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The 47t International Pyrotechnics Society Seminar
Albuquerque, New Mexico, USA, July 14-18, 2024

PREFACE

We would like to welcome you to the 47th International Pyrotechnics Society Seminar in
Albuquerque, New Mexico. The IPSUSA Seminar will be held outside of Colorado for only the
second time in its history, after being previously held in Colorado Springs in 2022. We are thrilled
to welcome this year’s keynote speaker, Mr. Mike Siirila, Chief Engineer, Estes Energetics who
will present on the Modernization of Black Power Production. We will also host an invited talks
from Troy A. Gardner, PE, CSP, the Testing & Classifications Manager at Safety Management
Services who will help to kick off the day on Tuesday. In addition, more than 50 informative oral
presentations and 10 posters with attendees from 14 countries will populate the highly
productive week-long event.

We would like to briefly introduce ourselves. Mr. Noah Lieb has spent 19 years working with
Jensen Hughes in support of multiple Department of Defense research and development
programs, specializing in evaluating safer alternatives for regulated, hazardous and toxic
materials used throughout synthesis, production, use and training with pyrotechnics, propellants
and explosive formulations.

Ms. Cathleen Freeman has spent 17 Years working in the field of pyrotechnic research and
development for the United States Army at Picatinny Arsenal. Areas of research include
formulation and prototype design development for pyrotechnic systems, including hand-held
signals, pyrotechnic fuze delays, smoke grenades, countermeasure flares, flash compositions,
tracers, primers and primer ignition systems, and more. She has worked on test analysis method
development, mixing and dispending manufacturing technology, and in more recent years the
advancement of remote operation and automated manufacturing in a reactive material
environment.

Both of us are thankful for the mentorship provided by Dr. Gregory D. Knowlton, Dr. Zac
Doorenbos, Chris Csernica, and Dr. Anthony Shaw as we organized this meeting.

The Frank Carver Bursary (FCB) is being awarded this year. This award is funded by the Frank
Carver Bursary Fund, a charity that was established following the financial success of the 14th
Seminar in Jersey, Channel Islands, UK. It provides financial assistance so that the winning
applicant(s) can attend and present at the seminar. This year’s FCB is awarded to Declan H.
Williams from Qinetic. The paper is titled “The Challenges of Moving from Batch to Flow for the
Synthesis of HMX and 2,4,6- Trinitroethylbenzene (TNEB)”.



The Bernie Douda Young Scientist Award is awarded annually to recognize one scientist under 40
presenting research at an IPS seminar. This year’s Young Scientist Award is presented to Ryosuke
Omori of Yokohama National University. The paper is titled “Combustion Characteristics of
Energetic lonic Liquids using an Electrolysis Ignition Combustor”.

We thank Dr. Zac Doorenbos for assembling the proceedings this year. And, we would like to
remind our attendees that the Proceedings of the 47th IPS Seminar will be made available to
members via the Society’s website at http://www.intpyrosoc.org. Additionally, the proceedings
of previous IPS Seminars are archived on that website and are available to members. We strongly
encourage you to become a member of the International Pyrotechnics Society.

The organizers of this seminar and the host sponsoring organization, IPSUSA Seminars, Inc., wish
to acknowledge the indispensable contributions made by Linda C. Crouse, our seminar
coordinator. Linda’s expertise in the planning, organization, and logistics of the seminar have
been critical to its enduring success for many years.

On behalf of IPSUSA Seminars, Inc., we thank the presenters, authors, and attendees for
achieving the IPS goal of sharing scientific and technical information throughout the international
energetic materials community. We sincerely hope that you have an enjoyable and memorable
week in Albuquerque.

