two-dimensional velocity fields behind detonator-driven 

shock waves in transparent media.  

Streak Camera - Center of Initiation  

One of the most widely-used techniques to measure the shape of the wavefront in an explosive device is a 

streak camera.  A typical streak camera image of the breakout of the wavefront from an EBW is shown in 

Figure 1.  The wave arrives at the center of the device first tailing off to the edges in a smooth somewhat 

spherical fashion.  For a typical EBW using PETN, the entire wave front breakout will take approximately 

300 ns.  A device cutaway and a cross-section showing the propagating detonation wave are included in 

Figures 2 and 3.  In this particular device, the explosive is contained within an aluminum cup, requiring 

the application of a shock fluorescing salt to observe the detonation wave.      

Two important measurements can be deduced from this type of diagnostic.  First, the function time of the 

device can be measured using a light emitting device or a link to the electrical firing signals from the 

fireset with the optical measurement.  Also, the entire shape of the wavefront can be quantified.  This 

technique provides the experimenter with the ability to easily digitize and analyze the entire 2-D surface 

shape, providing insight into the physics of the device.  Accordingly, the technique provides a screening 

tool for making comparisons of both production devices and different component designs, while 

providing a simple means to quantify subtle differences within each device. 
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We have developed a technique known as the “Center of Initiation” (COI) which attempts to reduce 

complex wavefront structure into a single numeric metric that can be used for screening. COI is a point 

representation of where the waveform appears to have originated.  The theory behind this analysis can be 

traced back to the optics of explosives by Busco3 and was embellished by Forest and Hill4.  It was first 

used to provide the hydrodynamic models of the time and single initiation point for large scale models 

that could not handle the details of a small initiation train.  

By assuming ideal conditions in shock wave propagation, and the detonation velocity within the 

explosive, a single point can be calculated from the experimental data which estimates the center of the 

observed spherical wave output.  Measured variations in the COI can be directly compared to assembly 

tolerances, including glue joints and gaps, which typically produce small amounts of wavefront 

asymmetry or any other design features.  It can also be used as a metric for comparison of different 

detonators, e.g. slappers, EBWs, laser detonators, etc., and thus provide a method to prove equivalency.   

One may critically note that what happens before the surface is irrelevant to the calculation of a center of 

initiation.  Given that most explosive assemblies contain multiple materials and even multiple loading 

densities, each with its own associated detonation velocity, the assumptions of a constant detonation 

velocity and perfect wave propagation based on Huygen’s principle is very limiting if a “true” center of 

initiation point is to be experimentally determined.  Therefore, in most devices, the calculated COI is 

generally considered to be an “apparent COI” representing the reduction of a complex wavefront into a 

single numeric point.  

Figure 1. streak camera image Figure 2. device cutaway Figure 3. detonation wave
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COI Analysis 

The analysis for COI starts with an idealized wave evolution equation, 

 

where (xc, yc) are the COI coordinates and � represents the time from first light.  When � = 0, r0 is the 

radius of the wave.  For a cylinder, as depicted in Figure 4, experimental data is of the form � = f(x).  

First light at � = 0 occurs on surface y = 0 at x = xc.  Setting y positive into the detonator from the 

surface, r0 = yc gives 

 

 Thus, we have a function for the wavefront based upon an expected detonation velocity at the 

observation surface, with the only unknowns being a single point known as the center of initiation.  Using 

a non-linear least squares minimization technique such as a Gauss-Newton or Nelder-Mead Simplex, the 

parameters xc and yc may be optimized for a given detonation velocity. 

 

Figure 4. Cylindrical geometry used for COI 

 

The center of initiation algorithms for cylinders and edge detection tools have been compiled into a 

comprehensive graphical user interface (GUI) software package affectionately named “Breakout”.  This 

R&D tool allows a user to extract timing and wavefront data efficiently from a multitude of experiments.  

Figure 5 shows a screenshot from the software with most of the essential features highlighted and easily 

accessible.  Timing marks from an optical pulse generator are analyzed using a Fast Fourier Transform 

algorithm to calculate a time conversion from pixels.  Functions are included to analyze digital 
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oscilloscope current traces automatically with first-derivative edge detection methods to determine the 

total function time of the system.  An explosive database is maintained in the software to keep track of 

commonly used detonation velocities.  

 

 

Figure 5. Breakout, created in MATLAB, puts all the pieces together. 

COI Example: EBW vs. Laser Detonator  

One example of the application of COI to prove equivalence is a laser detonator.  The design and physics 

of a laser detonator has been presented elsewhere5,6.  In summary, the laser detonator, shown in Figure 6, 

uses a high-power (~2MW) pulse to vaporize a thin metallic foil which produces a detonation in a manner 

similar to an exploding bridgewire.  
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Figure 6.  Laser detonator. 

 
A laser detonator that uses the corner turning ability of an explosive may not need a centrally located end 

of the fiber optic.  The first design of such a detonator did incorporate a central location of the fiber.  The 

breakout data from those detonators was analyzed using “breakout” and the effective offset from the 

central location was determined.  This streak camera data is shown in Figure 7, and the calculated results 

of this shot and others can be found in Table 1. 

A second build of the same design detonator incorporated a correction of the fiber placement to move the 

central offset towards zero.  This streak data is shown in Figure 8 and the calculated data in Table 1.  The 

correction was a significant step in the right direction but came up a little short.  The next build of this 

detonator will make a second adjustment, which should come very close to the location demonstrated by 

an EBW detonator.  Data from the target EBW detonator is shown in Figure 9 and in Table 1. 

Figure 7. Streak breakout of target EBW
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Figure 8. DOI off-center initiation Figure 9. DOI Adjusted initiation point 

COI Example: Slapper vs. EBW  

One early example involves the design of a slapper detonator with high-density PETN to exactly replace 

an EBW detonator, which uses low-density PETN in the IP.  Because the two initiation mechanisms are 

significantly different, a study was performed on various dimensions of high-density pressings using 

slapper technology.  For 4-mm-diameter pellets, a nearly linear relationship of length to COI was found in 

the range investigated, as shown in Figure 10. Because the COI for the EBW system was already 

determined to be ~2.6 mm, the corresponding pellet length for a slapper should be ~1.6 mm in length to 

match the wavefront.  Indeed, further testing revealed this supposition to be experimentally true. 

 

 

  mm 
DOI off-center initiation -0.516 
DOI Adjusted initiation point -0.177 
EBW - Parallel to BW -0.01 ± 0.03 
EBW - Perpendicular to BW -0.04 ± 0.04 

Table 1  
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Figure 10. Designing a slapper replacement. The star represents the corresponding COI for an EBW. 

 

Particle Image Velocimetry (PIV) 

An ultra-high speed particle image velocimetry (PIV) system is developed for measuring flow properties 

behind shock waves created by explosive detonators.  Unique challenges are faced in extending the PIV 

technique to explosive output, including imaging in the presence of broadband explosive emission, 

nanosecond temporal resolution, and micro-scale spatial resolution.  The outputs of explosive detonators 

are driven into dynamic witness plates7, and time-resolved two-dimensional velocity-field measurements 

are made using the PIV system.  The measurements provide data describing the spatial profile of particle 

velocity in any direction within the experimental field-of-view. 

PIV Example 

A 7 ns laser pulse is used to generate a shock wave through laser ablation of a 300 nm-thick titanium 

layer coated onto the upper surface of an optically transparent, fused-silica disk.  The generated shock is 

directed into a polydimethylsiloxane (PDMS) witness plate seeded with 2.5 �m silicon carbide particles.  

The measured particle-velocity field is included in Figure 11.  Notice the curvilinear shock geometry is 

clearly visible with an employed spatial resolution of 102 �m.  Time-resolved PIV experiments of this 

kind are developed to make instantaneous measurements of shock and particle velocities that permit 

Rankine-Hugoniot relations to be used to obtain thermodynamic shock quantities.  Work is progressing 

along these lines. 
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Figure 11. Measured particle-velocity field in PDMS measured over the time interval (704, 804) ns. 

Conclusions 

In summary, we have been applying different experimental techniques to quantify the various aspects of 

detonator performance.  Each technique provides distinct measurements that are critical to understanding 

and demonstrating equivalence of detonator components and assemblies.  Center-of-initiation analysis 

provides the experimenter with an analytical tool that allows asymmetries in detonation wave fronts to be 

quantified and corrected.  Particle image velocimetry measurements both visualize and quantify 

detonator-driven shock parameters in transparent media, allowing direct comparisons of device output to 

be made in surrogate materials. 
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Design of igniting bridge of MEMS array and modeling the ignite process

Ye Yinghua, Shen ruiqi, Hu yan, Zhu peng
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ABSTRACT

The igniting element was designed and fabricated which is made of metal chromium, and heat-
ing area is 400μm×80μm . The leading wire and welding block was made with the metal copper 
and aluminum. The various electricity characteristics of chromium bridged-fi lm were tested. 
The electric-thermo conversion was studied. When the fi lm thickness is about 7646Å, the fi ring 
power is largest and the igniting delay time is shorter. Take the powder and matrix as object, the 
igniting model was established, with it the temperature on the powder surface and the relation-
ship of igniting delay time and igniting voltage were simulated. The melting time of bridge fi lm 
under different igniting voltage was tested. And also discuss the safety of the design. The result 
shown the igniting element can ignite the styphnate and the safe voltage is 0.8V.
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Application of a Schlieren Diagnostic to the Behavior of Exploding Bridge 
Wire and Laser Detonators 
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Abstract

Even though the exploding bridge wire (EBW) detonator has been in use for over 60 years, there are 
still discussions about the mechanism for achieving detonation.  Los Alamos has been developing a high-
power laser detonator to function in a manner similar to an EBW.  Schlieren imaging techniques are 
applied to laser-driven detonator output in polydimethylsiloxane (PDMS) samples to investigate the time-
dependent geometry of the shock wave and to obtain instantaneous measurements of shock-front velocity.  
Velocity Hugoniot data are used to convert measured shock velocities to corresponding particle velocities, 
allowing instantaneous shock pressures to be obtained via Rankine-Hugoniot relations across the shock. 

Keywords: Detonator, Explosive, Shock wave, Schlieren, Time-resolved

1 Introduction

The use of high currents to vaporize a thin bridge wire creating both expanding plasma and a shock 
wave to drive an initiation in a low density explosive has been known since the 1940s.  Engineers have 
spent the last 60+ years working to understand and reliably design exploding bridge wire (EBW) 
detonators.  Other work at Los Alamos National Lab (LANL) has focused on the design of a laser 
detonator, which uses a high-power pulse to vaporize a thin metallic foil in a manner similar to an EBW.  
More recently, the initiation mechanism in both EBWs and laser detonators have been explored by 
conducting a series of cutback experiments using a velocity interferometer system for any reflector 
(VISAR) to quantify the output pressure as a function of run distance [1-3].  The results clearly 
demonstrate the ramp-wave behavior characteristic of a deflagration-to-detonation initiation process. 

The previous work all focused on cutback-type tests and 1-D experiments that quantify the pressure in 
the shock waves and the build-up to detonation.  In order to determine the multi-dimensional flow 
characteristics of the shock waves produced by EBW and laser-driven detonators, an ultra-high speed, 
multi-frame schlieren system is employed.  The current work focuses on the current state of development 
of the schlieren diagnostic in the Detonator Technology (W-6) group at LANL, and the application of the 
diagnostic to unloaded EBW and explosive laser-driven detonators. 

2 Schlieren Diagnostic 

Our previous work outlines the general development of the employed schlieren diagnostic [4].  Unique 
system aspects include ultra-short exposures necessary to freeze supersonic shock waves, suitable 
working distances to protect optics and personnel from explosive output, single-frequency backlighting to 
allow band-pass filtering of broadband explosive luminance, and multi-frame recording of single 
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explosive events.  In the current work, additional attention is given to the experimental schlieren 
configuration to highlight new system features and to address optical issues that arise when recording 
schiere within transparent solids. 

Continuous-wave laser backlighting is obtained using a 6 W, frequency-doubled neodymium yttrium 
vanadate (Dd:YVO4) laser operating at 532 nm (Spectra-Physics Reveal 5).  The laser system provides 
fiber-optic beam delivery, which alleviates the need to spatially filter the beam prior to light collimation.  
The exit aperture of the fiber is coupled to a 400 mm F-mount objective (Nikon Nikkor ED) operating at f
/5.6, giving a 71 mm diameter beam of highly-collimated light.  Upon passing through an explosive boom 
box the light is focused onto a knife edge using a 300 mm objective (Nikon Nikkor ED) that amplifies the 
sensitivity of the schlieren system by reducing the size of the extended backlight source by a factor of 
0.25.  The fiber-optic head employs diffusing optics to reduce laser speckle in the schlieren recordings.  A 
diagram of the optical arrangement is included in figure 1. 

Figure 1. Experimental inline schlieren configuration. 

The backlight-focusing lens and the imaging lens (lenses 2 and 3 in Figure 1) operate as a dual-lens 
system to map object-plane points to the image plane.  Since each lens element behaves as a thin lens it is 
appropriate to apply the Gaussian Lens Formula [5] to each imaging element in succession to obtain a 
mathematical expression for the final image distance (si3) in terms of the initial object distance (so2), the 
inter-lens distance (d), and the lens focal lengths (f2 and f3).  From figure 1, d = f2 + , and an expression 
for si3 is given as 
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where  describes the axial distance from the knife edge to the lens plane of the imaging objective, and f2
and f3 are the respective focal lengths of the focusing and imaging lenses.  The ultra-high speed recording 
camera (Hadland DRS Imacon 200) accepts a Nikon F-mount lens, where the distance from the back 
flange of the lens to the camera image plane is 46.5 mm by design.  Using an object distance of 420 mm 
for the backlight-focusing lens operating at infinite focus, and assuming si3 = 46.5 mm, Eq. (1) gives a 
value for  of 86 mm for a 50 mm focal length imaging lens.  Hence, employing a short focal length 
imaging lens into the schlieren system alleviates the otherwise unwieldy image train distance required by 
the 300 mm objective. 
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In our previous work we demonstrate multi-frame schlieren recordings of detonator-induced shocks in 
polymethyl methacrylate (PMMA) samples [4].  Accordingly, it is appropriate to address refraction 
effects that occur while imaging within transparent solid samples.  Since the samples have a refractive 
index that is different than the surrounding medium (typically laboratory air at 295 K), light from the 
object plane refracts at the sample/air interface on its way to the imaging optics.  From the viewpoint of 
the recording camera, the refraction acts to shift the object plane towards the camera.  This effect is well-
known and widely used in wide-angle Michelson interferometry experiments [6,7].  The magnitude of the 
object plane shift depends on the distance the light travels from the actual object plane location to the 
sample/air interface (h).  By utilizing Snell’s law of refraction and an assumption of paraxial imaging, the 
shift distance  measured with respect to the actual object plane location can be shown to depend on h [7] 
as 

h
n
n

h
p

01)( , (2) 

where n0 and np are the refractive indices of air and the transparent solid, respectively.  Using values for 
n0, np, and h of 1.00, 1.49, and 25 mm, respectively, equation 3 gives a value for  of 8.2 mm, which is 
larger than the depth-of-field of our imaging system.  Thus, the surface-refraction effect is non-negligible 
and must be accounted for.  As a result the imaging optics are positionally configured to image the 
measurement volume at its apparent rather than actual location by focusing on a target while looking 
through a solid sample of thickness h prior to running the experiment.  In this manner, the surface 
refraction is corrected for by pre-experiment calibration of the imaging optics. 

3 Schlieren Results 

An unloaded EBW detonator (LANL SE-1) is used as a testbed for the newly-designed schlieren 
system, whereby the generated blast wave is directly visualized as it temporally evolves (Figure 2).  
Multiple time-resolved image sequences are recorded to generate an ensemble of schlieren visualizations, 
and vertical shock-front position data is extracted from the ensemble.  A power-law curve is fit to the data 
to obtain an expression for the temporal evolution of the blast-wave position in the vertical direction.  The 
resulting fit is given in Figure 3 as  

581.045.3)( ttys . (3) 

The benefit of this form of diagnostic lies in the ability of the experimenter to both quantify the motion of 
the shock front in a given direction and simultaneously visualize its time-dependent geometry. 
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Figure 2. Schlieren visualization sequence of an unloaded EBW initiated into air.  Visualizations 
recorded from (0.867, 11.867) s in 1.0 s intervals. 

Figure 3. Temporal evolution of vertical shock position for an EBW blast wave in air. 

An experimental image sequence is displayed in figure 4 for an explosive detonator (LANL ER462) 
operating by indirect laser irradiation via a metal foil, as summarized in [8].  The detonator surface 
opposite the laser-initiated end is placed in intimate contact with a polydimethylsiloxane (PDMS) sample, 
and the resulting explosive-induced shock wave is visualized and recorded using a magnification of 0.3.  
A diagram is included in Figure 5 to demonstrate the main components of the laser-driven detonator and 
its orientation with respect to the PDMS sample. 

Analogous to the EBW blast-wave analysis, measurements of vertical shock-front position are paired 
with corresponding shock visualization times and plotted in Figure 6.  Two separate trends are evident in 
the position data.  For sample times up to 1.5 s the rate of change of vertical shock position with time, 
i.e. the vertical shock velocity, appears nearly constant.  For sample times up to 3.5 s the vertical shock 
velocity demonstrates a decaying trend.  The latter trend is expected since the shock front diverges in an 
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approximately radial fashion, and this behavior is more prominent the farther the front travels from the 
loaded surface. 

Figure 4. Schlieren visualization sequence of a laser-driven detonator initiated into a PDMS 
sample.  Visualizations recorded from (0.51, 3.58) s in 220 ns intervals with a 0.87 s delay between 
frames 5 and 6. 

Figure 5. Diagram of laser detonator showing alignment to PDMS sample. 
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Figure 6. Temporal evolution of vertical shock position for laser-driven detonator output in PDMS. 

With an analytical equation describing the shock velocity in the vertical direction, estimates of particle 
velocity can be made using a velocity Hugoniot for PDMS at an initial density of 1.04 g/cm3.  The 
employed polymer is made and distributed by Dow Corning as Sylgard 184, and Marsh [9] and Fritz (not 
published) provide velocity Hugoniot data as plotted in Figure 7.  Notice the data appear to fall on two 
different straight-line segments shared by a transition region, as described by Cooper [10].  Observations 
of a change in slope of the Us(u) Hugoniot have been made previously by Carter and Marsh [11] for 
multiple polymers.  Since instantaneous shock velocities lie in the range from 2-3 mm/ s for the laser-
detonator data, the first line segment of data in Figure 7 corresponding to the lower-velocity 
measurements is used to describe the velocity Hugoniot for PDMS.  The resulting analytical equation 
corresponding to an initial sample density of 1.04 g/cm3 is given by 

uuU s 319.2184.1)( . (4) 

Figure 7. Experimental velocity Hugoniot data for Sylgard 184. 
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Table 1 contains the instantaneous shock and predicted particle velocities corresponding to the 
schlieren data included in Figure 4, where the shock velocities are calculated using the power-law 
expression included in Figure 6.  The momentum equation from the Rankine-Hugoniot relations [10] is 
utilized to predict the pressure immediately behind the shock front using the u-Us pairs in Table 1, where

suUp 0 . (5)

Since the calculated pressures are determined at different spatial locations in the lab frame, a spatial 
pressure profile is included in Figure 8 to demonstrate the temporal decay of the shock strength. 

Table 1. Calculated shock properties for laser-driven detonator output in PDMS. 

Visualization time 
( s) 

Shock velocity 
(mm/ s) 

Particle velocity 
(mm/ s) 

Shock pressure 
(GPa) 

0.51 2.54 0.585 1.55 
0.73 2.44 0.543 1.38 
0.95 2.37 0.513 1.27 
1.17 2.32 0.490 1.18 
1.39 2.28 0.471 1.11 
2.26 2.16 0.420 0.942 
2.48 2.14 0.410 0.911 
2.70 2.12 0.402 0.884 
2.92 2.10 0.394 0.859 
3.14 2.08 0.387 0.837 
3.36 2.07 0.380 0.816 
3.58 2.05 0.374 0.798 

Figure 8. Spatial profile of calculated shock pressure for laser-driven detonator output in PDMS. 

4 Conclusions

Though schlieren photography is a well-established method for visualizing shock waves, the 
application to explosive systems requires non-standard techniques for contending with unique and 
extreme aspects of the explosive subjects.  Technological advances in ultra-high speed multi-frame 
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imaging systems have significantly advanced the extension of schlieren diagnostics to detonator systems, 
while standard Hugoniot-type analyses remain valid for obtaining quantitative data from time-resolved 
visualization sequences.  The laser-backlit, ultra-high speed, multi-frame schlieren system developed at 
LANL is a robust and necessary tool for investigating multi-dimensional aspects of detonator-driven 
shock waves. 

Newly-developed detonators employing laser-drive initiation are investigated using the schlieren 
diagnostic to visualize the time-dependent geometry of the detonator-driven shocks in transparent media 
and to quantitatively measure instantaneous shock velocities and pressures.  Work is progressing to 
optimize an iterative numerical procedure for backing out pressure-time boundary conditions from time-
resolved schlieren recordings, as introduced in [4]. 
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ABSTRACT 
 
In the course of the update of NATO STANAG 4178 “Assessing the Quality of Nitrocellulose Deliveries 
from one NATO Nation to Another” a multinational round robin (RR) test on GPC of NC (nitrocellulose) 
was performed to ensure the formulation of an analytical sound procedure included in this NATO 
STANAG Ed.2 /1,2,3/. In addition to this interlaboratory proficiency test program some further investiga-
tions were conduced by us concerning two faster sample preparation methods and the use of a modern 
and efficient GPC. Four different NC with N content ranging from 11.7 to 13.55 mass-% have been used. 
These results are compared with the ones from the RR procedure. In this case the outcome was a good 
agreement between RR procedure using a 7 days dissolution time and two fast preparation methods. Sev-
eral drying methods for the water wet NC have been applied. A higher thermal impact in the drying pro-
cedure affects the mean molar masses. The thermal load during drying should be as low as possible in 
order to get the necessary maximum allowed water content, preferably of about 0.5 to 1 mass-%. In order 
to ensure a good data evaluation of the elugrams and to compensate for flow fluctuations toluene was 
used as internal standard. But toluene proved to be a not suitable substance for this purpose. Interactions 
between toluene and NC seem to influence the evaluation results.  
 
Finally the conclusion drawn is: Anyway of the behaviour of NC during residence in the solvent and with 
regard to other analytical parameters: To achieve good reproducibility the method should be performed as 
identical as possible in the ‘critical’ analytical points, which are: drying of NC, dissolution method, con-
centration in THF, injection volume, eluent flux, constancy of room temperature and especially of column 
and detector temperature, sufficient calibration points together with sufficient calibration range, suitable 
separation range of the columns and finally, however not the least: the correct evaluation method. Some 
of these points will be discussed in more detail.  
 

Keywords  GPC of NC, dissolution of NC, internal standard, molar mass distribution of NC, chroma-
togram evaluation 

 
 
1. INTRODUCTION 
 
In recent years combined efforts have been made to develop a modern instrumental method for the molar 
mass analysis of polymeric nitrocellulose (NC). Gel Permeation Chromatography (GPC), synonymously 
named Size Exclusion Chromatography (SEC), is a well established technique providing average molar 
mass data as Mn, Mw, Mz, polydispersity D and the molar mass distribution function (MMD). However, 
nitrocellulose is a very complex material with unusual solubility behaviour in common organic solvents 
and GPC analysis remains challenging. GPC is a method which can be performed with good to very good 
reproducibility within the same laboratory. To assess the reproducibility between laboratories in analysing 
NC a round robin test program was arranged by the discussion and working group (DWG) of the GPC 
method for NATO STANAG 4178 Ed. 2; see sections 7.2 and 7.3. Results from the round robin test are 
presented in /1/ and will be published in extension in a future paper. This paper presents further results 
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obtained at ICT in addition to its activities for the round robin test program, here also named add-on 
measurements.  
 
2. EXPERIMENTAL 
 
2.1 Material 
 
Four nitrocelluloses with nitrogen content from 11.7 to 13.55 mass-% have been provided by company 
Nitrochemie Wimmis AG, CH-3752 Wimmis, Switzerland, for the round robin program. Since the sam-
ples were phlegmatized with water for transport they were dried 24 hours in vacuum at 40°C. NC was 
dissolved in tetrahydrofurane (THF) which was also the eluent in gel permeation chromatography. The 
nitrogen contents in mass-% of the four NC samples are according to company NC Wimmis AG: 
NC-B1  13.55 mass-% 
NC-B2  12.71 mass-% 
NC-B3  11.69 mass-% 
NC-B4  12.15 mass-%. 
 
 
2.2 Analytical techniques 
 
Gel permeation chromatography was performed with instruments from the series 1100 of company 
Agilent including RI-detector Agilent 1100. The column set was assembled with two columns in series of 
type PLgel 10 μm Mixed-B, 7.5 mm in diameter and 300 mm long, nominal Mw-range between 500 and 
1E+7 g/mol (from Polymer Laboratories, now part of Varian Inc.). 10 narrowly distributed polystyrene 
standards were taken at a concentration of 0.1 mg/ml to calibrate the apparatus with peak molar masses 
Mp between 7500000 and 580 g/mol (EasiCalTM standards obtained from Polymer Laboratories, now part 
of Varian Inc.). As control sample to assure the proper functioning of the whole procedure a broad dis-
tributed polystyrene standard (NBS Standard Reference Material (SRM) 706, provided by the National 
Institute of Standards and Technology (NIST), Gaithersburg MD, USA; see Appendix section 7.1 for 
more information) was used. To reduce unnecessary variability in the method, the same type of columns 
and of the polystyrene standards have been provided by AWE, Aldermaston, UK for all participants, see 
Appendix sections 7.2 and 7.3. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Results of the round robin test procedure 
 
All data reported here are measured and obtained at ICT. The dissolving procedure for the round robin 
test was defined as follows: ‘Dissolving of NC in THF with a concentration of 1.5 mg per 1 ml solvent at 
room temperature, gentle shaking by hand each day, over a dissolving time of seven days. Each sample 
should be measured at least three times’. Figure 1 and Table 1 show the results from the round robin test 
procedure. With seven subsequent measurements the repeatability given as standard deviation was 1.2% 
for the broad standard NBS SRM 706 and 1.1% to 3.7% for the four nitrocelluloses.  
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Table 1. GPC-data (averages out of seven subsequent measurements) obtained with the GPC round 
robin test procedure (measured after 7 days of dissolving time). 

 
  NC-B1 NC-B2 NC-B3 NC-B4 NBS SRM 706

Mn [g/mol] 86279 111636 99352 115619 94215 
Mw [g/mol] 434373 613337 462985 526284 264439 
Mz [g/mol] 1861829 2353649 1796403 1934281 459512 
D = Mw/Mn 5.04 5.50 4.66 4.55 2.81 
Mp [g/mol] 173846 253814 195599 210430 208375 
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NC-B4

GPC round robin results

sample    N-content       Mw           Mp 
               [mass-%]    [kg/mol]    [kg/mol]
NC-B1      13.55           434          174 
NC-B2      12.71           613          254 
NC-B3      11.69           463          196 
NC-B4      12.15           526          210 

 
 

Figure 1.  Overlay of the molar mass distribution functions of the four NC analysed according to the 
GPC round robin test procedure.  

 
 
3.2 Residence time of NC in THF and the effects on the mean molar masses 
 
In earlier studies it was found that the residence time of NC in the solvent tetrahydrofurane (THF) can 
cause considerable changes in the mean molar mass of the NC /5, 6, 7, 8, 9/. The profile of the change 
was not always constant at the beginning /8/ but it was decreasing after three days of NC in solvent. So it 
was agreed that NC should be dissolved fully after a swelling and dissolving time of seven days.  
 
Because such a long sample preparation time makes a method somewhat cumbersome to use the question 
arose, if NC samples can be dissolved faster, which means to produce a measurable sample within one 
hour for a GPC-measurement at the same day. In /8/ no effects of different ways to dissolve NC were 
found. So for the first add-on measurement to the round robin tasks the NC samples were dissolved in 30 
minutes at 37°C to 39°C with the aid of a laboratory stirrer, agitating with about 400 rpm . This method is 
named ‘ICT-fast dissolution’ further on. These samples were measured directly after dissolving (“0 day”) 
and after an additional dissolving or residence time of 1, 2, 3, 5, 7 days. As a second method the NC sam-
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ples were dissolved within 24 h at room temperature. This is named ‘ICT-slow dissolution’. These sam-
ples were measured directly after dissolving (“1 day”) and after an additional dissolving or residence time 
of 2, 3, 5, 7 days. Each sample was measured three times. Table 2 and 3 show the data for Mn, Mw, Mz, 
D=Mw/Mn and Mp from these add-on measurement series. Figure 2 and 3 compare the mass-averaged 
mean molar masses Mw of the four nitrocelluloses over the seven days dissolving time. The values of 
mean molar masses of NC, shown for Mw in Figure 2 and 3, at the sequenced days do not change as 
much as in the former investigations /5, 6, 7, 8, 9/. Accepting this new result means that there is no need 
to wait seven days to begin with the GPC-measurement. Even if there would be such a difference as 
found in earlier investigations, it would allow applying the fast dissolution methods, as long as the same 
procedure is kept in all analyses. Consequently, the dissolution process of NC can be speeded up. NC can 
be dissolved and analysed within one day. It seems that the ICT-fast-dissolution produces values in better 
agreement with RR data, as can be seen by the summed up absolute deviations between average values 
and RR-values: 82% against 151% in case of ICT-slow-dissolution, see also section 7.4.3. The diagrams 
of the other quantities are presented in Appendix 7.4.

Table 2. GPC-data of the four NC samples dissolved faster than in the RR procedure: ICT–fast-
dissolution method (ICT FD), 30 minutes stirred at 37°C to 39°C. Samples measured im-
mediately (0d) and after 1, 2, 3, 5 and 7 days. All mean molar masses in g/mol. 

 

  0d fast 1d fast 2d fast 3d fast 5d fast 7d fast Av, fast 7d RR 
Diff 

Av-RR 
[%] 

STD
in fast

STD in 
fast 
[%] 

NC-B1 Mn 90887 96417 91422 88060 87947 88632 90561 86279 4.96 2943 3.25 
 Mw 430002 447657 432023 433001 418828 434203 432619 434373 0.4 8428 1.95 
 Mz 1507530 1592670 1586533 1634723 1594157 1615587 1588533 1861829 14.68 39749 2.5 
 D 4.74 4.65 4.73 4.94 4.77 4.90 4.79 5.04 4.96 0.1 2.09 
 Mp 197428 195963 188801 186029 179204 194594 190336 173846 9.49 6389 3.36 
             

NC-B2 Mn 116030 127476 112114 118266 114838 119972 118116 111636 5.8 4868 4.12 
 Mw 602227 622333 608938 601499 587021 601413 603905 613337 1.54 10526 1.74 
 Mz 2230820 2206960 2360223 2113347 2244450 2173990 2221632 2353649 5.61 75303 3.39 
 D 5.19 4.88 5.43 5.09 5.11 5.02 5.12 5.5 6.91 0.17 3.32 
 Mp 246767 254181 243239 252277 243198 248711 248062 253814 2.27 4168 1.68 
             

NC-B3 Mn 95973 100959 103629 99168 93731 99409 98812 99352 0.54 3219 3.26 
 Mw 441752 473073 453702 461541 440902 460214 455197 462985 1.68 11346 2.49 
 Mz 1625500 1778917 1618750 1688400 1645183 1727860 1680768 1796403 6.44 57845 3.44 
 D 4.60 4.69 4.38 4.65 4.70 4.63 4.61 4.66 1.07 0.11 2.39 
 Mp 191697 203415 197492 195963 187461 200421 196075 195599 0.24 5294 2.7 
                  

NC-B4 Mn 114458 111283 117131 114204 107212 119052 113890 115619 1.5 3851 3.38 
 Mw 526036 538459 530362 537281 514740 541050 531321 526284 0.96 8990 1.69 
 Mz 1881257 1874023 1934907 1870080 1860383 1839653 1876717 1934281 2.98 29150 1.55 
 D 4.60 4.84 4.53 4.72 4.81 4.55 4.67 4.55 2.64 0.12 2.57 
 Mp 229155 229117 220728 225740 220728 230862 226055 210430 7.43 4061 1.8 
          82.1   
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Mw, ICT-fast dissolution method
in comparison with the RR data
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Figure 2. Mw of the four NCs dissolved in 30 minutes at 37°C to 39°C with the aid of a laboratory 

stirrer. Each sample was measured at the same day (0d), then after 1, 2, 3, 5 and 7 days. 
Mw values do not change very much with further dissolving time up to seven days. The 
last column shows the mean molar masses Mw obtained with the round robin test method.  
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Table 2. GPC-data of the four NC samples being dissolved faster than in the RR procedure: ICT-
slow-dissolution method (ICT SD), 24 hours at room temperature. Samples measured af-
ter 1, 2, 3, 5 and 7 days. All mean molar masses in g/mol.  

 

  1d slow 2d slow 3d slow 5d slow 7d slow Av, slow 7d RR Diff Av-
RR [%] 

STD in 
slow

STD in 
slow [%]

NC-B1 Mn 87337 89525 92473 96416 95378 92226 86279 6.89 3428 3.72 
 Mw 426120 418691 432339 441326 438269 431349 434373 0.7 8197 1.9 
 Mz 1626587 1426617 1408753 1469600 1380673 1462446 1861829 21.45 87002 5.95 
 D 4.88 4.68 4.68 4.58 4.51 4.66 5.04 7.54 0.13 2.79 
 Mp 184320 187073 201459 200037 197032 193984 173846 11.58 6971 3.59 
            

NC-B2 Mn 119120 122808 129524 132229 130077 126752 111636 13.54 4951 3.91 
 Mw 606948 609738 613042 628998 620081 615761 613337 0.4 7940 1.29 
 Mz 2290793 2104703 2076390 2156577 2061793 2138051 2353649 9.16 82949 3.88 
 D 5.10 4.97 4.74 4.76 4.77 4.87 5.5 11.45 0.14 2.87 
 Mp 245974 258960 262781 264712 266728 259831 253814 2.37 7388 2.84 
            

NC-B3 Mn 99398 100155 104361 105803 105556 103055 99352 3.73 2731 2.65 
 Mw 434530 446783 456141 466203 460300 452792 462985 2.2 11109 2.45 
 Mz 1392480 1454797 1448347 1476863 1429640 1440425 1796403 19.82 28327 1.97 
 D 4.37 4.46 4.37 4.40 4.36 4.39 4.66 5.79 0.04 0.91 
 Mp 204464 207469 215265 220166 221826 213838 195599 9.32 6846 3.2 
            

NC-B4 Mn 114090 112771 119856 122097 117989 117361 115619 1.51 3488 2.97 
 Mw 506662 511385 532873 535868 536346 524627 526284 0.31 12883 2.46 
 Mz 1673103 1720140 1715087 1723937 1702767 1707007 1934281 11.75 18395 1.08 
 D 4.44 4.54 4.45 4.39 4.55 4.47 4.55 1.76 0.06 1.34 
 Mp 223375 220095 233580 235236 237006 229858 210430 9.23 6800 2.96 
         150.5   
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Mw, ICT slow dissolution method
in comparison with the RR data
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Figure 3. Mass averaged mean molar masses Mw of the four NCs dissolved in 24 hours at room 

temperature. Each sample was measured after 1. 2. 3. 5 and 7 days. The mean molar 
masses do not change very much with the further dissolving time up to seven days. The 
last column shows the mean molar masses Mw of the round robin test.  

 
3.3 The use of an internal standard when working with nitrocellulose 
 
The standard deviation was 1.5 to 2.5 % for the fast dissolution measurements and 1.3 to 2.5 % for the 
slow dissolution measurements. This means the intermediate precision over seven days was very good 
compared to usual values of up to 10% and more in GPC-measurements. But it can be improved further 
by the use of an internal standard as a flow marker indicating retention time or volume fluctuations. Af-
terwards it is used to correct the retention times with the GPC software. So a daily replicated calibration 
with narrowly distributed polystyrene standards is avoided, which is of advantage in such extended meas-
urement series.  
 
But when gaining data with the aid of an internal standard they differed noticeably from those calibrated 
with the nd-PS standards. This was surprising and could not be explained by common GPC error sources. 
An exact look on the elution diagrams revealed a remarkable fact in the use of toluene as internal stan-
dard. When NC is measured the peak maximum of the toluene peak is displaced by 0.05 ml to lower re-
tention volume and appearing at 19.02 ml instead at 19.07 ml. When measuring with the narrow or broad 
polystyrene standards again the retention volume of toluene resumes the former value of 19.07 ml. Be-
cause of this displacement with NC the toluene gives wrong flow marker data and the evaluation of the 
mean molar mass of NC is influenced. Figure 4 shows the shift of the toluene peak to 19.02 ml in using it 
with NC. The position of the toluene peak is at 19.07 ml in using only the polystyrene standards or run-
ning toluene alone. 
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Figure 4. Elugrams of NC and the toluene peak when toluene was added to the NC solution. The 

second picture shows a zoom of the toluene peak. It is shifted down to 19.02 ml with NC 
but appears at 19.07 ml with polystyrene samples.  
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Figure 5.  Flower of sulphur eluting with the system peak of THF when using two columns of type 

PLgel 10 μm MIXED-B in series.  



-349-

 
The displacement of the toluene peak occurs not together with polystyrene calibration material or with 
polystyrene as sample, neither when toluene in THF is injected alone. It only happens when toluene is 
used in NC solutions. This can be interpreted as interaction phenomena between NC and the used col-
umns or between toluene and NC. Another possibility is a contamination of NC co-eluting with toluene. 
A contamination coming from NC should elute also when no toluene is present. But in the samples with-
out the use of the internal standard there is no peak in the range of 19.02 ml. The determination of column 
plate numbers showed that toluene elutes with a broader peak when NC is present. This may be inter-
preted as peak impurity of toluene caused by NC, which means that there is a substance inside the NC 
eluting only with toluene or it is adsorbed by toluene. A further possibility would be nitration of toluene 
by weakly bonded nitrate ester groups of NC.  
 