Mr. Noah Lieb Ms. Cathleen Freeman
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TITLE: BLACK POWDER IGNITIBILITY FRAMEWORK FOR LARGE SYSTEMS

Author: *Christopher Csernica, Adrian Blot, Ryan Hanc

Organization: US ARMY — DEVCOM Armament Center, Picatinny, NJ, USA

Black powder maintains a formidable reputation in combustion mechanics and kinetics with
widespread versatility in use function. In large applications, the complexity being explored here covers
the dual role of black powder ignition dynamics as both a source of heat, particulate, and gas and its
ability to accept ignition efflux as a receiver. Black powder is manufactured from producers in various
form factors and chemistry attributes; however, black powder placement as an igniter source: amount,
orientation, venting configuration in variable packaging schemes contributes to myriad of efflux patterns
that have been studied and presented herein. Black powder placement as a receiver of external efflux
subjects to a range of responses governed by mechanical interactions, thermal flux, flow patterns, and its
orientation and configuration. The key to repeatable system performance relies upon designing
repeatable ignition patterns while accounting for numerous configuration boundary conditions that will
be discussed using a framework applied in an ignition system for propulsion type application.

While black powder itself has been heavily explored, findings and observations about black
powder as a source and a receiver needed characterization for modeling and simulation to better
capture large system shock wave formation and wave propagation stemming from increased amounts of
black powder, lag time in burning phenomena, heat flux considerations, and ullage considerations. This
work demonstrates nuances of black powder in various configurations and will aid the community in
framework and accounting techniques derived for system performance assessments in terms of black
powder ignitibility.






can be added so that the products of the sparkler remain attached to the steel wire during combustion.”
6]

In addition to the spark effect, colored flames are also very attractive to children. Therefore the
combination of sparks and colored flames is investigated in order to develop a hand-held sparkler which
burns with a colored flame.

Hand-held sparkler formulations with colored flames

In order to achieve sparkler formulations with colored flames, the standard formulation with Sr(NOs),
as the oxidizer, iron and aluminum, as well as starch as the binder is used. The compositions of this
formulation were varied by adding coloring agents and then were investigated with regard to the flame
color quality and the spark pattern.

Green flame color

In order to obtain sparkler formulations with green flame color, amorphous boron and boron carbide
have been tested and achieved good results.

The following tables (Tables 1-3) show the compositions of the best-performing formulations, using
boron powder.

Table 1: Green burning formulation G1 containing boron.

components wt% | Sr(NOs), steel feelings Al boron starch

Gl 40 40 5 5 15

Table 2: Green burning formulation G2 containing boron.

components wt% | Sr(NOs), Fe Al boron starch
G2 25 34 14 11 16

Table 3: Green burning formulation G3 containing boron.

components wt% | Sr(NOs), | steel feelings boron starch

G3 45 19 18 18

All three formulations showed a green flame color. Formulation G3 revealed the most intensive green
flame color, however almost no sparks could be observed (Figure 1). The formulations G1 and G2
showed sparks, but the amount of sparks and the spark pattern of both formulations was not comparable
to that of the commercial hand-held sparklers.

Figure 1: Burning of formulations of G1 (left), G2 (middle) and G3 (right).



This results show that the more boron is used the more intesive green flame color can be achieved but
at the same time the amount and quality of the sparks decrease.

Besides amorphous boron, boron carbide was investigated as a green coloring agent in sparkler
formulations. The following table (Table 4) show the compositions of the three best-performing
formulations, using boron carbide powder.

Table 4: Green burning formulations G4, G5 and G6 containing boron carbide.

components wt% | Sr(NOs), Fe B,C starch 5-At
G4 50 27 15 8 -
G5 49 27 16 8 -
G6 55 17 16 6 6

All three formulations G4, G5 and G6 showed intensive green flame colors with smaller flame sizes
compared to those of the formulations G1-3 (Figure 2). The use of 5-Aminotetrazole (5-At) in
formulation G6 led to more sparks. Additionally, it could be observed, that boron carbide seems to
influence the appearance of the sparks. When using boron carbide in sparkler formulations, the sparks
are thinner and finer. Furthermore a star-shaped spark pattern can be observed in addition to the common
Y-shaped sparks.

Figure 2: Burning of formulations of G4 (left), G5 (middle) and G6 (right).

Purple flame color

By the addition of CuBr to the Sr(NOs),/Fe/Al/starch-system a purple flame color with slightly bluish

flame edges could be observed. The three best-performing compositions are summarized in the
following table (Table 5).

Table 5: Purple-blue buring formulations P1, P2 and P3 containing CuBr.

components wt% | Sr(NO;), Fe Al starch CuBr
P1 27 31 15 16 11
P2 26.5 33 15 14.5 11
P3 28.5 31 15 14.5 11




The length and thickness of the rolled sparkler mixtures are important and crucial in relation to the
intensity of the flame color, the spark pattern and the continuity of the burning. All three compositions
were prepared in the lengths of 8 cm, 10 cm and 13 cm. While the burning of the 13 cm long sparklers
was constantly interrupted, the 8 cm long sparklers showed the most intensive flame color with a
constant burning, but only a few sparks could be observed. The 10 cm long sparkles showed a spark
pattern comparable to that of the commercial sparklers, but the intensity of the flame colors was not as
good as that of the 8 cm long sparklers.

Experimental Procedure
Materials

The strontium nitrate salt, iron powder, boron and boron carbide powders as well as the cold-water-
soluble starch can be purchased from standard chemical suppliers, for example, Acros Organics. A
degree of purity of 99% ofthe strontiumnitrate is enough; the degree of purity of the iron powder should
be about 98%. A higher degree of purity is not recommended for the iron powder; if a higher degree of
purity is used, the sparkler does not show the typical spark pattern. Aluminum dust or rather flakes that
have a particle size smaller than 45 pm can be bought from a pyrotechnics supplier, for example,
Skylighter (Skylighter, 2020). Normal aluminum powder is not fine enough to create a good spark
pattern. Furthermore, one steel wire that is 0.8 mm thick was used.

Preparation of sparklers

For the production of one sparkler’], the chemicals are weighted out in the certain amounts. Then all
chemicals are mixed in a dry state until a homogeneous powder is formed. After the addition of water
in the following step, it is important to work quickly to form the sparkler, because the sparkler mixture
begins to harden after approximately 3 min. A certain amount of drops of distilled water are added to
the chemical mixture and the mixture is kneaded with a spatula until a sticky mass is formed to a single
lump. This lump should have the same consistency as the clay or dough that children use for modeling,
Then the mixture wasrolled to a cylindrical shape. An approximately 25 cm-long steel wire is pressed
into the cylindrical shape and then covered up again with the mixture. The sparkler is then rolled by
hand (Figure 3). Itis important to ensurethatthe sparklers are formed as uniformly as possible, to ensure
the best possible burning behavior and spark pattern.

Figure 3: Preparation method of hand-held sparklers.
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Demonstration of a Fully Green M213 Fuze System for M67 Hand Grenade
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ABSTRACT

Many military pyrotechnic fuze systems contain toxic compounds within the sub-system
components, including time delays, percussion primers, and detonators. The objective of this work was
focused on the elimination of lead, hexavalent chromium, and perchlorate-based compounds from
currently used pyrotechnictime delay formulations, M42 primers, and C70 detonators. The scope of this
work included a demonstration of a fully green M213 fuze system used in M67 hand grenades. The
demonstration was planned in a phased approach. Phase 1 of the demonstration consisted of testing
M213 fuzes with distinct combinations of two pyrotechnicdelay formulations and two types of lead-free
primers. This testing included characterization of primer function and fuze burn time. Phase 2 of the
demonstration included testing of M213 fuzes fitted with C70 detonators. This phase included
characterization of both fuze burn time and detonator performance using dent depth testing. Phase 3
included demonstration of a fully green M67 hand grenade in a mini-arena test setting, with analysis
focused on fragmentation patterns. The results of this work demonstrated green formulations performed
similarly to currently used legacy systems.