In order to circumvent this effect some other substances were tried as internal standard. As alternative 
flow markers 2.6-di-tert-butyl-p-cresol (BHT) and flower of sulphur were chosen. But both of them are 
not suitable in combination with the used column set and the eluent THF, because BHT and flower of 
sulphur elute inside the system peak (solvent peaks), see Figure 5, and an uninfluenced elution time or 
elution volume of the flow marker cannot be achieved.  
 
 
3.4 Influence of the drying method  
 
The participants of the GPC round robin test on NC /1, 2/ have used different methods to dry the NC 
samples. In order to check, if method variations as in temperature, vacuum or circulating hot air have an 
influence on the mean molar masses, the NC samples were dried with three methods: 

•    24 hours at 40°C, vacuum drying cabinet with P2O5 
•      2 hours at 80°C, circulating air oven 
•      2 hours at 80°C, vacuum drying cabinet with P2O5 

To illustrate the great variety in drying the so-named thermal equivalent loads (TEL)*) of the methods 
applied have been calculated and compared here. The comparison is made with respect to an equivalent 
time at 40°C. Two hours at 80°C correspond to 162 h at 40°C, and two hours at 60°C reach the thermal 
equivalent load at 40°C after 18 h. The calculation of TEL data have been made with the generalized 
van’T Hoff rule*), tE = tT * F ^ ((TT - TE)/10))   with   TE = 40°C,  F = 3. 
 

*)  M.A. Bohn.  
Prediction of equivalent time-temperature loads for accelerated ageing to simulate preset in-storage ageing 
and time-temperature profile loads. 
Paper 78. pages 78-1 to 78-28 in Proceedings of the 40th International Annual Conference of ICT. June 23 
to 26. 2009. Karlsruhe. Germany. ISSN 0722-4087. Fraunhofer ICT. 

 
Table 5. Thermal equivalent loads (TEL) of the 80°C drying expressed as TEL time at 40°C. 2 

hours at 80°C correspond to 162 h at 40°C. 
 

drying temp. 
TT  [°C ] 

drying time 
tT  [h] 

TEL time at 
40°C to tE  [h] 

40 24 24 
80 2 162 
60 2 18 
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Table 6. Thermal equivalent loads of some time-temperature combinations with regard to the TEL 
time at 40°C 

 

24 h at 40°C corresponds in TEL to 
drying temp. 

TT [°C ] 
drying time 
tT  [h] at TT 

drying time 
tT  [min] at TT 

30 72  
40 (=TE) 24 (=tE)  

50 8  
60 2.7 162 
70 0.9 54 
80 0.3 18 
90 0.1 6 

100 0.033 2 
 
Table 7. Four NC-samples dried with three different methods. The mean molar mass Mw of the 

mild drying method 24 h at 40°C is always higher than Mw of the two methods using 
80°C.  

 

  drying method Mw D 
NC-B1 24 h - 40°C - vacuum oven 434373 5.04 

  2 h - 80°C - circul. air oven 401998 4.66 
  2 h - 80°C - vacuum oven 408476 4.88 

NC-B2 24 h - 40°C - vacuum oven 617602 5.53 
  2 h - 80°C - circul. air oven 577780 5.20 
  2 h - 80°C - vacuum oven 562307 5.33 

NC-B3 24 h - 40°C - vacuum oven 462985 4.66 
  2 h - 80°C - circul. air oven 421681 4.88 
  2 h - 80°C - vacuum oven 421528 4.86 

NC-B4 24 h - 40°C - vacuum oven 526284 4.55 
  2 h - 80°C - circul. air oven 501143 4.92 
  2 h - 80°C - vacuum oven 489573 4.87 

 
There was the concern that by drying at higher temperatures decomposition of NC molecules occur al-
ready in recognizable extend. Two effects are possible. First a normal chain scission, which would reduce 
the mean molar masses, especially Mw and Mz. But because the thermal decomposition of NC involves 
radical reactions, also a cross-linking between chains by radical recombination was seen as possible. This 
would explain the so-named pre-hump in the chromatogram, which was found by two RR participants. By 
cross-linking higher molar masses are created which can be beyond the high molecular exclusion limit of 
the column set and cause such pre-humps. As can be seen in Figure 6 no pre-peaks arise when NC is dried 
at higher temperatures. But the mass-averaged mean molar mass Mw decreases when as drying tempera-
ture 80°C was used instead of 40°C, see Table 7. 
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Figure 6. Three different drying methods used with NC-B1 and their influence on the RI-signal. 

There arise no pre-peaks by the use of drying methods with higher thermal load.  
 
 
3.5 Correct evaluation of the GPC elugram by properly setting of the baseline and  

the evaluation range
 
The correct baseline setting and subsequently the accurate fixing of the evaluation window are the essen-
tial part in data evaluation with any type of distribution functions and especially with GPC distributions. 
The Figure 7 illustrates these two steps. At first one has to establish the baseline of the whole chroma-
togram. The baseline is defined by the parts before the peak (small retention volumes corresponding to 
high molar masses) and after the complete elution of the chromatogram, means after the so-named solvent 
peaks (large retention volumes corresponding to small molar masses). In Figure 7 this is indicated with 
the sections marked as 1a and 1b. In these sections the baseline must be set, in Fig. 7 indicated as broken 
(dashed) horizontal line. The evaluation window is set in the limits 2a and 2b, whereby defined proce-
dures have to be followed also. The retention value at 2a is chosen at that point where the chromatogram 
has reached an offset from the baseline of 1 % of the maximum peak height. The retention value at 2b is 
chosen at such a corresponding molar mass value, which can be seen as still representing the polymeric 
character of the sample. With NC this is a value between 3000 and 4000 g/mol absolute. Because of the 
use of nd-PS, a nearby value of one of the low molecular mass standards is a convenient choice. 
 
To set the baseline at the positions 2a and 2b would be a very serious mistake in the evaluation of the 
chromatogram. This would ignore the low molecular mass parts in the distribution and especially Mn 
would be determined to high. This mistake will be even more pronounced in analysing aged NC material, 
because with ageing the number of molecules with low molar masses increases and such a baseline setting 
would severely truncate this increasing part in the MMD. 
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Figure 7. Illustration of the correct baseline setting and the determination of the evaluation window. 
The baseline is set in the sections 1a and 1b. Section 1b is situated definitely after the so-
named solvent peaks. The evaluation window is fixed at the positions 2a and 2b, whereby 
2b is taken always the same for the whole analyses series of NC. 

 
 

Figure 8. Expansion of Figure 7 for showing the important detail of the baseline construction. The 
baseline must be set in such a way to average the baseline noise on both sides, at 1a and 
1b. 
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An important technical point in constructing the baseline is shown in Figure 8. The baseline setting 
should, better must, average the baseline noise on both setting sites. To set the baseline accidentally at a 
top or at a minimum of a noise peak makes a pronounced difference especially for Mz but influences still 
significantly Mw. On the low molecular side this accidental setting influences mostly Mn. Also the start 
of the evaluation window must be made carefully in order to be in the middle of the noise, because there 
the same situation is encountered. Not much of the offered GPC software programs can handle these de-
mands automatically at time, so these technical adjustments must be made by hand of the operator him-
self. 
 
 
3.6 Recommendations for good GPC praxis 
 
  The temperature in the laboratory should be controlled and regulated to  2°C, at least to  3.  

    This will improve detector response because of reduced temperature fluctuations.  
  The column set and detector temperature must be kept constant very well; (  0.2°C). 
  The drying method for wet NC must exert a thermal load as low as possible; (in the STANAG will  

    be recommended: 60°C, 2h). 
  Protect the NC solutions against light, from the beginning of dissolution on. 
  In case of multi-detector instrumentation, ensure that no remixing occurs by detectors in series.  

    Best is to use only one concentration detector (UV or RI).  
  Be very careful in using internal standards for flow control. In analysing NC, the best is to use none. 

 
 
4. SUMMARY AND CONCLUSION 
 
To ensure the formulation of a sound procedure on GPC analysis of NC, which is to be included in the 
new edition of STANAG 4178 “Assessing the Quality of Nitrocellulose Deliveries from one NATO Na-
tion to Another” a multinational round robin test (RR) was agreed /1. 2. 3/. Beside the work for this inter-
laboratory proficiency test, ICT performed additional tasks.  
 
One point of consideration was to reduce the time of sample preparation. The draft GPC procedure de-
mands a dissolution time for NC of seven days in THF at room temperature with one gentle shaking per 
day. The observations so far collected have revealed that this might be necessary to get a sufficient solva-
tion of NC molecules and to breakdown NC aggregates. But seven days is a long time and quick response 
during NC manufacturing is impossible. So a fast dissolution method was looked for. Two fast methods 
have been tested and the outcome was that dissolution over 30 min at temperatures between 37 and 39°C 
and stirring with about 400 rpm is usable. This dissolution method gave the same data for the mean molar 
masses as the RR-method with dissolution over seven days.  
 
Anyway of the behaviour of NC during residence in the solvent or with regard to other analytical parame-
ters: To achieve good reproducibility the method should be performed as identical as possible in the 
‘critical’ analytical points. These are: drying of NC, dissolution method, concentration in THF, injection 
volume, eluent flux, constancy of room temperature and especially of column and detector temperature, 
sufficient calibration points together with sufficient calibration range, suitable separation range of the 
columns and finally the correct evaluation method.  
 
The use of an internal standard seems to be problematic. Toluene as internal standard shows a shift in 
retention time or volume in connection with NC, so it is not usable. Other tried substances have not 
matched with the column set used in the round robin but may work better in alternative configurations.  
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The use of higher drying temperatures, here 80°C against 40°C, means higher thermal impact. It has not 
produced pre-peaks but a decrease in mean molar mass. This means that the drying procedure needs stan-
dardization and should recommend temperatures as low as possible and no temperatures beyond 60°C 
should be used.  
 
5. ABBREVIATIONS 
 
STANAG Standardization Agreement 
RR round robin test, interlaboratory proficiency test, also used as laboratory performance 

evaluation (in GE: der Ringversuch, der Reihum-Test) 
 term creation by emotional connection to a bird migrating around, the migrating thrush, 

the ‘Turdus migratorius’, in US-EN called round robin or robin (in GE: die Wander-
drossel); ‘round robin’ has a lot of other meanings than performance testing, but all is in 
common the principle ‘going in a circle around’ (in GE: reihum). 

GPC Gel Permeation Chromatography, synonymous to SEC. 
SEC Size Exclusion Chromatography, synonymous to GPC. 
MMD  molar mass distribution function, a so-named normalized density distribution, the integral 

value is 1 (area normalization) 
Mn  number averaged mean molar mass; 

Mn is the mean molar mass averaged according to the mol numbers ni in the polymer 
fractions i (mol number weighing) in the MMD. 

Mw  mass averaged mean molar mass 
Mw is the mean molar mass averaged according to the mass of the polymer fraction i 
(mass weighing) in the MMD. 

Mz  z-averaged mean molar mass; 
Mz is the mean molar mass averaged according to the z-mass (z-weight) of the polymer 
fraction i (z weighing) in the MMD. 

D  polydispersity, D = Mw/Mn 
Mp  molar mass at peak of MMD 
NC  nitrocellulose (cellulose nitrate) 
THF  tetrahydrofurane 
BHT  butyl-hydroxy-toluene, butylated hydroxytoluene, 2.6-di-tert-butyl-4-methylphenol, an 

antioxidant 
P2O5  phosporous pentoxide, a strong drying agent 
PS  polystyrene standard 
nd-PS  narrowly distributed polystyrene standards 
SRM  standard reference material, a term used by NIST (former NBS) 
NBS  National Bureau of Standards, Washington DC, USA (transferred to NIST) 
NIST  National Institute of Standards and Technology, Gaithersburg, MD, USA 
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7. APPENDIX 
 
7.1 Data of NBS Standard Reference Material (SRM) 706 
 
NBS SRM 706 is an industrial polystyrene sample with broad molecular mass distribution. It is used as 
so-named broad standard for calibration purposes of GPC instrumentation. For this it was certified by 
former NBS (National Bureau of Standards). Washington DC 20234. USA. NBS was transformed 1988 to 
National Institute of Standards and Technology (NIST), Gaithersburg MD, USA. 
The Certificate on SRM 706 is from February 19. 1979. by Donald McIntyre. NBS. 
 
The data given in this certificate from 1979 are: 
The ‘mass averaged molar mass’. previously expressed as ‘weight averaged molecular weight’ 
Mw -light scattering [g/mol]   257800 ± 930 
Mw -sedimentation equilibrium (AUC) [g/mol] 288100 ± 9600 
 AUC: analytical ultracentrifuge 
 
Determined ratios of mean molecular masses based on fractionation:  Mz : Mw : Mn   2.9 : 2.1 : 1 
 
The Mn and Mz values are calculated from Mw data using the above ratios of the mean molar masses. 
The errors given for Mn and Mz are obtained with the ratios also. The average error was taken equal to 
maximum error. The standard deviations are so-named sample standard deviations obtained by several 
determinations. They contain not all possible errors. 

 Mw [g/mol] Mn [g/mol] Mz [g/mol] 
  Mn = Mw / 2.1 Mz = Mw*2.9/2.1 

From LS 257800 ± 930 122762 ± 443 356010 ± 1284 
From AUC 288100 ± 9600 137190 ± 4571 397852 ± 13257 
Average 272950 ± 9600 129976 ± 4571 376931 ± 13257 

 
Re-certification of NBS SRM 706 
Certificate from November 17. 2003. by Eric J. Amis, NIST, Gaithersburg MD, USA. 
Determinations are from September 1998 (report date) 
Mw -light scattering [g/mol]  287000 ± 6800 
 
 
7.2 Members of the discussion and working group (DWG) of the GPC method  

for NATO STANAG 4178 Ed. 2  
 
Paul Deacon, Alan Macdonald 
 AWE, Aldermaston, Reading, UK 
Phil Gill, Nathalie Mai 
 Cranfield University, Shrivenham, UK 
Manfred A. Bohn, Heike Pontius 
 Fraunhofer-ICT, Pfinztal-Berghausen, Germany 
Monique van Hulst, Wim de Klerk 
 TNO Defence, Security & Safety, Rijswijk, The Netherlands 
 
Publications on GPC-RR 
   ICT conference 2008:  P68 
   ICT conference 2009:  P81 
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Publications on in connection to GPC-RRs 
   ICT conference 2008:  P69. P70 
   ICT conference 2009:  P80 
 
 
7.3 GPC method in the round robin test defined by the GPC-DWG  
 
Sample Preparation: 

Drying conditions: 2 hours at 60 - 80°C (or an alternative from STANAG 4178 (Ed. 2) An-
nex C) 

   Solvent/Mobile Phase: THF stabilized with < 250 ppm BHT or non-stabilized *) 
   Nitrocellulose concentration: 1.5 mg/(ml THF) 
   Dissolution Time:  7 days, in light protected flasks 
   Standards for calibration: narrowly distributed polystyrene. EasiCal  PS-1, spatula A and B **) 
   For calibration check:  NBS SRM 706; polydisperse polystyrene standard 

Chromatographic Analysis 
Columns: 2 (in series) PLgelTM 10 m Mixed B, 300mm x 7.5mm, nominal M range 

between 500 and 10 000 000 g/mol **) 
    Column temperature:  35 °C 
    Mobile phase flow rate: 1.0 cm3 min-1 
    Sample injection volume: 100 μl 
    Replicate injections:  minimum 3 per sample vial 
 
**) from Polymer Laboratories. now part of Varian Inc.  
 
*) Remark on BHT
If non-stabilized THF is used, it is necessary to take care to avoid the danger by peroxides building-up in 
THF!  

BHT: Butyl-hydroxy-toluene, butylated hydroxytoluene; further it has a lot 
of brand names 
   2.6-di-tert-butyl-p-cresol (DBPC) 
   3.5-bis(1.1-dimethylethyl)-4-hydroxytoluene.  
   3.5-di-tert-butyl-4-hydroxytoluene (BHT) 
   2.6-di-tert-butyl-4-methylphenol. (BMP) 
   2.6-bis (1.1-dimethylethyl)-4-methylphenol  

The antioxidant BHT is used also as additive for food (E number E321), cosmetics and pharmaceuticals  
 
Data Evaluation 
For each injection, a baseline must first be set which fully encompasses the nitrocellulose peak. A region 
of flat baseline on either side of the nitrocellulose peak and eluting solvent artifacts shall be used.  
 
The ‘high molecular mass’ integration limit should be set at the point where the chromatogram reaches 
1% of the peak height (referenced to the baseline). 
The ‘low molecular mass’ integration limit shall be fixed to the retention time in the range of 3000 to 
4000 g/mol. For ease of operation the EasiCal  polystyrene standard with peak molecular mass Mp = 
2930 g/mol, present in the used lot, is taken in this special RR test. Other standard materials and values 
situated somewhat higher in value than 2930 g/mol can be used. For inter-laboratory check or comparison 
the same lot of standard materials should be used. 
Calibration check with broad polystyrene standard NBS SRM 706 has to be performed. 

CH3

(CH3)3(CH3)3 C C

OH
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For elugrams with fronting peaks no evaluation procedure is defined at moment. 
Fronting peaks may arise by insufficient solution of NC and/or by inadequate separation range of the col-
umn set used. If no experimental reason is found for the occurrence of the fronting peak, it is the best to 
exclude the fronting peak from the evaluation. 
 
 
 
 
7.4 Diagrams to compare the evaluation data between GPC-RR and ICT-dissolution methods 
 
7.4.1 Diagrams comparing the results of GPC-RR and ICT-fast-dissolution method 
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Figure A1. Comparison of Mn results from ICT-fast-dissolution method with RR-method. 
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Figure A2. Comparison of Mp (peak value) results from ICT-fast-dissolution method with RR-

method. 

Mz, ICT-fast dissolution method
in comparison with the RR data

1000000

1200000

1400000

1600000

1800000

2000000

2200000

2400000

2600000

0d fast   1d fast  2d fast 3d fast    5d fast 7d fast Av, fast 7d RR

dissolution / residence time

Mz [g/mol] NC-B1
NC-B2
NC-B3
NC-B4

fast dissolution
Average
fast diss.

RR data

NC-B2

NC-B4

NC-B1

NC-B3

 
Figure A3. Comparison of Mz results from ICT-fast-dissolution method with RR-method. 
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Figure A4. Comparison of D=Mw/Mn results from ICT-fast-dissolution method with RR-method. 
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7.4.2 Diagrams comparing the results of GPC-RR and ICT-slow-dissolution method 
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Figure A5. Comparison of Mn results from ICT-slow-dissolution method with RR-method. 
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Figure A6. Comparison of Mp (peak value) results from ICT-slow-dissolution method with RR-

method. 