INTRODUCTION

Pyrotechnic delays are used in many military and commercial applications where a time delay is
required between the initiating item and its final output.’? Such delays are advantageous in many
applications including grenades, parachute cutters, and aircrew escape systems. Pyrotechnic based
systems are less expensive and more reliable than electronictime delays because they do notrequire an
outside power source to function. The pyrotechnic formulations consist of fuel and oxidizer which are
intimately mixed and pressed into a cylindrical cavity with a predetermined length.3* Pyrotechnicdelay
formulations should be readily ignitable, and the combustion should be self-sustainingin a wide range of
operatingtemperatures. ldeally, the combustion front should be stable with constant propagating linear
velocity.® The required time delay can be controlled by the dimensional parameters of the delay column,
pyrotechnic composition, and particle size distribution of individual components.

The most common legacy delay formulations contain fuels and oxidizers which are toxic and
harmful to the environment as well as manufacturing workers processing these chemicals. Currently
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used pyrotechnic delay formulations contain ingredients such as hexavalent chromium, perchlorates,
and lead-based compounds, which require significant resources for environmental remediation and are
hazardous to human health. These pyrotechnic systems typically utilize an M42 primer as a primary
initiation source. These primers contain lead styphnate which according to the Clean Air Act and Clean
Water Act, is considered a highly toxic and a hazardous material. The C70 detonatoralso contains lead-
based explosive compounds such as lead styphnate and lead azide.

The objective of this demonstration was to evaluate a complete “green” fuze including primer,
delay, and detonator in the M213 fuze configuration as a drop-in replacement for legacy fuze systems
containing materials that pose environmentaland health hazards. This effort successfully demonstrated
that five hazardous compounds can be eliminated (lead styphnate, lead azide, lead chromate, barium
chromate, and potassium perchlorate) from the entire system. This evaluation expanded on the
progress made under the SERDP programs to replace the entire firing train of the M67 fragmentation
grenade consisting of the M42 Primer, M213 delay, and C70 detonator.

EXPERIMENTAL SECTION

A complete M213 fuze contains a primer, a pyrotechnic
delay mix, and a detonator. The primer and delay mix are
housed within the fuze body. In the M67 hand grenade,
initiation of the M213 fuze occurs when a firing pin strikes
the M42 primer, which ignites the pyrotechnicdelay mix. The
delay mix provides a reliable time interval between primer
function and initiation of the detonator. The detonator
consists of an initiating charge (lead styphnate), transfer
charge (lead azide), and output charge (RDX). The output
charge then allows for detonation of the main charge of the -
grenade.

DBX-1/MIC M42 Primer

Fuze Body

Ignition Charge

Green Pyro Delay

Output Charge (if required)
DBX-1

RDX

~+——— Detonator Case

The evaluation of the M67 hand grenade’s firing system
was entirely based on two environmentally benign tunable
pyrotechnic delay composition, two types of M42 lead-free
primers, and a lead-free C70 detonator (see Figure 1). The IMP green pyrotechnic delay system is
composed of aluminum, silicon, and strontium molybdate (SrMo0O,/Al/Si) and the DEVCOM-AC green
pyrotechnic delay system is composed of tungsten and manganese oxide (W/Mn0Q,). The two types of
primersincluded an IMP developed nanothermite based composition (MIC) and a DEVCOM-AC developed
lead-free composition (DBX-1). This effort focused on demonstrating that the proposed materials can
meet the requirements defined for system and sub-system components of the M213 fuze.

Figure 1. Crosssectional rendering of the
fuze configuration used for testing.

The effort conducted under this demonstration was based on rigorous down-selection testing and
evaluation categorized in three phases. Phase 1 consisted of manufacturing and testing M42 primers for
performance requirements. Four M213 fuze and M42 primer configurations (see Table 1) were tested at
three temperatures (-65 °F, 70 °F, and 160 °F) with a sample size of 105 each (35 samplestested at each
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temperature). This testing was conducted as part of the down-selection process for primer and delay
formulation configuration that metthe performance requirements and strategicgoals of this project. As
an outcome of this phase, the two best performing configurations were to be selected. However, allfour
configurations met the performance standards, and all configurations were selected for Phase 2 testing.

Table 1. List of experimental combinations used in this demonstration.

Primer Type Delay Mix Type
DBX-1 W/MnO,
DBX-1 SrMoO,/Al/Si

MIC W/MnO,
MIC SrMoQ,/Al/Si

During phase 2, each of the 4 configurations was comprised of 75
fuzes fitted with C70 detonators and tested at three different
temperatures (-65 °F, 70 °F, and 160 °F) to evaluate fuze timing and
detonator performance. The witness plate hardness was measured, and
the fuzes were mounted in the test fixture as shown in Figure 2. The
M213 fuze (with attached C70 detonator) was functioned and the dent
depth in the witness plate was measured.

Finally, Phase 3 was comprised of a mini-arena (see Figure 3) test = —
focused on the complete M67 hand grenade assembled with green ~ Figure 2. M213 fuze with
M213 fuzes and C70 detonators. Legacy M67 grenades were also ~ C70 detonator test fixture
tested as part of this phase.

(a) (b)

Figure 3. Mini-Arenatestfixture (a) with M67 hand grenade suspended fortesting and (b) penetration of
aluminum plates after detonation of the M67 hand grenade.
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RESULTS AND DISCUSSION

Fuze Delay Time and Detonator Dent Depth Testing
The time delay function time of the 150 fuzes manufactured with DEVCOM-AC delay composition
and C70 detonator dent depth performance, tested at -65 °F (-54 °C), 70 °F (21 °C), and 160 °F (71 °C), are

shown in Figures 4 and 5. Two sample sets of 75 were manufactured using DBX-1 and MIC based M42
primers each.

M213 Timing Performance - DEVCOM AC Delay, DBX-1 M42, C70 M213 Dent Performance - DEVCOMAC Delay, DBX-1M42, C70

Delay Time {s¢c)
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Figure 4. (a) Burn time and (b) dent depth performance of fuzes manufactured with DEVCOM-AC delay
composition with DBX-1 based M42 primers, tested at -65 °F (-54 °C), 70 °F (21 °C), and 160 °F (71 °C).
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Figure 5. (a) Burn time and (b) dent depth performance of fuzes manufactured with DEVCOM-AC delay
composition with MIC based M42 primers, tested at -65 °F (-54 °C), 70 °F (21 °C), and 160 °F (71 °C).

It can be observedinthe graphs above that some of the M213 fuzes loaded with DEVCOM-AC delay
did not meet the requirementsof the upper timing specification limit. This mostly occurred on the samples
conditionedin cold temperature. This effect can be eliminated with optimization of the delay increment

Distribution A: Approved for Public Release. Distribution is Unlimited.
UNCLASSIFIED

1"



UNCLASSIFIED

charge weights (reduction of weight) to shift the entire population toward the lower specification limit.
All the detonator dent depths met the specification requirements.

The delay function time of the 150 fuzes manufactured with IMP delay composition and C70
detonatordentdepth performance, tested at -65 °F (-54 °C), 70 °F (21 °C), and 160 °F (71 °C), are shown
in Figures 6 and 7. Two sample sets of 75 were manufactured using DBX-1 and MIC based M42 primers

each.

M213 Timing Performance - IMP Delay, MIC M42, C70 M213 Dent Performance - IMP Delay, MIC M42, C70
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Figure 6. (a) Burn time and (b) dent depth performance of fuzes manufactured with IMP delay
composition with MIC based M42 primers, tested at -65 °F (-54 °C), 70 °F (21 °C), and 160 °F (71 °C).
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Figure 7. (a) Burn time and (b) dent depth performance of fuzes manufactured with IMP delay
composition with DBX-1 based M42 primers, tested at -65 °F (-54 °C), 70 °F (21 °C), and 160 °F (71 °C).