-362-

 

Mz, ICT slow dissolution method
in comparison with the RR data

1000000

1200000

1400000

1600000

1800000

2000000

2200000

2400000

2600000

1d slow 2d slow 3d slow 5d slow 7d slow Av, slow 7d RR

dissolution / residence time

Mz [g/mol] NC-B1
NC-B2
NC-B3
NC-B4

RR dataAverage 
slow diss.slow dissolution

NC-B2

NC-B4

NC-B3

NC-B1

 
Figure A7. Comparison of Mz results from ICT-slow-dissolution method with RR-method. 
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Figure A8. Comparison of D=MW/Mn results from ICT-slow-dissolution method with RR-method. 
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7.4.3 Comparison of result deviations between GPC-RR and the ICT dissolution methods 
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Figure A9. Deviation of data obtained with the ICT methods from the RR data. Shown are the abso-

lute summed-up deviations in % for each property (Mn, Mw, …) divided by 4. 
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Figure A10. Deviation of data obtained with the ICT methods from the RR data. Shown are the abso-

lute summed-up deviations in % for each property (Mn, Mw, …). 
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New characterization of TATB by solid state NMR and surface technics

S. Quéré, P.Palmas, A. Forzy, E. Girard, L. Hairault

CEA Le Ripault, Monts, France

ABSTRACT

The Tri Amino TrinitritroBenzene (TATB) is the most insensible explosive compound and it has 
a detonation velocity close to 7650 m/s. For these reasons it is commonly employed in explosive 
compositions which are made by granulation with a binder and in some cases with other explo-
sive compounds.
This abstract describes a new way of physico-chemical characterization of TATB to determine 
different impurities which can be present on the surface or in the core of the particles. The knowl-
edge of the nature of impurities is very important in term of granulation ability of TATB.
First, we present developments carried out at the CEA Le Ripault in solid state NMR spectrosco-
py to determine the rate of residual water and ammonium chlorate (impurities resulting from the 
synthesis of TATB). The method is based on the measurement of 1H NMR spectra at the Magic 
Angle Spinning (fi gure 1). A one scan acquisition is made after a delay of 2400 s, followed by 
a single 90 degrees pulse. This spectrum is quantitative as it contains the NMR response of all 
protons of the sample belonging either to TATB, to any binder or to impurities. A second acquisi-
tion is made after a CPMG (Carr Purcell Meiboom Gill) pulse sequence synchronized with the 
sample MAS rotation. By optimizing the delay between 180 degrees pulses and the number of 
cycles, this sequence allows the selective observation of mobile components (small molecules 
and solvents) by eliminating the NMR signal of rigid protons (due to TATB and probe contribu-
tion). The comparison of both spectra, which acquisition carries on less than one hour, is the key 
for the determination of small molecule concentration in the material.

The second approach is based on the wettability of TATB. This technique permits to study the 
ability of TATB to be soaked by solvents with various polarities. The experiments are carried out 
with a tensiometer Kruss (model K12) and the surface energy of various TATB samples can be 
determine (fi gure 2).

We will discuss in this communication about the infl uence of purity rate on the surface and in the 
bulk of TATB on the granulation ability. Our investigations are based on different TATB samples 
containing various amounts of impurities.
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Figure 1: Measurement of 1H NMR spectra of TATB in the presence of Magic Angle Spinning 
after a single pulse and a CPMG pulse sequence.

Figure 2: Tensiometer.
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Smoke Countermeasures for Army in the Visual and Infrared 

 
K. Smit, A. Lee and M. Burridge 

 
Defence Science and Technology Organisation (DSTO) 

PO Box 1500, Edinburgh SA 5111 
Australia 

 
Abstract
Red phosphorus (RP) is readily oxidised when RP based pyrotechnic compositions combust, and 
this property is used to make effective smoke munitions and infrared (IR) countermeasures.  This 
paper describes the evaluation of red phosphorus based vehicle discharge smoke munitions that 
produce rapid image bleaching of IR imaging devices, as well as good obscuration in both the 
visual and infrared for the protection of Australian Army vehicles.  Results are presented for 66 
mm in-service rounds discharged from a main battle tank (MBT) and recovery vehicle, as well as 
the 76 mm variant discharged from a light armoured vehicle and MBT.  Results are also 
presented for a number of practice smoke grenades in 66 mm and 76 mm.   
 
Introduction 
Pyrotechnics are widely used as countermeasures to air-to-air heat seeking missiles, while in the 
land environment they can be used to defeat a range of anti-armour weapons. Anti-armour 
weapons are widely available and include visual line-of-sight, heat seeking, TV guided, laser 
designated, and wire guided line-of-sight missiles.  To counter these threats, and to create 
opportunity time for military vehicles or personnel to seek cover in an engagement, military 
vehicles often have the capability to generate or discharge smoke screens.  The vehicle 
discharged smoke round employed by Australia until the 1990s was based on hexachloroethane 
(HCE) / zinc combustion which results in the formation of zinc chloride, and other chlorinated 
products.  The zinc chloride is hygroscopic, and it absorbs moisture from the air to form dense 
white smoke.   In the late 1990s the capability of the Australian Army to employ vehicle 
discharged smoke grenades was temporarily halted due to occupational health and safety 
(OH&S) concerns with in-service HCE based smoke grenades.  This led to a series of trials 
initially by the Australian Defence Material Organisation (DMO), and subsequently by 
Australia’s Defence Science and Technology Organisation (DSTO), to choose a replacement 
smoke grenade for Australian Army vehicles 1-7.  The initial requirement was to have 76 mm 
smoke grenades available for overseas use on various vehicles as well as to provide the 
capability for a main battle tank (MBT).  More recently, 66 mm smoke grenades have also been 
trialled for a MBT and recovery vehicle. 
 
The new high performance obscurant grenades chosen for the Australian Army are based on red 
phosphorus (RP) pyrotechnic composition.  Unlike white phosphorus, RP composition will not 
spontaneously ignite upon exposure to air, and as a solid it is much less toxic than white 
phosphorus 1,8,9.  RP fuel combined with inorganic nitrates, such as potassium nitrate or caesium 
nitrate, as well as with binders, burn to produce phosphorus pentoxide (P2O5).  Phosphorus 
pentoxide rapidly hydrates in air with a very high yield factor 1-3,5-13

,
 to produce phosphorus 

acids, such as phosphoric acid (H3PO4).  The combustion of the pyrotechnic composition 
produces infrared (IR) emission (i.e. heat) and light, and the subsequent hydration of the 
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phosphorus pentoxide produces additional less intense IR emission.  The clouds of phosphorus 
acid droplets scatter light effectively, and are therefore white, and they also have high mass 
extinction coefficients in the infrared resulting in good absorption of infrared energy 1-3,5-7,13.  
Therefore unlike HCE smoke, RP smoke can obscure in both the mid-IR (3 – 5 m) and far-IR 
(8 – 14 m) wavelength bands. 
 
RP combustion products are not known to be significantly toxic when employed in the open air, 
however there is the potential for carbonaceous combustion products to be present from the 
combustion of plastic components in the smoke munitions 1. Therefore RP smoke exposure by 
personnel is prudently avoided, or suitable personal protection equipment worn 1,8.  Alternatives 
to red phosphorus smoke grenades are available for high performance obscurant protection 3,13.  
In particular, brass flake is employed in a number of vehicle discharged smoke munitions, 
particularly in France, as well as being available to the US Army 3,13.  Brass flake is a very 
effective far-IR obscurant, however while it can be very rapidly discharged, its duration of 
obscuration is often severely shortened by wind.  In addition there are significant personnel 
OH&S concerns, and substantial training range environmental limitations on the use of brass 
flake in Australia.  Other high performance obscurants include millimetre waveband chaff which 
address a region of the electromagnetic waveband in which pyrotechnic smokes are generally 
ineffective.  Research has been undertaken in the UK to combine mm chaff with both a brass 
flake and an RP payload 3. 
 
In addition to high performance smoke munitions, trials were also undertaken on practice smokes 
whose use is generally confined to visual obscuration and training 2,3,5-7.  These munitions were 
based on cinnamic acid condensation smoke, a hygroscopic potassium chloride obscurant, or 
dolomite dispersed obscurant powder.  RP smoke munitions have propensity to start grass fires, 
and where there is significant fire danger training smokes enable year round training to be 
undertaken. 
 
Experimental
Digital optical cameras and various thermal imagers were employed in the field trials at 
Puckapunyal Military Area, Vic, including an Inframetrics Model 610 and an AGEMA 900, each 
operating in the mid and far-IR.  The AGEMA used detectors cooled with Stirling cycle coolers, 
a twin indium antimonide serial scanning detector for the mid-IR, and a mercury cadmium 
telluride (MCT) detector in the far-IR operating independently and providing time-synchronous 
imagery of resolution 272 x 136 pixels.  Other thermal imagers included: AN/PAS-19 Thermal 
Weapons Sight (TWS) from Hughes Aircraft Company, Mahwah, NJ, USA operated in the mid-
IR with thermo-electrically cooled MCT sensor of 320 x 160 pixels; ThermaCAM S65 from 
FLIR Systems with a far-IR focal plane array with uncooled microbolometer 320 x 240 pixels; 
TISIGHT from Texas Instruments operating in the far-IR using an uncooled ferroelectric 
detector with a 328 x 245 staring array.  An image intensifier was employed for imagery in the 
near-infrared (NIR, 0.7 – 2 m)). 
 
The 76 mm munitions employed could be fired as one or two banks of four rounds, i.e. eight 
rounds in a full salvo, while the 66 mm rounds were could be fired in the one or two sets of six 
rounds each, i.e. twelve rounds for a full salvo.  A range of red phosphorus smoke munitions 
were used, as well as 76 mm training smoke rounds based on cinnamic, a potassium salt, or 
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dolomite powder, and 66 mm training smoke rounds based on dolomite powder.  The vehicles 
used included a light armoured vehicle and MBTs. 
 
Results and Discussion 
 
76 mm Smoke Munitions 
The 76 mm RP smoke munitions burst at about 2 s after firing, resulting in mid-air combustion 
of fast burning RP composition, and the dispersal of slow burning RP composition on the 
ground.  The obscuration produced by the discharge of full salvos of eight 76 mm RP smoke 
rounds is shown in Figures 1 - 4.  The rounds burst about 10 m above the ground, and burning 
RP composition and debris was scattered about 44 m from the vehicles over an arc of 
approximately 70 m in length.  Visual smoke obscuration was generally for about one minute or 
more depending upon wind conditions, and IR obscuration about half that.  When only a half 
salvo consisting of four RP rounds was discharged from one of the two smoke dischargers, the 
width of the smoke screen was approximately halved.   
 

 
 
Figure 1: Full salvo 76 mm RP smoke rounds at 4 and 10 s after discharge, in visual. 
 

 
 
Figure 2: Full salvo 76 mm RP smoke rounds2.5 and 7 s after discharge  in  mid-IR.  

 
The initial obscuration of the vehicles from thermal imagers is caused by radiant heat of 
pyrotechnic combustion, resulting in image bleaching, however some additional infrared 
emission results from the hydration of phosphorus pentoxide in the smoke.  At night the RP 
produces considerable radiance across the EO spectrum, as displayed by an image intensifier in 
Figure 4.  
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Figure 3: Full salvo 76 mm RP smoke rounds at 12 s after discharge in far-IR. 
 

Figure 4: Full salvo 76 mm RP smoke rounds at 5 s in image intensifier vision. 
 
Images from 76 mm training smokes are shown in Figures 5 – 7.  The cinnamic acid based 
training smoke, and the potassium salt based training smoke each take a number of seconds to 
develop dense visual smoke from ground burning smoke pots, and the visual smoke then persists 
for about a minute.  The 76 mm dolomite practice smoke however comprises only air bursts, 
simulating the RP round air bursts, and this does not generally obscure the vehicle.   
 

 
Figure 5: Full salvo 76 mm cinnamic acid based training smoke at 20 s after discharge. 
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Figure 6: Full salvo potassium salt based training smoke at 20 s after discharge. 

 
Figure 7: LAV discharging 76 mm dolomite practice rounds at:  3.0 s (left), and 7.0 s (right). 

 
66 mm Smoke Munitions 
The 66 mm RP smoke munitions burst about 1 s after discharge and some of the sequence of 
images are shown for the visual in Figures 8 - 10 below.  Similar obscuration times were 
achieved compared to the 76 mm RP, however the length of the smoke cloud for the full salvos 
of 12 rounds was wider. 
 

 
Figure 8: RP 66 mm smoke discharged from a MBT at 1.5, 2.0, 2.5 and 3.0 s after discharge.
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Figure 9:  RP 66 mm smoke discharged from a MBT at 10, 20, 50 and 60  s after discharge. 
 

  
 
Figure 10: A side-on camera view showing MBT discharging 66 mm smoke at right angle to the 
line of fire. 
 
A visual image and some corresponding infrared images of 66 mm smoke discharge are 
presented in Figure 11.  In addition, an image of 66 mm dolomite obscurant discharge in the far-
IR (Figure 12) shows that the dolomite powder is cooler than the surroundings and briefly 
obscures in the infrared.  Generally for training purposes it is recommended that the high 
performance RP smoke is employed, both in Australia and overseas.  However, Australia has 
regions of extreme wildfire danger, particularly in the Summer, therefore, where high wildfire 
danger occurs training can be undertaken using non-RP based dolomite practice smoke to 
simulate air bursts, or longer duration visually obscuring condensation smoke, or potassium salt 
based smoke, to simulate deployed smoke screens.   
 
It has been known for some time that RP produces toxic phosphine gas (PH3) during storage, and 
the minimization of phosphine gas formation has been a focus of significant collaborative 
activity which identified factors associated with phosphine formation, such as the presence of 
moisture and oxygen 9,11-21.  This may broadly be represented as:    P4  + H2O  + O2     H3PO4  
+  H3PO3  +  H3PO2  +  PH3 
 
For RP based munitions held in magazines for significant periods of time it is recommended that 
phosphine gas concentrations are monitored and that magazines are ventilated prior to entry.  
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Some manufacturers of RP use various techniques, such as micro encapsulation, to minimise 
degradation of the RP in munitions 18-21. 
 

 
 
Figure 11:  Discharge of RP smoke at 4 s after discharge.  Top left, visual; top right FLIR far-
IR, bottom left TWS far-IR, bottom right mid- IR. 
 

 
 
Figure 12: Far-IR image of vehicle firing 66 mm dolomite obscurant. 



-374-

 
Conclusion
 
The 66 mm and 76 mm RP smoke munitions tested can provide high performance protection for 
Australian Army vehicles in the visual to far-IR regions.  RP smoke is also recommended for 
Army training purposes in-country.  In regions of high fire danger there are also various training 
smokes available, and there should therefore be no impediment to employing vehicle discharged 
smoke obscurants all the year round for training.     
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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 is being undertaken to reduce future perchlorate 
use in incendiary compositions. This paper reports the burning rate and thermal properties of selected 
formulations based on aluminium and examines the incendiary effect on gun firing in 0.5” calibre 
ammunition. A number of the compositions had burning rates which were similar to that of the control 
composition but a similar performance was only observed for the aluminium-sodium nitrate composition. 

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). 

Burning rate and thermal analysis studies 
have been reported previously for the 
magnesium-aluminium alloy, barium nitrate and 
potassium perchlorate system [4] and for a range 
of compositions based on magnesium-
aluminium alloy, barium nitrate and either a 
second nitrate [5] or a sulphate [6]. This paper 
compares the burning rates and the thermal 
properties of compositions containing 
aluminium as the fuel. 

Experimental

Compositions 

Table 1 details a range of control 
compositions based on binary and ternary 
mixtures of 50% magnesium-aluminium alloy 
(to JAN-M-454), barium nitrate and potassium 
perchlorate.

The formulation details for the 
experimental compositions which contained 
aluminium (5 μm), barium nitrate and either a 
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second nitrate or a sulphate are given in Table 2. 
The nitrates of potassium, sodium and strontium 
were examined along with barium, calcium, 
potassium, sodium and strontium sulphate. 

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. 

DSC studies under ignition conditions 

DSC experiments were performed under 
ignition conditions on the compositions using a 
high temperature DSC fitted with a nisil heat 
flux plate developed for pyrotechnic studies [7].  

The measurements were made on 20 mg 
samples which were heated at 50 °C min-1 in 
2 cm tall quartz crucibles in an upward flowing 
argon atmosphere. 

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. 

Results and discussion 

Potassium perchlorate control compositions 

The burning rate plot for the control 
compositions containing 50% 
magnesium/aluminium alloy is shown in Figure 
1. The binary magnesium/aluminium alloy 
barium nitrate composition had the highest 
burning rate of around 9 mm s-1 but some batch 
to batch variation was observed for this 
formulation. The addition of potassium 
perchlorate caused a decrease in the burning rate 
of the compositions. The binary composition 
containing potassium perchlorate had a burning 
rate of around 2.5 mm s-1.

Aluminium compositions 

The burning rate plots for the 
compositions containing 50% aluminium barium 
nitrate and either potassium, sodium or 
strontium nitrate are shown in Figure 2. The 
binary aluminium-sodium nitrate composition 
failed to sustain combustion. For compositions 
containing potassium and sodium nitrates the 
burning rate was found to decrease as the 
amount of barium nitrate present decreased. The 
minimum burning rates were around 1 mm s-1

and 3 mm s-1 for potassium and sodium nitrate 
respectively. 

The burning rate curves for barium, 
calcium, potassium, sodium and strontium 
sulphate are shown in Figure 3. For potassium 
and sodium sulphate the burning rate decreased 
as the amount of sulphate increased and 
combustion was sustained up to the 20% level 
for potassium sulphate and 30% level for sodium 
sulphate. The burning rates at these points were 
5 mm s-1 and 7.5 mm s-1 for potassium and 
sodium sulphate compositions respectively. 

For barium sulphate an almost linear 
decrease in burning rate was observed; the 
burning rate of the binary aluminium-barium 
sulphate composition was around 6 mm s-1.
Strontium sulphate initially caused a reduction 
in the burning rate; further additions gave an 
increase in burning rate, which for the binary 
aluminium-sulphate composition was just 
greater than that of the binary aluminium-barium 
nitrate mixture. 
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An increase in burning rate was 
observed as the calcium sulphate content of the 
ternary compositions increased; the maximum 
burning rate observed for the binary aluminium-
calcium sulphate mix was around 15 mm s-1.

The ignition DSC curves for selected 
aluminium-barium nitrate-nitrate mixes are 
shown in Figures 4, 5 and 6. 

An endotherm at around 350 °C 
corresponding to the fusion of the oxidant was 
observed for the 50% aluminium-50% potassium 
nitrate composition. Some exothermic activity is 
apparent just before the aluminium fusion 
endotherm at 680 °C and then at around 860 °C. 
The ternary compositions containing 5% and 
15% potassium nitrate gave stronger exothermic 
reactions at 730°C, which were larger than that 
observed for a binary aluminium-barium nitrate 
composition. 

In addition to the fusion of the nitrate at 
335 °C and the aluminium at 680 °C the DSC 
curve of the binary 50% aluminium-50% sodium 
nitrate composition showed a broad endotherm 
before a strongly exothermic reaction which 
peaked at around 885 °C. The ternary 
composition containing 15% sodium nitrate 
increased the size of the exotherm associated 
with the reaction between aluminium and 
barium nitrate. 