It can be observed in the graphs above that all M213 fuzes loaded with IMP delay met the
requirements of the upper and lower timing specification limits. All the detonator dent depths met the
specification requirements.
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Mini-Arena Testing of M67 Grenade Fragmentation Pattern

After firing each of the grenade samples in the mini-arena configuration, the witness plates were
removed, photographed, examined, and analyzed. The aluminum plates were qualitatively compared to
determine if there was any significant difference in the fragmentation patterns between the five types of
fuzestested. All 15 M67 hand grenades successfully functioned as designed. The resulting examination
of the witness plates revealed there were no significant differences between the fragmentation pattems
of the standard legacy and the experimental fuzes. Bottom witness plates from test performed with a
legacy M67 hand grenade is provided in Figure 8 (a) and an M67 hand grenade with experimentalfuze is
shown in Figure 8 (b).

] 5

(a) | (b)
Figure 8. Bottom witness plates from test performed with a(a) legacy M67 hand grenade and (b) an M67
hand grenade with experimental green fuze configuration.

CONCLUSIONS

The objective of this demonstration was to evaluatea complete “green” fuzeincluding primer, delay,
and detonatorin the M213 fuze configuration as a drop-in replacement for current fuzes containing
materials that pose environmental threats. This effort successfully demonstrated that five hazardous
compounds can be eliminated (lead styphnate, lead azide, lead chromate, barium chromate, and
potassium perchlorate) from high use military assets while maintaining system and sub-system
performance requirements. This evaluation expanded on the previous progress made to replace the
entire firing train of the M67 fragmentation grenade consisting of the M42 Primer, M213 delay, and C70
detonator. The results of this demonstration confirm that both pyrotechnicdelay systems and both primer
systems, along with the lead-free C70 detonator, are viable drop-in replacements for the legacy M213
fuze components.
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ABSTRACT

Over the past decade, numerous researches on additive manufacturing of energetic materials
such as high explosives, propellants and pyrotechnic compositions have been reported.
However, there are very few if any research reports on 3D printing of gas generating
compositions. Hence, we conducted 3D printing of some gas generating agent composition
that is comprised of guanidine nitrate (GN), strontium nitrate (SrN), and basic copper nitrate
(BCN), through vat photopolymerization using soybean oil-based photocurable resin without
adding dispersants. Fabricating the composition to either columnar/cylindrical pellets, or
perforated cylindrical structures, we investigated the effects of the particle sizerange of both
fuel (GN)/ oxidizer (SrN) components of gas generating composition and the mass percentage
of the gas generating composition in the photocurable resin mixture on the success rate of
production, the accuracy in dimensions of fabrications, and the geometry of the layers of the
fabricated gas generating agents. Regarding the effect of the mass percentage of the gas
generating composition in the photocurable resin mixture on the success rate when the
particle size range of GN and SrN were both 75~150 um, the success rate remained at 100%
up to the solid content of 30 wt%, but at the solid content of 40 wt%, the success rate
decreased dramatically for columnar/ cylindrical pellets. On the other hand, for perforated
cylindrical structures, the success rate was 33% at the solid content of 30 wt%, and 0% at the
solid content of 40 wt%. From these findings in this study, the solid content at which samples
can be stably prepared for the above particle size range is suggested to be limited within the
range of 20~30 wt%. Meanwhile, when the particle size range were both reduced to 45~75
um, the success rate improved to 66% even at a relatively high solid content of 30 wt%. In
addition, it was found that the average height and other values of the fabricated pellets were
close to the designed values. Nevertheless, it was found that it is necessary to devise
measures such as adding an appropriate dispersant to the mixed paste of the gas generating
composition and photocurable resin to achieve high solid loading. As for the results of optical
microscopic observation of the layers of the products, it was observed that when the solid

content was 0 wt%, the deposited layers were precisely laminated with no apparent voids,
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but when the solid content was 40 wt%, noticeable voids were observed between the layers.

1. Introduction

Over the past decade, numerous researches on additive manufacturing of energetic materials
such as high explosives, propellants and pyrotechnic compositions have been conducted and
reported. Additive manufacturing uses 3D CAD software on a computer to design the structure
and then mechanically manufactures it using a 3D printer, etc., making it possible to create
products with finer structures than traditional melt-filling and pressure-filling methods.
Therefore, it is expected to add functionality to pyrotechnics, propellants, and propellants?).
Straathof et al.2) have reported that they conducted a firing experiment using 3D printing of
propellant for a 30 mm gun using liquid vat photopolymerization. However, there are very few if
any research reports on 3D printing of gas generating compositions. Hence, we conducted 3D
printing of some gas generating agent composition that is comprised of guanidine nitrate (GN),
strontium nitrate (SrN), and basic copper nitrate (BCN), through vat photopolymerization using
soybean oil-based photocurable resin without adding dispersants. Fabricating the composition to
either columnar/cylindrical pellets, or perforated cylindrical structures, we investigated the
effects of the particle size range of both fuel (GN)/ oxidizer (SrN) components of gas generating
composition and the mass percentage of the gas generating composition in the photocurable
resin mixture on the success rate of production, the accuracy in dimensions of fabrications, and

the geometry of the surfaces of the fabricated gas generating agents.

2. Experimental method
2.1 Preparation of gas generate composition

As a gas generating agent composition, guanidine nitrate (GN (particle size 45 to 75 um, 75 to
150 um)) and strontium nitrate (SrN (particle size 45 to 75 um, 75 to 150 um)) manufactured by
Kanto Kagaku Co., Ltd. and Basic copper nitrate (BCN) manufactured by Nihon Kagaku Sangyo Co.,
Ltd. was mixed with a mass ratio of 56.05 wt%, 19.45 wt%, and 24.50 wt% (see past patent
example 3)) using a V-type rotary mixer (Tsutsui Rikagaku Kikai). Co., Ltd. S-3). Thereafter, it was
mixed with a soybean oil-derived photocurable resin (Translucent Green UV Resin, manufactured
by ANYCUBIC) using a rotation/revolution mixer (AR-250, manufactured by Shinky Co., Ltd.), and
the mass fraction of the gas generating agent composition was adjusted between 0 to 50 wt%.
Prepared in wt% ratio.
2.2 3D printing

Using a liquid vat photopolymerization 3D printer (Photon Mono manufactured by ANYCUBIC),

samples with the design specifications shown in Table 1 were produced with a layer height of 0.1
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mm. Then, the sample was cleaned (using isopropyl alcohol) and cured using a UV cleaning/curing
device (Washer/Curer, manufactured by ANYCUBIC). In addition to measuring the dimensions and
mass of each prepared sample, we also measured the influence of particle diameter and layer
height on the success rate, accuracy, shape, etc. of the produced samples preparation using an
optical microscope (SZX7 manufactured by Olympus Corporation) and tablet hardness. The test

was carried out using a tablet hardness meter (Nippon Keizai System Co., Ltd. TH-1).

Table 1 Design specifications of the prepared samples

. . Inner . .
Sample shape Dlﬁ:ln :I;er I-[I::Ignl]lt diameter Crrlrl“:]ze Layf:;“l;ellght
[mm]
Pellet (cylinder) 10 10 — — 0.1
Pellet (cylindrical) 10 10 2,4,6,8 — 0.1
ti t
Gas generating agen 44 15 2 5 0.1

(cylindrical honeycomb structure)