For the 50% aluminium-50% strontium 
nitrate mix a complex pattern showing both endo 
and exothermic activity was observed. The 
fusion of the nitrate at 640 °C was followed by a 
reaction which is exothermic in nature; the 
fusion of the aluminium is superimposed on this 
peak.

A complex pattern of endotherms and 
exotherms was similarly observed for ternary 
compositions containing 5% or 15% strontium 
nitrate. The addition of 15% strontium nitrate 
reduced the exothermic activity, at 730 °C, 
associated with the aluminium-barium nitrate 
reaction.

These results suggest that the reactivity 
of the aluminium-nitrate compositions is 
influenced by the strong endothermic nature of 

the aluminium fusion. The addition of 15% 
potassium, sodium or strontium did not 
significantly reduce the temperature of the 
exotherm associated with a reaction between 
aluminium and barium nitrate mixtures and the 
addition of potassium and sodium nitrate at 
relatively low levels increased the size of the 
exotherm. 

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. Only the binary composition containing 
sodium nitrate gave a light output and duration 
approaching that of the control composition. The 
light levels given by the compositions 
containing the sulphates were all very low and 
of very short duration. 

Conclusions 

The burning rates of pyrotechnic 
formulations based on aluminium-barium nitrate 
and either potassium or sodium nitrate were 
found to decrease as the barium nitrate was 
replaced by the second nitrate. Substituting 
strontium nitrate had essentially no effect on the 
burning rate.  

Except for calcium sulphate the 
replacement of barium nitrate by a variety of 
sulphates resulted in a reduction in burning rate. 

Low level additions of the nitrates to 
aluminium-barium nitrate were found to 
influence the DSC curves obtained under 
ignition conditions but the binary aluminium-
nitrate compositions only showed strong 
exothermic activity at high temperatures. 

A number of the compositions had 
burning rates which were similar to that of the 
control composition but the gun firing trials 
showed that only aluminium-sodium nitrate 
produced a performance which was similar to 
the magnesium/aluminium alloy-barium nitrate-
potassium perchlorate composition. 
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Tables
Table 1 

Formulation details for magnesium-aluminium alloy, barium nitrate and potassium perchlorate 
compositions.

Aluminium                      
(%) 

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 - 50 

Table 2 
Formulation details for the aluminium, barium nitrate and nitrate or sulphate compositions. 

Aluminium                      
(%) 

Barium Nitrate               
(%) 

Nitrate or Sulphate         
(%) 

50 50 - 
50 45 5 
50 40 10 
50 35 15 
50 30 20 
50 20 30 
50 10 40 
50 - 50 
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Figure 1 
Burning rate plot for magnesium/aluminium alloy-barium nitrate-potassium perchlorate 
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Burning rate curves for aluminium-barium nitrate-nitrate compositions. 
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Figure 3 

Burning rate curve for aluminium-barium nitrate-sulphate compositions. 
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DSC curves for a range of aluminium-barium nitrate-potassium nitrate compositions. 
(Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon) 
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DSC curves for a range of aluminium-barium nitrate-sodium nitrate compositions. 
(Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon)
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DSC curves for a range of aluminium-barium nitrate-strontium nitrate compositions. 
(Sample mass, 20 mg; heating rate, 50 °C min-1; atmosphere, argon) 



-385-

50% Mg/Al alloy                    
40% Barium nitrate                 
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Figure 7 
Photographs showing the impact of the filled incendiary projectiles on the aluminium alloy 

target. 
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Mechanisms of Formation of Droplets in the Processes of Explosive 
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Hong Tao, Yao Wen, Shi Yi-na, Wang Pei, Qin Cheng-sen, Lou Jian-feng,  
Sun Hai-quan, Han Yong 

Institute of Applied Physics and Computational Mathematics 
P.O. Box. 8009, Beijing 100088, China 

ABSTRACT

    Theoretical and numerical simulations are made to study the formation process of an aerosol cloud 
dispersed by explosive. Dynamic motion of the dispersal setups are simulated, with the outer shell of 
paraffin and steel, respectively. The density, velocity and pressure distribution of the flow field driven by 
explosive detonation are given. Some analyses on aerosol’s motion characteristic are carried out 
according to the experimental and calculated results. Theoretical analyses are used to investigate the 
possibility of release phase transition in shocked aerosol liquid mediums, such as water and ethanol. 
Combining with numerical simulation and experimental results, it is deduced that there exist three 
possible mechanisms of initial droplet formation process of aerosol driven by explosive at the same time: 
the liquid jet instability mechanism, the mechanism of the stretch fragmentation and the instability of 
liquid film breakup mechanism. The processes of liquid jet instability and liquid spike breakup at 
nonlinear development stage of liquid film instability are analyzed and theoretical average diameter of 
initial droplet is derived. Based on the maximization of entropy generation, the droplet size distribution in 
sprays is determined on aerosol primary breakup process. 

1. Introduction 
Based on many research works by Buck(1959) Zabelka&Smith(1969) and Rosenblatt et al(1976)[1-3],

the process of liquid dispersal by explosive involves some interrelated regimes below: first, the detonation 
of the burster charge and the device shell’s breakup; then dynamic motion of  liquid as a continuous 
mass object driven by detonation products; afterwards the initial breakup of liquid into drops caused by 
gas-liquid interface instability, namely, the primary breakup of liquid annulus. In this regime, massive 
liquid mass deforms and breaks up to small liquid droplets caused by the explosive force. This regime is 
the origination of liquid atomization process, and it can offer initial conditions for the succeeding process 
of liquid secondary breakup. Then the liquid drop-gas interacts and the drops interact in the cloud 
expanding regime, namely, the secondary breakup of liquid droplet. In this regime, initial liquid drops 
further break up and atomize into secondary droplets caused by the aerodynamic force. 
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1-cushion material; 2-detonator; 3-explosive; 4-fuel; 5-bomb shell 
Fig.1 Schematic of aerosol device dispersed by explosive 

In 1990’s, the explosive dispersal process of a liquid into air was investigated by Gardner D R and 
Glass M W from Sandia national laboratory. Based on the relative magnitudes of the explosive and 
aerodynamic forces acting on the liquid fuel, Gardner (1990) considered that the process of explosive 
dispersal can be divided into three regimes: the ejection regime, the transition regime and the expansion 
regime. Usually, the ejection regime is called as the near-field regime and the expansion regime is called 
as the far-field regime [4].

For recently ten years, many research works on aerosol dispersal breakup mechanisms have been 
done, according to various applied background. For example, Cai Qingjun and Han Zhaoyuan et al. 
conducted a set of experiments to study on liquid dispersal mechanism by a laser scattering apparatus 
measurement. The experimental results show that the dominant reason of liquid ring breakup is caused by 
liquid interface instability [5]. At the same time, the width of the atomization region and the Sauter mean 
diameter of liquid drops are investigated for the process of the secondary breakup of liquid annular. The 
experimental liquid medium is anhydrous-ethanol [6].

Although the explosive dispersal process has been investigated widely, mechanism of droplet 
formation is still not solved completely. In this paper, the process of dynamic motion of the explosive 
dispersal devices is numerically simulated. The density, velocity and pressure distribution of the flow 
field are obtained. Analysis on the characteristics of aerosol’s motion is carried out by comparing the 
numerical results with experimental results. The mechanisms of formation of initial droplets for aerosol 
primary breakup are given. Theoretical prediction methods on initial droplet average diameter are 
established under different breakup mechanisms. 

2. The description of experimental devices 
Two kinds of explosive dispersal experiments are numerically simulated. Figure 1 gives a scheme 

used for the first kind of experimental device 1. The device shell is made of steel cylinder with a 1.5mm 
wall thickness, a length of 180mm and an outer diameter of 90mm. The liquid is water and its volume is 
about 1.0 liters. The explosive is Comp-B with a length of 120mm and a diameter of 20mm. 
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Another kind of experimental device is shown as figure 2 and figure 3. The height of liquid ring is 
40mm and the 8# detonator is used as dispersal explosive [7]. In calculation, the explosive is PETN. The 
upper and lower confinements of the dispersal device are the wall. The observation window is placed 
108-mm distance from the center of detonator. In two experimental devices, the liquid medium is in 
paraffin cylinder with 1mm wall thickness and an outer diameter of 150mm. In addition, there exists a 
cavum with 50mm diameter in the device shown as figure 3. 

Fig.2 Simplified model of explosive dispersal experimental device 2.1 

Fig.3 Simplified model of aerosol dispersal experimental device 2.2 

3. Numerical simulation results of explosive driven 
3.1 Numerical simulation method 

Two-dimensional axi-symmetrical elastic-plastic Euler code, MEPH2Y [8], is used for numerical 
simulation. Dimensional split algorithm is adopted, and the two-step Euler method is used in each 
direction. Young’s method is employed to deal with the interface in the mixing mesh. The material 
interface is determined by the mass fraction of the mixing mesh and eight neighbor mesh, and the 
interface is regarded as the slope line [8-9].
3.2 Simulation results of experimental device 1

Figure 4 shows the contour plots of the density, velocity and pressure distribution for the explosive 
driven device 1 at time 90 s. The liquid is divided into three regions according to the density of liquid: 
one is near the outer shell, and another is near the explosive products. These two layers are with higher 
density. The region between them is the lower density region. 
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Fig.4. simulation results of the density, radial velocity and pressure distribution 

3.3 Simulation results of experimental device 2 
Figure 5 shows the contour plots of the density, velocity and matter distribution for the explosive 

driven device 2.1 at time 250 s. As can be seen, the low density liquid, slender jet, discontinuous liquid 
and continuous liquid rings arrive at observation window successively. At 250 s, low density liquid 
which can be regarded as a small amount of droplets with the maximal velocity of 330m/s; the head 
velocity of the slender jet is 218m/s; the average density and the velocity of discontinuous liquid are 
about 0.7kg/cm3 and 95m/s; the width of the continuous liquid ring is 20mm, with the density 1g/cm3 and
the velocity 85 m/s. 

Fig.5 density, radial velocity and matter distribution at 250 s for experimental device 1 

Figure 6 shows the simulation results for experimental device 2.2. It is indicated from the results that, 
three distinct different regions are formed in the liquid by shock wave and rarefaction wave: low density 
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region with a small amount of droplets, jets region and inner continuous liquid annulus region. Also, the 
head velocity and the mass of the jet are both higher than those of tail. The continuous liquid rings near 
the lower rigid wall have higher velocity. At 450 s, the head velocity of the jet reaches 208m/s, and the 
tail velocity is 167m/s, and the middle of the jet is distinctly tensioned. The lower velocity of continuous 
liquid rings is 241m/s, and the minimal velocity is only 152m/s.  

An observed picture from the simulation results is shown that the head of jet is thick, the tail of the 
jet becomes thin, and the jet is ultimately tensioned to break up because of the velocity gradient. 
Observing from observe window, the continuous liquid ring undergoes a decelerating process. 

Fig.6 the simulated density, velocity and matter distribution at 450 s for experimental device 2.2 

4. Release phase transition in shocked liquid 
The liquid near the shell, after shocking, will confront the rarefaction wave from the free surface. 

Vaporization phenomenon is therefore probable to appear. Regardless of the effect of the shell, the critical 
shock pressure inducing the release phase transition can be obtained.  

The shocked temperature in medium is 
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where i , iP  are constants. 

The temperature on the isoentropic line is  
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If the isoentropic line originates from the Hugoniot state, then 

Hi PP 01 VVHHi                  (4) 

Figure 7 and figure 8 present the shock Hugoniot and the release path for water and ethanol, 
respectively. The release vaporization can be seen from the two figures. In addition, the shock pressure for 
release phase transition in water is determined from the shock loading and unloading paths as 2.12GPa. 
For ethanol, release path 1 represents the results from data from ref. 10 and release path 2 represents the 
results from data from ref. 11. 
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5. Breakup model of initial droplet 
It is shown that the droplet formation process exist three possible mechanisms in the experimental 

condition from calculation. The first one is the process of liquid jets formation, instability and breakup 
after the breaking of the outer shell. The second one is the nonlinear development of Rayleigh-Taylor 
instability nearby liquid-detonation products interface. The third one is the breakup process of two-layer 
liquid films caused by the reflected rarefaction waves after shock wave arriving at the shell. 

According to the experimental results, the first regime of primary breakup is characterized by liquid 
jet sprays. The model for the process of liquid jet instability and breakup is presented. A coupling motion 
equation of stretching liquid jet is established, which can be applied to study the effects of stretching and 
shear deformation, strain rate, viscosity, surface tension, aerodynamic resistance force and inertial force 
on jet instability. We discuss quantitatively main factors affecting on liquid jet instability. It is shown that 
there exists a critical wavelength of the surface disturbance, which causes the amplitude of the 
disturbance to become unstable and liquid jet to break up. Based on the breakup mechanism, theoretical 
average diameter of initial droplet is calculated [12-13].

Another regime of aerosol primary breakup is the process of expansion and breakup to liquid 
interface, which is characterized by the presence of radial prickle and spike. First, the outer interface of 
liquid annulus is unstable under decreasing velocity. As the results of Rayleigh-Taylor interface 
instability, air bubble and liquid spike are formed. The nonlinear development of liquid interface 
instability causes the stretch of spike to break up to liquid droplet. In this study, considering the effects on 
deceleration, drag force and surface tensile force, the model for the breakup process is presented. A head 
motion equation of liquid spike is established, and the tendency of nonlinear development of liquid spike 
is investigated. According to the minimum of free energy, the droplet average diameter for primary 
breakup process is formulated [14,15].

The model for the droplet size distribution in sprays is developed, based on a thermodynamic 
consistent concept, which is the maximization of entropy generation during the liquid primary breakup 
process. The set of equations are presented and the algorithm based on modified Newton-Raphson 
method with the second-order precision is implemented. A comparison between the model prediction and 
experimental data indicates that the predicted results are in satisfactory agreement with the measurements 
[16].

6. Conclusion 
The primary droplet formation process of an aerosol cloud dispersed by explosive is analyzed by 

numerical simulations. Analyses on aerosol’s motion characteristics are carried out according to the 
experimental and calculated results. Critical pressure of release phase transition in shocked aerosol liquid 
mediums, such as water and ethanol, is obtained. According to numerical simulation and experimental 
results, it is deduced that there exist three possible mechanisms of initial droplet formation process of 
aerosol driven by explosive at the same time: the liquid jet instability mechanism, the mechanism of the 
stretch of liquid to break up and the liquid film instability breakup mechanism. The processes of liquid jet 
instability and liquid spike breakup at nonlinear development stage of liquid interface instability are 
analyzed respectively. Theoretical average diameter of initial droplet is derived. Based on the 
maximization of entropy generation, the droplet size distribution in sprays is determined for aerosol 
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primary breakup process. The above results can be applied to simulating the subject field, concerning on 
the formation process of an aerosol cloud dispersed by explosive. 
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Generic Hardware for Explosive Ranking and Modeling and Simulation 

Anthony Di Stasio,Sanjeev Singh, Philip Samuels, Barry Fishburn US ARMY ARDEC, 
Picatinny, NJ 

Introduction:

One of the most difficult tasks for the Energetics division is the fine tuning of pristine energetic 
formulations for insertion in new shell bodies.  Since there is no current way to rank explosive 
performance and sensitivity in a generic fixture, each novel energetic must be tested in each end item for 
consideration.  This not only costs money with respect to extra loading and demil of rounds but testing as 
well.  Also, testing of IM explosives in end items is currently done to a confidence level of about 10%.  
There is no simple, cheap way of increasing this level to 90 or 95 without costly repeated testing of the 
end item.  The Generic Hardware (GH) designed by ARDEC engineers hopes to serve multiple platforms.  
First, in conjunction with DOE labs, improve the shock modeling needed to improve response to 
Fragment Impact testing.  Second, as a decision criteria for explosive formulation.  Finally, it will be used 
as a statistics tool for increasing the confidence level of explosive reactions to IM stimuli.  Items managed 
by PEO/AMMO are actively pursuing IM improvements, which almost universally require that the 
explosive be replaced with a less sensitive material. Previously, each end-item conducted its own 
evaluation of candidate explosives and the candidate list tended to be unique for each item.  This 
occurred, in part, because great activity in producing new explosive formulations in recent times has lead 
to increasing numbers of candidates.  Selecting an explosive has become a significant cost per item, as 
each team had to select candidates and create complete test programs on their own. Each team went 
through a learning curve.  Efficiencies can be gained by centralizing the testing and evaluation of 
explosives in such a way that developmental engineers from various items can readily choose candidates 
from a prescreened list that includes the data they need.    This new standardized testing will be compared 
to present day full scale engineering testing.  Analysis of these tests could eliminate the need for some full 
scale engineering tests   

The Generic Hardware fixture developed at ARDEC has some interesting capabilities with 
respect to explosive ranking as well as a modeling and simulation aide.  The fixture contains a replaceable 
impact plate in the front so any size shell wall or different metal can be inserted.  This serves the purpose 
of simulating individual end items for IM testing.  By varying the type of impact plate used, one can 
mimic the wall of traditional end items like artillery rounds and mortars.  The plate does not have to be 
material specific either.  Tests have been conducted using steel as well as aluminum.  The Generic 
Hardware fixture can be used to evaluate multiple materials as well.  It can be loaded with a pressed, Melt 
Cast or Cast Cure explosive, propellant or pyrotechnic.  Since IM testing requires projectile for the Bullet 
and Fragment Impact be aimed at main charges and booster charges, this hardware is a useful tool for 
analysis of both.  Also, testing requires projectile shots through packaging as well as bare items.  The 
generic Hardware allows for packaging materials to be used during testing.  Pieces of the packaging 
material can be placed directly in front of the impact plate to simulate a monopack design and then placed 
in a metal can to simulate an AMMO can, as is the case with 120mm mortars.  Testing has already been 
done simulating an 81 and 60mm mortar in packaging.  These results were compared to actual tests done 
on the mortar round and were almost identical.    

Modeling and Simulation: 

Modeling and simulation of Shock to Detonation transition has been going on for some time now 
however there have not been any ways to date to truly validate the models with explosives used by the 
Army/Navy.  While the results of the models are promising in some cases, the true accuracy of them has 
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come into question. The ARDEC Generic Hardware program means to alleviate this problem and serve as 
a solution.  The fixture contains stress gages both in the front and the back of the explosive to serve as 
pressure/timing devices, see Figure 2.  By analysis of the shock wave inside the fixture, one can interpret 
whether or not it might be possible to slightly alter the explosive if it is close to a SDT threshold.  
Pressure pins can also be used down the sides of the fixture to obtain shockwave travel times.  This is a 
useful tool when developing models  but also an aide in detonation velocity.  These diagnostics combined 
prove an invaluable tool in the validation of some of the current shock models being developed.  

Figure 1:  GH sketches 

Figure 2: GH and pressure gage 

Explosive Ranking and down-selection: 

When a replacement formulation is being sought out for a legacy item, COMP B, TNT, etc. there 
are multiple candidates that need to be evaluated.  Normally this is done using calculations and small 
scale testing which sometimes does not correlate well to the real world threats.  Each formulation is not 
tested in the actual end item due to cost and schedule.  This can be a very time consuming, costly process; 
specifically if the round in question is rather large or expensive to produce.  The Generic Hardware 
prototype designed for this purpose is a more inexpensive alternative to narrow down which candidates 
will perform well in the end item.  After using calculations and some initial lab scale testing to eliminate 
most of the candidates, the final 2-3 can be easily loaded into a Generic Hardware fixture and tested for 
reaction violence level in response to BI and FI.  It was designed as a worst case scenario for shock 
initiation and venting relief.  Most end items seeking IM status or improvement contain some type of 
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venting technology.  It has been noted that venting can be effective in mitigating a Bullet Impact threat.  
Although there is no venting built into the Generic Hardware, if a test item passes the BI test in the 
fixture, it will most likely perform well in any item of similar wall thickness that does contain venting.     

Using an impact plate congruent with the wall thickness of the end item allows the engineering 
group to do a quick, cheap assessment of the explosives reaction to BI and FI testing.  This can be used to 
eliminate the candidates that will be unsuccessful.  After re-formulating, the final candidate can be 
retested before procuring, loading and testing an end item.  This can significantly reduce lead time, 
repeated testing and wasted material.   

Statistical Analysis: 

Statistics has become a necessary part of any explosive development in the recent years.  The 
need for quality assurance and confidence in test results is paramount, specifically when talking about 
costly destructive testing.  On average, the IM response of end items are usually tested to a confidence 
level of about 10% before becoming cleared for use whereas some other items are tested to a level of 90% 
for initiation reliability.  The heavy cost burden of performing the required testing for 90% confidence is 
definitely a deterrent in most cases.  In order to attain a confidence level equal to the one used for 
initiation reliability, 22-25 tests must be performed on an end item.  This usually is not possible for 
various reasons.  The round in question is sometimes hard to procure.  In the past we have seen that some 
IM fills can not be loaded very well without trial and error efforts.  If the item contains a large amount of 
explosive, like an artillery shell, it might be impossible to make enough of the candidate explosive in the 
pilot scale.  The use of the Generic Hardware fixture for initial screening is a very good way of alleviating 
some if these problems.  It is a very simple design so there is no complexity in loading or machining the 
parts. It was designed as a representative volume for larger rounds so the test explosive only needs to be 
4-5 lbs.  Finally, the material selected for the construction of the Generic Hardware fixture was selected to 
be readily available as well as inexpensive.  

In an attempt to increase the confidence level with minimal cost, the initial Generic Hardware 
prototype has been redesigned for a cost effective IM analysis.  As with any new test simulate, the results 
must be verified.  ARDEC engineers are currently generating data sets using historical data, experimental 
data and operational data and comparing them to test results obtained using the Generic Hardware.  Some 
of the reactions that have been tested to date are: 

 Simulation of 60mm mortar loaded with PAX-195 to FI 
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Simulation of 60mm mortar loaded with PAX-195 to FI (cont.) 

Simulation of 81mm mortar loaded with PAX-195 to FI 
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Correlation testing is continuing on the M795 to generate a data set large enough to prove statistically that 
the responses are similar.  After the data set is generated, it will be analyzed for normality, then compared 
to results seen in the testing of the actual item.  To date, these tests have shown a very good 
correspondence to the tests that were conducted in the past.   

Path Forward:

 As we move towards new and more powerful materials for energetic components, all services 
will be looking for quicker, easier ways to test for IM effectiveness.  While nothing can replace formal IM 
testing, the Generic Hardware promises to provide very useful information at all stages of explosive 
development and implementation.   
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Comparison of Thermochemical Codes: 

CERV, CHEETAH, EKVI, EXPLO, ICT, NASA-CEA, REAL, THOR 

Ernst-Christian Koch1, Volker Weiser2, Rutger Webb3,
1)NATO-Munitions Safety Information Analysis Center (MSIAC), NATO HQ, Boulevard Leopold III, 1110 
Brussels, Belgium, Phone ++32 2 707 5630, e-c.koch@msiac.nato.int
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ABSTRACT 

This paper describes the results of a Round Robin Test [1] with the thermochemical codes CERV, 
CHEETAH, EKVI, EXPLO, ICT, NASA-CEA, REAL and THOR. It is the aim to highlight the 
different capabilities of the codes and thus to enable the user to choose the most suitable code for 
a certain problem. The results of the calculations, aimed at the equilibrium composition and adia-
batic temperatures of the below listed energetic formulations at assigned pressures, are presented 
and compared to the results of spectroscopic measurements.  

1. Blackpowder

� 75 wt-% Potassium nitrate 
� 15 wt-% Charcoal 
� 10 wt-% sulfur 

2. Magnesium/Teflon®/Viton® 

� 60 wt-% Magnesium 
� 25 wt-% Teflon® 
� 10 wt-% Viton® 

3. Red bengal 

� 60 wt-% Strontium nitrate 
� 10 wt-% Potassium chlorate 
�   5 wt-% Sulfur 
� 25 wt-% Charcoal 

4. Spectral flare 

� 60 wt-% Potassium perchlorate 
� 35 wt-% 3,5-Dinitrobenzoic acid 
�   5 wt-% Viton® 

5. Thermite

� 60 wt-% Tungsten(VI) oxide 
� 40 wt-% Aluminium 

6. M 30 propellant 

� 28.0 wt-% Nitrocellulose 
� 22.5 wt-% Nitroglycerine 
� 49.5 wt-% Nitroguanidine  
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THE AGEING STUDY OF COLOURED SMOKES 

M.K. Hihkiö, A-M.Salomäki 
Defence Forces Technical Research Centre (PVTT), Ylöjärvi, Finland 

ABSTRACT

The aim of this work was to develop a testing system that could be used to study the ageing of 
coloured smokes. Therefore such testing methods were selected which will give the information on 
both the decomposition and the stability of the smoke. The study was carried out at Defence Forces 
Technical Research Centre (PVTT) with three different coloured smokes from three different lots. The 
effect of ageing on coloured smokes - red, purple and yellow - was determined. The decomposition 
and the stability of the smokes was analysed before and after 6 years ageing. Natural ageing was done 
in a light structured magazine without humidity and temperature control. The formulation of the 
smoke was dye, potassium chlorate, lactose and talcum. 

Chemical and calorimetric techniques were used to find out the effect of ageing. These tech-
niques were the chloride-ion content and the dye content measurement in the compositions and the 
heat flow of the smoke. The chloride-ion, if present due to decomposition, was measured by titrating 
with silver nitrate and the dye content was analysed with 1H NMR-spectrometer. The stability of 
smokes was analysed using heat-flow calorimeter. 

In this preliminary study no effect of ageing was observed during 6 years on coloured smokes. 
The chloride-ion content and the dye content were same before and after natural ageing. The heat flow 
curves were also stable and only negligible heat was measured.  

1 INTRODUCTION 

The aim of this work at Defence Forces Technical Research Centre (PVTT) was to develop a 
testing system that could be used to study the ageing of coloured smokes. Therefore such testing me-
thods were selected which will give the information on both the decomposition and the stability of the 
smoke. Chemical and calorimetric techniques were used to find out the effect of ageing.  Natural age-
ing was done during six years in a light structured magazine without humidity and temperature con-
trol. The ageing of coloured smokes was done in the hand grenades. 

2 MATERIALS AND METHODS 

The effect of ageing on coloured smokes - red, purple and yellow - was determined. The de-
composition and stability of the smokes was analysed before and after 6 years ageing.  

2.1 SAMPLES 

The study was carried out with three different coloured smokes from three different lots. The 
samples were: 

Red 1 (-99), Red 2, (-02), Red 3 (-02) 
Purple 1 (-99), Purple 2 (-02), Purple 3 (-01) 
Yellow 1 (-99), Yellow 2 (-02), Yellow 3 (-02) 
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The formulation of the smoke was dye, potassium chlorate, lactose and talcum. The dye con-
tent (within 2 %) is approximately 40 %. In brackets is the production year of the smoke. The one lot 
of each type of smoke was from the year 1999, so they were three years old when first time analysed. 
For the test, one hand signal smoke grenade of every lot was dismantled and the composition (about 
200g) was extracted. 

2.2 TITRATION  

The effect of ageing was studied by titration method. In a new coloured smokes there isn’t 
chloride over the measuring limit. If chlorate reacts with other constituents of smoke during storage it 
decomposes to chloride.  

The chloride ion content is measured with potentiometric titration with standardised silver ni-
trate solution. The sample of coloured smoke was dissolved in warmed deionised water. The acidified 
solution was titrated with Mettler Toledo DL 53+- titrator using Mettler DM 141 combined silver elec-
trode.  

2.3 1H NMR-SPECTROMETER 

The dye content was determined with quantitative 1H NMR-spectroscopy by using 2,4,6-
trinitrotoluene (TNT) as an internal standard (Figure 1). All the samples were measured at least twice 
to be sure that deviations were within the limits. Measurements were made with Bruker AC 300 P and 
Bruker Avance 500 MHz NMR-spectrometers and solvent was deuterated chloroform with 1 % TMS. 
In the figure 1 is presented 1H NMR spectrum of red dye with TNT. 

Figure 1. 1H NMR spectrum of red dye with TNT. 
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2.4 HEAT- FLOW CALORIMETER 

Physical and chemical reactions involve temperature changes. Heat-flow calorimeter is based 
on the measurement of temperature changes. The results can be obtained either exothermic or endo-
thermic reactions. The temperature changes is recorded as microwatts per gram (heat flow is J/s) or 
joules per gram (heat formation). Heat-flow calorimeter is an isothermal method in which the envi-
ronment of the sample is kept at a stable temperature and the energy changes within the sample is 
measured. The measurements were done using 4-channel Thermometric 2277 TAM Microcalorimeter. 
In the figure 2 is the schematic picture of Microcalorimeter. 

Fig 2. Microcalorimeter. 

3 RESULTS 

3.1 CLORIDE ION CONTENT 

The chloride ion content of every samples was under the measuring limit of the method (<0.05 
p-%). The control samples were titrated with every sample series. 

So it may be concluded that there isn’t any sign of chlorate decomposition during storage. 

3.2 DYE CONTENT 

The dye content was not reduced during six years and there were no indications of any de-
composition of the dye molecules. Some deviation was detected due to in homogeneity of smoke paste 
but it was within the manufacturing limits.  
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3.3 MEASUREMETS WITH THE HEAT-FLOW CALORIMETER 

The heat-flow calorimeter was used to determine the stability of the samples by estimating the 
shape of the heat-flow curve and both the energy and the heat-flow at the end of the measurement. The 
measurements were done at 70 °C for seven days. The measurement temperature and the duration were 
choosing as a screening method and measurements were done before and after natural ageing.  

3.3.1 ANALYSIS OF THE SAMPLES WITH HEAT-FLOW CALORIMETER 

The results indicated that the curves of the heat flow were stable, and there was no sign of in-
creasing exothermic reaction. A visual examination of the samples showed that the external appear-
ance of the samples had not changed either. Table 1 show the heat released during a period of seven 
days at 70°C. The measurements were done 2002, 2006 and 2008. The results only from the year 2002 
and 2008 are show in the table 1 because no changes were seen in the year 2006. The heat flow results 
were from the end of measurements as also joules.  

Table1. The heat-flow and energy results of the measurements 

SAMPLE 2002 
μW/g 

2002 
J/g

2008 
μW/g 

2008 
J/g 

RED 1 0,7 1,6 1,0 1,4 
RED 2 0,8 1,6 1,6 2,1 
RED 3 0,3 0,7 1,3 1,5 
PURPLE 1 -0,4 0,2 0,01 0,1 
PURPLE 2 0,03 0,4 0,1 0,4 
PURPLE 3 -0,2 0.2 0,1 0,4 
YELLOW 1 0,3 0,4 -0,1 0,3 
YELLOW 2 0,4 0.6 -0,2 0,3 
YELLOW 3 0,3 0.4 -0,01 0,2 

The results presented in the table 1 show no differences between with the different coloured 
smokes or either before and after natural ageing. 

4 DISCUSSIONS 

The maximum storage age for coloured smoke grenades for Army Materiel Command own 
production were six years in Finland. The results show that no chemical changes were seen in this time 
although samples were store in a light structured magazine without humidity and temperature control. 
In the winter the average temperature has been -20 °C and in the summer 20 °C. Also the humidity has 
changed from very try to very humid. The results show also that the storage age is not too long in 
Finland because in the tests no chemical changes have seen for smokes at the age of between 6 and 9 
years. 
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Aging of 1,1’-(1,3-Diphenylene Dicarbonyl) bis 2-Methyl-

Aziridine (DynamarTM HX-752 of 3M) Bonding Agent 

Hadassah Aped, Abraham Shalom, Moshe Kivity 

Israel Military Industries, Plant 66, P. O. Box 1044, Ramat Hasharon 

 

Abstract 

 1,1’-(1,3-Diphenylene dicarbonyl) bis 2-methyl-aziridine is a bonding agent in composite 

propellant compositions. DynamarTM HX-752 is its trade name of 3M Company. As a bonding agent, it 

improves the bond between the oxidizer ammonium perchlorate (AP) and the organic binder HTPB, 

hence improving the mechanical properties of the propellant. 

 The shelf life of HX-752 at room temperature, according to 3M, is one week. The shelf 

life of HX-752 at the temperature of 0 F (or lower) is at least half a year, according to one reference, or 

a year, according to another reference. 

 In this work we studied the changes in the HX-752 molecule during aging, and the 

influence of the aging on the mechanical properties of the propellants. The study includes the use of 

HPLC, NMR and MS analytical methods. 

 We found that unaged HX-752 contains oxazoline (produced by rearrangement of the HX-

752 molecule), dimers of the original material, and some unidentified materials. After 30 days of aging 

at room temperature, the content of oxazoline was higher, at the expense of the unidentified materials, 

and the assay of HX-752 was a little bit lower. After 24 hours at 60 C, HX-752 turned to a bulk of 

brown fragile solid. 

   The mechanical properties of composite propellants, containing HX-752 that aged one 

year at -20 C, were similar to those containing unaged HX-752.  

 The mechanical properties of propellant compositions containing HX-752 that aged 4 

weeks in a closed container or 2 weeks in an open container, all of them at ambient temperature 

showed a decrease in the maximum stress and the modulus of the propellants. 

 The mechanical properties are not affected by the imine equivalent weight of HX-752, 

even if it was very high above the specification limit. 
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The Effect of High Temperature on the Friction Sensitivity of 

Composite Propellants  

Abraham Shalom, Hadassah Aped, Moshe Kivity  

Israel Military Industries, Plant 66, P. O. Box 1044, Ramat Hasharon 47100, Israel 

 
Abstract 

 Friction is the resistance to relative motion between two bodies in contact. There is no 

standard friction sensitivity test of energetic materials (explosives, propellants, pyrotechnic 

compositions).  One of the more common equipment for small-scale tests is the apparatus made by 

Julius Peters (Germany), according to the BAM method.  

 A positive reaction of the test is determined by the presence of ignition (flash or smoke), 

cracking, an explosion or sparking. The friction sensitivity level is determined by the highest energy 

level at which 6 negative results are obtained from 6 consecutive tests.  

 At high temperature, the friction sensitivity of energetic materials such as explosives is 

very high, and rises quickly as the temperature rises.  

 In this work we studied the effect of temperature on the friction sensitivity of HTPB/AP 

composite propellant (with or without aluminum powder as a metal fuel). The friction sensitivity of the 

propellants was tested at 20 C and 60 C. 

 The results show that the temperature only slightly affected the friction sensitivity of the 

tested propellant, especially those propellant compositions containing aluminum powder (the range of 

the results of the propellant compositions containing aluminum powder is 4.0 to 7.2 kg). The friction 

sensitivity of composite propellants without aluminum powder is higher at the temperature of 60 C, 

but the sensitivity is much lower than those of compositions containing aluminum (from 12.0 kg at 

20 C to 8.4 kg at 60 C for the composition not containing aluminum powder). 
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ABSTRACT

Iron oxalate was synthesized by controlled nucleation process involving addition of oxalic acid 
in the FeCl2.4H2O solution followed by separation and drying. The thermal decomposition and 
reduction of as-synthesized iron oxalate mixed with 2 micron aluminum and 10 micron silicon 
have been investigated. Decomposition and reduction experiments of the mixed iron oxalate 
sample were performed in a tubular quartz reactor at 500°C under reducing environment of 5 
vol% H2 and 95 vol% N2. Thermogravimetric analysis (TGA) and Differential Scanning Calor-
imetry (DSC) of the mixed iron oxalate sample were performed in a fl owing argon environment. 
The TGA results showed that the decomposition proceeds via two well-defi ned steps. The fi rst is 
attributed to complete dehydration and formation of anhydrous mixture of iron oxalate, alumi-
num, and silicon. The second step is the product of thermal decomposition of iron oxalate parti-
cles that are mixed with aluminum and silicon. 
The results revealed that the iron particles generated from the thermal decomposition and reduc-
tion of iron oxalate mixed with aluminum and silicon showed pyrophoric response in air and 
burn time in the range of 10-30 seconds. The transient temperatures generated by this material 
were approximately 900°C. It was also observed that iron oxalate mixed with aluminum and 
silicon showed pyrophoric response in air when heated in a tubular quartz reactor at 500°C in 
the presence of N2 only. Based on preliminary analysis, the α-iron is primarily responsible for 
pyrophoric reaction in air. However, the overall exothermic process is enhanced by the secondary 
thermite reactions between silicon and aluminum and the iron oxide which is the product of iron 
oxidation.
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EMC 3.8 - Energetic Materials Compendium -
A Tool for Research, Development & Design

Ernst-Christian Koch

EMC 3.8 - Energetic Materials Compendium - 

A Tool for Research, Development & Design 

Ernst-Christian Koch 

NATO -Munitions Safety Information Analysis Center (MSIAC), NATO-HQ, Boulevard Leopold III,                
B-1110 Brussels, Belgium, e-mail: e-c.koch@msiac.nato.int

ABSTRACT 

EMC, the Energetic Materials Compendium is a web-based application accessible via secure 
link from the NATO-MSIAC web. It allows for research on more than 1200 energetic 
materials such as 

� High explosives 
� Propellants 

o Gun Propellants 
o Rocket Propellants 

� Pyrotechnics 
� Chemical compounds 

EMC offers

� simple research on formulations and their properties/sensitivities. 
� engineering research with a certain number of property/sensitivity values to 

locate specific materials suitable for an intended application. 
� online calculations of property/safety values for selected density 

Energetic materials information includes 

� Formulation details (e.g. particle size distribution) 
� Processing details (e.g. pressing pressure) 
� Performance details (e.g. Gurney energy at density) 
� Sensitivity data and test descriptions (e.g. LSGT) 
� References (e.g. papers, patents, standards) 
� Points of Contacts (email, phone, fax, affiliation) 
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Deratives
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Computional Characterization of 1,1,1,4,4,4-Hexanitrobut-2-yne and its
Derivatives

Ernst-Christian Koch 
NATO Munitions Safety Information Analysis Center (MSIAC) 

Boulevard Leopold III, B-1110 Bruxelles 
e-c.koch@msiac.nato.int, Tel: ++32-2-707-5630 

ABSTRACT 

The molecular structure, density and thermochemical properties as well as detonation properties 
of 1,1,1,4,4,4-hexanitrobut-2-yne (1), and 3,3,3-trinitroprop-1-yne (2) are presented. 

Compound 1 is a new member [1] to the small family of nitrocarbons. It has a calculated density 
of 1.974 g cm-3 and a positive oxygen balance of  = + 19.7 %. The condensed phase enthalpy of 
formation is calculated to be 817 kJ mol-1. Thus the detonation velocity of Vdet= 9420 ms-1 and 
detonation pressure of Pdet = 41.5 GPa have been calculated. Compound 1 has D3 symmetry at 
the electron-correlated 2nd order Møller-Plesset level of theory. On grounds of electrostatic 
surface potential compound 1 should be much more insensitive towards impact than known 
compound 1,1,1,2,2,2-hexanitroethane. Possible synthetic approaches to compound 1 and 2 as 
well as attempts to synthesize derivatives of compound 2 are discussed. All ab initio calculations 
were performed using the Hyperchem 8.0 program package [2]. The calculation of the detonation 
parameters were performed with Cheetah 2.0 code [3].

Figure 1 Molecular Structure of 1,1,1,4,4,4-hexanitrobut-2-yne (1)
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ABSTRACT

Strobes are pyrotechnic compositions which have the property to burn in an oscillatory man-
ner. Indeed, the light intensity varies periodically as function of time and two phases alternate: a 
fl ash phase and a dark one. Such compositions have many applications in both military and civil 
fi elds (fi reworks, countermeasures, signaling). The chemical and physical mechanisms involved 
in the combustion of such compositions are however not well understood. Wassman and Krone 
(1975) were the fi rst to describe the strobing behaviour. They discovered various types of com-
positions and identifi ed compounds which improved the strobing behavior. Notwithstanding, the 
main contribution to the understanding of this phenomenon was brought by Shimizu (1982); He 
argued that at least two different reactions occur in strobe combustion: the dark reaction and the 
fl ash reaction. Shimizu studied both reactions separately and suggested that the triggering factor 
for the appearance of a fl ash was the temperature of the mixture. A recent study (Davies, 2008) 
elaborated a thermokinetic model in which the mechanisms involved in strobe combustion are 
described with a two-stage decay process. This model uses the Shimizu hypothesis. Neverthe-
less, a new parameter is introduced: intermediate species. They are defi ned as the gases produced 
during the dark reaction and are consumed in the fl ash reaction. Therefore, it is suggested that the 
concentration of those intermediate species are also a determinant factor in the appearance of a 
fl ash.
Those theories are only hypothesis and need to be checked. Many compositions, if they are well 
adjusted, can strobe and the mechanisms involved are still unclear: What is exactly the evolu-
tion of the temperature during the burning of a strobe? Is it the only triggering factor? What are 
the best reactants and how can we adjust them? And what are the products formed during the 
dark phases? Are they involved in the fl ash reaction? Some compounds act as catalyst, which are 
those species and why do they improve the strobing behavior? The temperature of the mixture 
is for sure an important parameter, therefore studies to measure the evolution of the temperature 
with time need to be performed. The formation of gas species during the dark phase is as well an 
important factor and the knowledge of those products could clarify the strobe mechanisms.
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ABSTRACT 

Data on the acute and/or long term toxicity of colored smokes appear to be scarce and inconsist-
ent. Therefore, we are performing a study to obtain more insight into this matter. For this purpose 
existing platforms for in vitro toxicity screening are evaluated with respect to their applicabil-
ity to determining the toxicity of colored smokes. The platforms chosen are CULTEX® using 
human lung cells (A549) or human keratinocytes (HaCat) in culture to study acute toxicity, and 
CULTEX® with an Ames module, using bacteria (Salmonella typhimurium), to study long term 
adverse effects. The tested colored smokes are green, yellow and red. 

Acute toxicity was determined as follows: the colored smoke grenade was ignited inside a venti-
lated bunker. Wells containing the lung cells and keratinocytes were placed in the vicinity of the 
grenade and were thus exposed to the colored smoke. Meanwhile the smoke was sampled in a 
gas sampling bag, the number of particles in the smoke was counted and the particle sizes were 
determined with an aerosol particle sizer. 
Next, the exposed cells were cultured and various parameters that are indicative of cell toxicity 
were measured. Also, other wells with lung cells and keratinocytes were exposed to the contents 
of the gas sampling bag using the CULTEX® system. The composition of the smoke collected 
in the gas sampling bag was determined using continuous two-dimensional gas chromatography 
combined with time-of-fl ight mass-spectrometry (GC*GC-Tof-MS). 

Long term toxicity was studied by exposing the bacteria in the CULTEX® Ames module to the 
contents of the gas sampling bag. Next, the bacteria were cultured on a medium which lacks an 
essential nutrient for these bacteria. Consequently, the bacteria cannot grow on this medium. 
However, mutagenic compounds will enable the bacteria to produce the essential nutrient, and 
therefore they will grow on this medium. 

The results obtained so far will be presented.
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ABSTRACT

Tungsten-based ammunition is generally considered to be less harmful and more environmen-
tally fi endly than ammunition based on depleted uranium. However, recent studies have shown 
severe health effects in rats after embedding fragments of weapons grade Tungsten/Nickel/Cobalt 
in their leg muscle tissue, Interestingly, Tungsten/Nickel/Iron did not produce adverse effects in 
rats. These fi ndings have raised questions on the safety of using Tungsten alloys. 
Tungsten–based ammunition is widely present within The Netherlands’ Armed Forces. A study 
is currently performed in which situations and conditions are identifi ed within the operational 
life-cycle of this type of ammunition where a risk for militairy personnel or the environment may 
occur. Also, these risks are evaluated and suggestions for their mitigation will be made. 
It will be possible to identify Tungsten alloys that are less harmful for man and environment, but 
it may well be that these are less effi cient as weapons. In order to screen new Tungsten alloys 
that could be used in weapons for toxicity, existing in vitro toxicity test are being evaluated for 
their predictive value.
The results obtained so far will be presented.
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ABSTRACT

With the shrinking commercial availability of lead azide in the US and environmental concerns 
relating to its toxicity, the Naval Surface Warfare Center at Indian Head, Maryland, in collabora-
tion with Pacifi c Scientifi c Energetic Materials Company, Chandler, Arizona, has undertaken an 
effort to develop a “drop in” lead azide replacement which is readily producible, stable, environ-
mentally “friendly,” and exhibits an output comparable with RD-1333 lead azide.  

This compound, copper (I) 5-nitrotetrazolate (or DBX-1), has been characterized and quali-
fi ed for Navy use under NAVSEA Instruction 8020.5C (which is similar, in relevant sections, to 
NATO AOP-7).  We are currently pursing the “type-qualifi cation” (i.e., qualifi cation in a device) 
of this compound in representative applications.

In our poster session paper, we will present details of the characteristics and performance of 
DBX-1 as well as the status of ongoing efforts to scale up the production process and type-quali-
fy DBX-1 in explosive devices. 
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ABSTRACT 

The current M274 2.75” Practice (Training) Rocket Warhead contains perchlorate-base smoke 
composition to generate flash and smoke signature on warhead impact. Concerning perchlorate’s potential 
human health and ecological impacts, a collaborative R&D effort led by the Armaments Research, 
Development and Engineering Center (ARDEC) was initiated to eliminate this material from the M274 
system, as a part of the Research, Development and Engineering Command (RDECOM) Ordnance 
Environmental Quality Technology (EQT) program. This effort was executed in two phases. In phase 1, 
two previously government developed perchlorate-free flash/smoke formulations were selected for 
warhead static performance test and evaluation against the baseline. The collaborative team down selected 
the ARDEC 604 formulation consisting of potassium nitrate pre-blend, aluminum and sulfur as the final 
replacement candidate at the conclusion of this phase based on the performance data. The selection was 
substantiated by the results from the bulk material burn characteristics test and USACHPPM’s health 
hazard assessment on the compositions. In phase 2, twenty-four each of the perchlorate-free and baseline 
M274 warheads were fabricated for firing with a MK66 rocket motor from a ground M261 light weight 
launcher to a distance of 6000 meters. The ballistic test results for the 604 formulation are satisfactory, 
meeting the M274 system performance requirements, under both day and night environments. This 
composition can be safely manufactured at the current M274 warhead production facility with no 
modifications to the existing line. It is stable and compatible to each of smoke tube cartridge assembly 
components. 

OBJECTIVE 
This project was to develop and 

demonstrate an environmentally benign, 
perchlorate-free flash/smoke composition for 
use in the M274 2.75” Practice Rocket Warhead. 

BACKGROUND 
The current M274 Practice Rocket 

Warhead uses the perchlorate-base composition 
in the smoke cartridge assembly to generate 
flash (night) and smoke (day) signature on 
impact to allow the pilot/gunner to mark the 
strike of the rocket. The practice warhead is to 
provide a ballistic match for the M151 high 
explosive (HE) warhead, firing from an aerial 
platform at targets on the ground (Figure 1). The 
smoke tube, as shown in the schematic warhead 
(Figure 2) contains 37-42 gms of loose mix 
comprised of 33% potassium perchlorate and 
67% aluminum.  

Perchlorate is highly soluble in water 

and easily leaches into groundwater through 
surface soil. It has been identified with a 
significant reversible pharmacological effect on 
human health through competitive inhibition of 
thyroid iodine transport. As a result, various 
perchlorate mitigation initiatives for pyrotechnic 
ordnances have been completed or are currently 
under way at various DoD laboratories to 
comply with the applicable federal and state 

Figure 1. M274 Training Rocket Warhead 
Firing from Aerial Platform 
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standards regulating the perchlorate level in 
drinking water. For an example, the ARDEC and 
ECBC perchlorate team has recently completed 
the development and implementation of the 
perchlorate-free M115A2 Ground Burst and 
M116A1 Hand Grenade Simulators under the 
EQT funding, eliminating up to 70% of the 
perchlorate released on Army training ranges. 
This effort has also led to the FY 2007 Secretary 
of Army Environmental Award. Other on-going 
perchlorate elimination programs are targeting 
the M117 Flash, M118 Illumination, and M119 
Whistling Booby-Trap Simulators, the M212 
Countermeasure flare, as well as the M126A1 
Red Star and the M195 Green Star Parachute 
Signal Flares. The M274 perchlorate elimination 
and aforementioned efforts will not only 
eliminate the potential risk to human health but 
also lead to significant cost reduction associated 
with the environmental issues. Equally 
importantly, the Army munitions production 
facilities and operational ranges will be able to 
remain available and sustainable to support our 
missions. 

DESCRIPTION OF  APPROACH/METHOD 
The program leveraged two previous 

RDECOM EQT efforts to identify the potential 
perchlorate-free flash/smoke compositions as 
replacements: the KNO3 Pre-
blend/Aluminum/Sulfur mix (604 mix) 
developed by ARDEC laboratory under the 
M115/M116 simulator perchlorate elimination 
program and the Strontium 
Nitrate/Aluminum/Magnalium mix developed 
during a two year study at ECBC laboratory on 
the perchlorate replacement for the M267/M274 
training smoke signature warheads. The ARDEC 
604 mix is comprised of 55% potassium nitrate 
pre-blend, 40% aluminum and 5% sulfur. This 
formulation was filed for a patent in July 2004: 
Perchlorate Free Flash Bang Compositions and 
Method Making Same for Pyrotechnic1. The 604 
mix features with a pre-blended oxidizer with a 
pH stabilizer and a free flow/anti-caking agent to 
enhance the mix homogeneity and shelf life. It is 
a fully energetic material qualified (EMQ) 
pyrotechnics in accordance with TB700-2 
(Department of Defense Ammunition and 
Explosives Hazard Classification Procedures) 
and NAVSEAINST 8020-5C (Qualification and 

Final Qualification Procedures for Navy 
Explosives). The ECBC mix is comprised of 
55% strontium nitrate, 35% aluminum and 10% 
magnalium. It was developed through multiple 
phases of static and dynamic testing in a M274 
prototype warhead configuration to optimize the 
flash output and sound level, as reported in the 
2.75” Rocket Non-Perchlorate Practice Warhead 
Project Overview2. This formulation has not 
been subjected to a full energetic material 
qualification after the study was completed. 

To achieve the program objective and 
mitigate the technical risk, a two-phase program 
was established. Phase I was to characterize the 
sound, light and smoke performance of each 
formulation in full-up warhead platform, tested 
under static environment at the current M274 
manufacture facility. Establishing the interim 
hazard classification data package and down 
selecting the formulation for ballistic system 
demonstration are part of efforts. Phase II was to 
demonstrate the full-up warhead ballistic 
performance with a rocket motor at a production 
lot acceptance test site. The perchlorate base 
warheads were used in both phases as baseline 
for comparison. In parallel, the U.S. Army 
Center for Health Promotion and Preventive 
Medicine (USACHPPM) conducted 
environmental health assessment including the 
fate-transport-effect (FTE) analysis to determine 
the human health and ecological impacts of the 
replacement formulations. The methodology is 
provided in the Toxicology Report (87-XE-
03N3-08) and Environmental Health 
Assessment (87-XE-03N3-PYRO 05-02), 
Pyrotechnic Perchlorate Elimination Program 

Figure 2. Smoke Tube Location in Schematic Warhead  
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for M274 2.75” Training Warheads, November 
20083.   

Phase I - Static 
The manufacture of replacement mix 

adopted the current production V-Blender 
mixing method for the perchlorate-base 
formulation. The normal mixing time is 16 
minutes for a 100 lb. batch. For this effort, a 10-
lb batch was made for each replacement to cover 
various tests in both phases. The potassium 
nitrate pre-blend was screened through a 020 
mesh. The strontium nitrate and magnalium 
were screened through a 200 mesh. The 604 mix 
components were added to the V-Blender in the 
order of aluminum, sulfur and potassium nitrate 
pre-blend. The ECBC mix components were 
added to the V-Blender in the order of 
aluminum, magnalium and strontium nitrate. 
When blending, it was decided there was a need 
to mix both of batches with a second 16-minute 
cycle, totaling 32 minutes each, to ensure 
homogeneity. 
           Prior to the smoke tube and warhead 
fabrication, the compatibility and burn 
characteristics tests on both replacement 
candidates were conducted at a warhead 
production facility to assess the manufacture 
safety, along with the interim hazard 
classification sensitivity data (IHC)4 that were 
established at ARDEC laboratory. The burn 
characteristics test was to determine the 
adequacy of the operational shielding around the 
composition loading hopper/funnel in the smoke 
tube loading line. The test consists of electric 
match ignition of 4 pounds of replacement 
mix in a loading funnel adjacent to one 
open and one closed smoke tube of the 
same composition. The burn rate was 
determined by observing how fast the reaction 
propagated through the tubes at ignition. Test 
stand personnel determined the violence of the 
reactions by comparing the flash, sound, 
propagation and fragmentation of the funnel 
produced during the event. The compatibility 
test protocol calls for a vacuum thermal stability 
test of each component as well as a 1:1 
component mixture within the smoke tube 
assembly per MIL-STD-650 Method 504.1.1 
and MIL-STD-286 Method 408.1.1. The 
materials were held at 100 °C for 48 hours to 

determine the amount of gas evolved for 
comparison with the pass/fail criteria. The 
compatibility test components include the new 
mix, aluminum smoke tube, unicellular 
polyethylene foam spacers, Hysol 0151 epoxy, 
A-A-113 Type I Class A tape, and L-T-100 
Type I tape.  

Due to limited warhead quantity 
required for this effort, the smoke tubes were 
hand loaded in the laboratory and then 
transferred to M274 production facility to build 
a sample group of 24 warheads for each 
replacement. The same quantity of control group 
was taken from the existing production 
inventory. For each sample group, 8 warheads 
were conditioned at ambient condition (70°F), 8 
at hot condition (150°F), and 8 at cold condition 
(-50°F). The static test was conducted at a M274 
production testing range using a pull-string to 
release a drop weight onto the nose cap of 
warhead. The test operator manually enabled 
firing pin prior to testing. Performance data 
collected includes photopic light output, peak 
sound level, and smoke visual observation.  
The static performance data along with the 
manufacture safety related information such as 
explosive sensitivities, component compatibility, 
and burn characteristics were used as the down-
selection criteria. In addition, the replacement 
material cost and the CHPPM Environmental 
Health Assessment are part of considerations for 
down selection.  

Phase II - ballistic 
 The Phase I pre-assembled smoke tubes 
(604 mix) were used to manufacture the 
warheads for ballistic test. To obtain an interim 
hazard classification for transportating the 
warheads to the ballistic test site, a 12-meter 
drop test was conducted on three (3) wooden 
shipping containers, each containing one (1) live 
perchlorate-free M274 warhead and three (3) 
WTU-1B inert warheads, in accordance with 
TB700-2. The rocket assembly to warhead and 
ballistic tests were performed at YPG, Arizona. 
The testing consists of ground launching the 
M274 warhead with a MK66 rocket motor from 
a M261 light weight launcher  (LWL) to a 
distance of approximately 6000 meters. The 
LWL was mounted on a locally-fabricated 
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pedestal mount. Tube No.1 was used to fire one 
round at a time. There were a total of 48 M274 
warheads tested with the 2.75” rocket: 24 each 
for the baseline (Serial No. 1 thru. 24) and the 
final candidate, ARDEC 604 mix (serial No. 25 
thru 48). For each formulation, 8 warheads were 
conditioned at ambient (70°F), 8 at hot (150°F), 
and 8 at cold (-50°F) temperatures.  Half of the 
testing was performed in daylight to observe the 
smoke output and half at night to observe the 
flash output. The radiographic inspection was 
performed prior to firing.  

RESULTS AND DISCUSSIONS 

Static Performance 
The M274 warheads were drop tested to  

determine functionality at impact and 
performance. The light, sound and smoke output 
were summarized in Table 1 on a relative basis. 
The peak sound level, integrated light vs. peak 
light, and observed smoke examples were 
illustrated in Figures 3, 4 and 5. The overall 
information suggests both the ARDEC 604 and 
ECBC mixes performed better in sound, peak 
light output and data consistency while slightly 
underperformed in smoke output comparing to 
the baseline formulation. Regardless of slight 
variation in smoke output among three sample 
groups, the white smoke cloud for each 
formulation was significant in signature, lasting 
approx. 7 seconds. The ECBC mix yielded the 
best in integrated light output due to the use of 
strontium nitrate.  

Table 1. Static Test Performance 
Factor Sub-factor Baseline ECBC Mix 604 Mix 

 Performance 

Sound Med/Choking High High 
Smoke High Low Medium 

Peak Light 
Varied from Low to 
High High Medium 

Integrated Light 
Varied from Low to 
High Medium Low 

Data Consistency 
High Standard 
Deviation

Low Standard 
Deviation

Low Standard 
Deviation

Figure 3. Static Test – Peak Sound 
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Integrated vs. Peak Light Output
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Figure 4. Static Test – Integrated Light vs. Peak Light 

Figure 5. Representative Smokes for the Baseline, ECBC and 604 Mixes 

The net explosive weight (NEW) of 
each replacement charged to the smoke tube was 
determined during this phase and found 
significantly less than that for the baseline: 25.7 
gms and 22.1 gms respectively for the ECBC 
and 604 formulations versus 40 gms for the 
perchlorate base. This will translate to a cost 
savings in the material cost.

Sensitivity/Interim Hazard Classification  
The sensitivity (BOE and ERL impact,

BAM and ABL friction, electrostatic discharge), 
thermal stability and small scale burn test data, 
summarized in Table 2, are established to 
acquire an interim hazard classification for 
transporting warheads to the ballistic test site. 
The test results suggest that both replacement 
mixes are slightly more sensitive than the 
baseline but less sensitive than RDX, Type 1, 
Class 25, one of the bench marks for explosive 
sensitivity assessment. Comparing the two 
replacements, the 604 formulation is more 
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impact sensitive while the ECBC formulation is 
more friction and ESD sensitive. However, the 
ECBC formulation failed the TB700-2 small 

scale burn test, suggesting it is a fast reaction, 
more violent pyrotechnics. 

Table 2. Sensitivity Data 
Factor Sub-factor Baseline ECBC Mix 604 Mix 

IHC
Sensitivity 

BOE Impact, MIL-STD-1751A  0/10 reacted  2/10 reacted  5/10 reacted 

ERL Impact (50%), MIL-STD-
1751A 

No reaction @100 
cm in 10 trials 

No reaction @ 100 
cm in 10 trials 67.1 cm (50%) 

BAM Friction, MIL-STD-
1751A 

No reaction @ 
360N in 10 trials 

No reaction @ 
216N in 10 trials 

No reaction @ 
360N in 10 trials 

ABL Friction, TB700-2 0 @1800 psi in 20 
trials

0 @130 psi in 20 
trials

0 @180 psi in 20 
trials

ESD, MIL-STD-1751A 0 @ 0.25j in 20 
trials

0 @ 0.063j in 20 
trials

0 @ 0.25 j in 20 
trials

Thermal Stability, TB700-2 Not Available Pass Pass 

Small Scale Burn, TB700-2 Not Available Fail/Explosion Pass 

Burn Characteristics 
The formulation was tested in the funnel 

to simulate the loading operations at a warhead 
production facility. Approximately 4 pounds of 
composition is charged into the steel tube 
loading hopper inside the welded aluminum 
barricade. In addition, an open tube and a sealed 
(closed) tube were placed next to the funnel to 
simulate tubes on the assembly line. Engineers 
ignited the formulation in the funnel and 
recorded the reaction. The results including the 
witness photos on the baseline, ECBC and 604 

mixes were summarized in Table 3 and 
described in a test report6. It was observed that 
the ARDEC 604 reacted the least of all three 
compositions in this test, noted by a less violent 
reaction with propagation to only the open tube 
and large fragmentation pieces of the funnel. 
The ECBC mix yielded the fastest burn rate with 
the tubes burning violently during funnel blast, 
leaving a crater. The observed sound and flash 
patterns of the baseline and 604 mixes were 
comparable but more moderate than the ECBC 
mix.

Table 3. Burn Characteristics Test Summary 
  Baseline Mix ECBC Mix 604 Mix 

 Observed
 Burn Rate
 (Violence) 

Violent deflagration.  
Ranked 2nd fastest of  
the 3 compositions. 

Violent deflagration.  
Very fast. Ranked  
fastest of the 3  
compositions 

Violent deflagration.  
Ranked 3rd fastest of  
the 3 compositions 

 Observed
 Flash 

Medium duration  
bright white flash. 

Very short duration  
bright white flash with a  
slight orange yellow  
tint. Created blue spot  
in vision. 

Medium duration  
bright white flash. 

 Observed
 Report (sound) 

Loud medium  
duration report. 

Loud short duration  
report.

Loud medium  
duration report. 
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Table 3. Burn Characteristics Test Summary (continued) 

Compatibility
The reactivity (compatibility) data based 

on the vacuum thermal stability test method for 
the replacement mixes, components and 1:1 
mixtures within the smoke tube assembly are 

listed in Table 4. The left column describes the 
samples and the right column provides the 
amount of gas released. 

Table 4. Compatibility Test Data Summary 
Sample Description  Outgas, ml/g  
1. ECBC Mix  0.01  
2. 604 Mix 0.07  
3. Smoke Tube Aluminum Components  0.14  
4. Unicellular Polyethylene Foam Spacers  1.97  
5. Hysol 0151 Epoxy  0.71  
6. A-A-113 Type I Class A Tape  0.15  
7. L-T-100 Type I Tape  0.15  
1 and 3  1:1 Mixture -0.10   
2 and 3  1:1 Mixture -0.06 
1 and 4  1:1 Mixture 0.14 
2 and 4  1:1 Mixture 0.07 
1 and 5  1:1 Mixture -0.4  
2 and 5  1:1 Mixture -0.29   
1 and 6  1:1 Mixture -0.21 
2 and 6  1:1 Mixture -0.18 
1 and 7  1:1 Mixture -0.22 
2 and 7  1:1 Mixture -0.17  

Propagation to only the 
open tube. Burned for 
approximately 2 
seconds after funnel 
blast.

Propagation to both 
tubes. Tubes burned 
violently during funnel 
blast leaving a crater. 

Propagation to both 
tubes. Visibly burning 
for less than one second 
after funnel blast. 

Propagation to 
Smoke Tubes 

Thin wall steel funnel 
broken into large sized 
fragments with rounded 
edges. PVC cradle 
intact.

Thin wall steel funnel 
broken into medium 
sized fragments with 
jagged edges. PVC 
cradle shattered. 

Thick wall steel funnel 
driven into ground and 
distorted from blast. 

Fragmentation 
of Funnel and 
Test Stand
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The outgas results were compared with 
the pass/fail criteria below. Data show that all 
test materials listed above are deemed  

compatible for both replacement mixes 
according to military specifications. 

             Extent of Reactivity Excess Gas, ml Degree of Reactivity

                   0.0-3.0                                                           Compatible 
                   3.0-5.0                                                           Marginally Compatible 
                   5.0 & Above                                                  Incompatible 

Ballistic Performance                                           
The static performance data suggest 

both the ECBC and ARDEC 604 formulations 
are acceptable alternatives to the current 
perchlorate based formulation based on the 
flash, sound and smoke outputs. The bulk 
material burn characteristics test and small scale 
test results provide a deciding factor to conduct 
the ballistic test with the 604 formulation 
because manufacture safety is one of the major 
concerns to the current M274 warhead 
production facility. A 12-meter drop test was 
conducted to assure the 604 mix’s safety for 
transportation. This test consists of three (3) 
wooden shipping containers, each containing 
one (1) live 604-based M274 warhead and three 
(3) WTU-1B inert warheads, in accordance with 
TB700-2.  The result, as provided in a test report 
(NTS Drop Test Report N002976)7, shows that 
no fire or explosion hazard was produced from 
impact at each of three orientations: nose down, 
base down, and horizon flat down.  

MIL-W-70467 states that the M274  
must fulfill the following requirements during  

ballistic test: 

  a. Provide a visible signature at impact  
  b. Functional reliability of >93.7% when fired    
     with MK66 rocket motors at 6000 meters 

During ballistic test, the downrange 
viewers were positioned to observe the warhead 
function. The observation on a relative basis was 
summarized in Table 5. All of the warheads 
(100%) functioned upon ground impact in the 
same general area and passed the test at hot, cold 
and ambient conditions, as shown in Table 6. It 
was also found that the visibility of smoke from 
round to round was affected by the warhead 
impact location (bush area or open ground) and 
the degree of diving into the ground. In 
summary, the warheads with the 604 mix met all 
performance requirements as outlined in MIL-
W-70467 and yielded a comparable performance 
to the baseline. A ballistic firing report (No. 09-
EDT-0019-L5)8 was provided by YPG.

Table 5. Ballistic Test Field Observation Summary 
Factor Sub-Factor Baseline 604 Mix

Performance Sound Medium Medium to High

Smoke Medium Medium

Light Medium Medium to High

                                             Table 6. Ballistic Test Round by Round Data 

Round
No.

Time 
of
Firing

Elevation
(mils)  

Temperature 
Conditioning
(°F)

Tube
Type
Rocket
Warhead

Warhead
Pass/Fail

1  0508  225  70  1  Baseline Pass  
25  0509  225  70  1  604 Mix Pass
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2  0512  225  70  1  Baseline  Pass  
26  0514  225  70  1  604 Mix  Pass  
3  0536  225  70  1  Baseline  Pass  
27  0537  225  70  1  604 Mix  Pass  
4  0539  225  70  1  Baseline  Pass  
28  0540  225  70  1  604 Mix  Pass  
5  0653  225  70  1  Baseline  Pass  
29  0655  225  70  1  604 Mix  Pass
6  0656  225  70  1  Baseline  Pass  
30  0657  225  70  1  604 Mix  Pass  
7  0716  225  70  1  Baseline  Pass  
31  0718  225  70  1  604 Mix  Pass
8  0719  225  70  1  Baseline  Pass  
32  0721  225  70  1  604 Mix  Pass  
9 0517  225  150  1  Baseline  Pass  
33  0518  225  150  1  604 Mix  Pass  
10  0521  225  150  1  Baseline  Pass  
34  0522  225  150  1  604 Mix  Pass  
11  0543  225  150  1  Baseline  Pass  
35  0544  225  150  1  604 Mix  Pass
12  0547  225  150  1  Baseline  Pass  
36  0548  225  150  1  604 Mix  Pass  
13  0700  225  150  1  Baseline  Pass  
37  0702  225  150  1  604 Mix  Pass  
14  0704  225  150  1  Baseline  Pass  
38  0706  225  150  1  604 Mix  Pass  
15  0723  225  150  1  Baseline  Pass  
39  0725  225  150  1  604 Mix  Pass  
16  0727  225  150  1  Baseline  Pass  
40  0728  225  150  1  604 Mix  Pass  
17  0525  225  -50  1  Baseline  Pass  
41  0527  225  -50  1  604 Mix  Pass
18  0529  225  -50  1  Baseline  Pass  
42  0531  225  -50  1  604 Mix  Pass  
19  0552  225  -50  1  Baseline  Pass  
43  0553  225  -50  1  604 Mix  Pass  
20  0555  225  -50  1  Baseline  Pass  
44  0556  225  -50  1  604 Mix  Pass  
21  0708  225  -50  1  Baseline  Pass  
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45  0710  225  -50  1  604 Mix  Pass
22  0712  225  -50  1  Baseline  Pass  
46  0714  225  -50  1  604 Mix  Pass  
23  0731  225  -50  1  Baseline  Pass  
47  0732  225  -50  1  604 Mix  Pass  
24  0735  225  -50  1  Baseline Pass
48  0736  225  -50  1   604 Mix Pass  

ENVIRONMENTAL/HEALTH 
ASSESSMENT

To assure the environmental quality of 
new smoke charge formulation, the 
USACHPPM conducted the environmental 
health assessment, including the fate-transport-
effect analysis, on the M274 2.75” Practice 
Warhead with the 604 formulation. The 
assessment was provided in the Toxicology 
Report (87-XE-03N3-08) and Environmental 
Health Assessment (87-XE-03N3-PYRO 05-02), 
Pyrotechnic Perchlorate Elimination Program 
for M274 2.75” Practice Warheads, November 
20083.   
  The report suggests there are no 
significant environmental health issues 
regarding the use of 604 formulation. Given the 
available evidence, it is suspected that the health 
risks from exposures to the composition and its 
combustion products are relatively low. As a 
result, the CHPPM recommends: 

a. Monitoring the ecology of the firing 
range in the target area for signs of 
environmental overload. Periodic 
moving of the impact area within the 
range would help reduce any potential 
environmental overload. 

b. Proceeding the 604 formulation to 
implementation in the M274 rocket 
warhead. 

CONCLUSIONS
The ARDEC 604 formulation meets all 

ballistic performance requirements, specifically 
in visible signature and functional reliability
under both day and night environments. This 
composition can be safely manufactured at the 
current M274 warhead production facility with 
no modifications to the existing line. The load 

weight of 604 composition in the smoke tube is 
significantly less than that for the baseline and 
thus this will lead to a reduction in production 
material cost. The composition is stable and 
compatible to each of the smoke tube cartridge 
assembly components. The USACHPPM 
assessment suggests that there is no significant 
environmental health impact regarding the use 
of 604 composition. In addition, this effort will 
reduce the amount of perchlorate exposed to the 
Army training ranges and manufacturing site by 
approx. one ton per year based on an estimated 
usage rate of 150,000 per year. In light of the 
significance in eliminating the potential risk to 
human health and cost reduction associated with 
the perchlorate’s environmental issue, it is 
recommended that the US Army Joint Attack 
Munition Systems (JAMS) Project Office 
consider the 604 formulation to be an acceptable 
alternative to the current perchlorate counterpart. 
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ABSTRACT

Chemical analysis is an important tool to obtain a better understanding of the different lifecycle 
stages of munition. It starts with the analysis of the raw products needed for production and/or 
the end-products before assembling the article. The next step is the analysis of the different com-
ponents during the lifecycle of the article. Due to ageing (temperature, humidity, shock, vibra-
tion) changes can take place such as degradation and oxidation. This may have infl uence on the 
performance of the article and should therefore be closely followed. The last step is the environ-
mental impact after functioning of the article. Un-reacted energetic material can be thrown into 
the environment during functioning of the article. Some of these materials are migrating through 
the ground, others stay in the top-layer of the soil, some materials are degrading and others are 
not. With the energetic materials, also reaction-products will end-up in the environment, in soil, 
water, sediment or air.

For performing these analysis, TNO Defence, Security and Safety in Rijswijk uses various tech-
niques namely;  Gas and Liquid Chromatography
    Element Analyzer 
    Scanning Electron Microscopy with micro-analysis
    X-ray diffraction
    Fourier-Transform InfraRed spectroscopy. 
    Karl Fischer water analysis

Gas and liquid chromatography are used for the determination of the presence of impurities, of 
the concentration and possible as identifi cation of soluble materials. This technique can be used 
for samples during all the lifecycle steps, from raw material to environmental impact.
A special mode in liquid chromatography is size-exclusion chromatography, which is a technique 
used for polymers analysis, which is based on the separation on the hydrodynamic volume of the 
polymer chains. After calibration of the separation mechanism with for example polystyrene, will 
provide a value for molecular weight and a molecular weight distribution relative to polystyrene. 
It should be kept in mind the hydrodynamic volume of nitrocellulose is not only due to the chain 
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length; also the nitration degree is infl uencing this volume.

An average value for the nitration degree of nitrocellulose samples can e.g. be obtained with an 
elemental analyzer. Here the ratio of nitrogen, oxygen, hydrogen and sulfur can be obtained. The 
sample has to be pure to obtain an accurate average value. This means this technique is suitable 
to use for classifying pure raw materials and to compare aged and un-aged nitrocellulose.

Scanning electron microscopy with micro-analysis can be used to visualize materials and ana-
lyze the elemental composition and particle size/shape. This technique can also be used for all 
the steps during the lifecycle for raw material such as aluminum, which burning characteristics 
are depending on the shape and size of the material. The following step in the lifecycle, possible 
cracking or other visual changes due to degradation can be revealed with SEM and at the end of 
the life cycle where the products are emitted to the environment. 

Information from previous mentioned technique, namely micro-analysis can be used as input for 
the identifi cation of the crystalline molecules with X-ray diffraction. This technique can make 
a large contribution during all lifecycle steps for determination/characterization of crystalline 
molecules. The ageing for example can be identifi ed by the oxidation processes of the crystalline 
molecules.

Infrared spectroscopy is a technique which can be used to analyze the structure of a molecule. 
However, the more different types of molecules, the more complex the spectra and the more 
diffi cult it will be to subtract the right information from it. There are different modes in which 
IR can be measured, namely absorption, transmission and refl ection. This last mode can be 
performed with attenuated total refl ection (ATR) accessory.  Due to the different accessories it 
is possible to analyze materials in gas-phase (use of a gas cell), liquid-phase (use of liquid cell 
or ATR), powder (KBr-tablet or ATR) and none grindable non-dissolvable solid-phase materials 
such as polymer bond materials (ATR). 
  
Karl Fischer calorimetric titration is a technique to obtain information on the water content in the 
sample. This technique is not providing direct answers on the material; however this informa-
tion can help to indentify future problems causing faster ageing of the materials. This means the 
technique is used in general during the fi rst two steps of the lifecycle of materials.
At TNO this technique is combined with an oven unit to be able to analyze the water content in 
solid material by extracting the water. This will provide a more accurate and precise water con-
tent in comparison with the extraction followed by titration.

All of these techniques, except the element analyzer and Karl Fischer, can be used during the 
complete lifecycle of the materials. Every technique has it own pros and cons. As long as these 
limitations are recognized and the information from all of these techniques are combined, where 
possible, with chemical analyses, right answers and predictions on the safety and environmental 
impact can be provided.
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ABSTRACT

Enhancement of gun performance can be obtained by increasing the propellant loading density or 
the energy content of the propellant. Serious consequences of these options are diffi culties with 
regard to ignition and to gun barrel wear. Application of co-layered propellants is a good alterna-
tive, since with proper burning properties of the two layers both an increased muzzle velocity 
and a decreased gas temperature can be obtained. Many investigations focus on co-layered pro-
pellant disks, which may only be ignited by ETC-ignition. The manufacture of co-layered sheet 
propellant is labour-intensive and diffi cult. Co-extrusion of co-layered propellants is a good alter-
native and offers a wide range of possible applications. Both non-, single-, and multi-perforated 
propellants can be produced by extrusion processes. These types of co-extruded propellants have 
superior properties with respect to erosivity and performance. Co-extruded propellants are there-
fore well suitable for use in direct-fi re systems, for the upgrading of munitions of conventional 
howitzers, and for other systems. Besides, other possibilities are offered like the improvement of 
the ignition of diffi cult-to-ignite LOVA propellants, or the release of wear reducing agents shortly 
after ignition. Co-extrusion may also be advantageous for several other pyrotechnic systems, like 
gas generators and illuminating systems. In this study co-layered propellants were successfully 
manufactured by co-extrusion and tested by means of closed vessel tests.
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ABSTRACT

The problem of materials stability has two complementary sides: the testing of the materials 
and the model to predict the stability out of the testing results. Generally speaking, the materials 
degrade by chemical decomposition due to change of environmental parameters: temperature, 
pH, or relative humidity. Polymers used as binders, such as cellulose and polyacrylonitrile, that 
serve as a matrix for energetic fi llers may show fatigue, due to similar factors. The prediction of 
life-time is done by investigating the effect of these environmental thermodynamic factors on the 
material, and developing appropriate models to make predictions. The models used for predicting 
the material stability are based on the kinetic analysis of the material decomposition. The identi-
fi cation of the proper reaction paths and the calculation of the kinetic parameters allows further 
to write the model of material behaviour in time, under various profi les of the environmental 
parameters.
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