3. Results and discussion
3. 1 Success rate of pellet production depending on solid content concentration

Tables 2 and 3 show the success rate of prepared cylindrical and cylindrical pellet samples and
the dimensions of successful samples for each solid content concentration (wt%) when using gas
generating agent compositions with a particle size of 75 to 150 um and when the layer height
was 0.1 mm. As shown in Table 2, for cylindrical pellets, the success rate remained at 100% (5/5)
up to a solid content concentration of 30 wt%, but at a solid content concentration of 40 wt%,
the success rate was 20% (1/5). On the other hand, for cylindrical pellets, as shown in Table 3,
the success rate was 33% (1/3) at a solid content concentration of 30 wt%, and 0% (0/3) at a solid
content concentration of 40 wt%. Therefore, in this study, we determined that the solid content
concentration at which stable sample preparation can be made for gas generating compositions
with particle sizes of 75 to 150 um is in the range of 20 wt% to 30 wt%, when the layer height
was 0.1 mm. It was concluded that for solids fractions of 30 wt% or more, it is necessary to take
measures such as adding a dispersant to the mixed paste of the gas generating composition and
photocurable resin.

On the other hand, when using a gas generating agent composition with a layer height of 0.1
mm and a particle size of 75 to 150 um, there was a tendency for the average height of the sample
to generally increase as the solid content concentration increased. Based on this, we thought
that if the particle size was larger than the layer height, the platform would not be able to lower
to a fixed position and the layer interval would become unstable, leading to a decrease in the
success rate of fabrication.

In order to verify this hypothesis, cylindrical and cylindrical pellets were prepared using a gas

generate composition whose particle size was adjusted to 45 to 75 um. As shown in Table 4, at a
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relatively high solids concentration of 30 wt%, the production success rate increased from 33%

when using a gas generating composition with a particle size of 75 to 150 pum to more than 66%.

Table 2 Success rate and measurement results of the prepared cylindrical pellets (75~150 pm)

Solid content[wt%] Success rate . Average deviation A.verage deviation Average deviation Average deviation
(number of successes out of 5)  diameter|mm| height[mm| mass|g| density[g/cm3]
0 100%(5/5) 10.254 10,047 9.546 4).018 0.862 40,002 1.094 £.010
10 100%(5/5) 10.152 0.018 9.532 ),055 0.866 +0.004 1.123 ).001
20 100%(5/5) 10.212 .022 10.008 ).020 0.948 +),004 1.157 0,001
30 100%(5/5) 10.36 £0.025 10.464 10,047 1.032 40,006 1171 £0.001
40 20%(1/5) 10.404 £0.000 10.21 40,000 1.04 40,000 1.216 £0.000
50 0%(0/5) — — — — — — — —
Table 3 Success rate and measurement results of the prepared cylindrical pellets (Particle size 75-150 pim)

Solid content Success rate Designinner ~ Average - Average X Average inner . Average . Average -
[wt%] (number of successes out of 3)  diameter[mm| diameter[mm| devation height[mm] devation diameter[mm] devation mass[g] deviation density[g/cm3] devation
0 100%(3/3) 2 10.223 .046 9.753 £.007 1910 0,010 0.847 0,003 1.096 0,007

100%(3/3) 4 10313 .069 9713 .009 3.867 0,041 0.743 0,003 1.067 0,008
100%(3/3) 6 10.243 .052 9.633 .018 5.880 .015 0.557 0,003 1.047 0,013
100%(3/3) ] 10.180 #.015 9.590 021 7807 0,056 0.307 0,003 0.956 0,029
10 100%(3/3) 2 10.263 .018 10.170 .015 1.880 .010 0.920 0,006 1132 0,327
100%(3/3) 4 10.293 .018 10.103 .007 3.933 .017 0.807 0,007 1124 0,325
100%(3/3) 6 10.330 .015 10,057 .012 5.880 0,006 0.607 0,003 1.065 0,308
100%(3/3) 8 10.237 .041 9.950 .017 1871 .015 0.330 0,000 0.989 0,286
20 100%(3/3) 2 10.377 £.022 10.523 £.032 1.843 £.012 0.990 £0.010 1.149 0,008
100%(3/3) 4 10.367 £.027 10.500 .026 3.907 0,003 0.863 0,009 1136 0,004
100%(3/3) 6 10.337 013 10.387 023 5.860 0,006 0.643 0,003 1.088 ).007
100%(3/3) 8 10.283 .012 10.277 .015 7760 021 0.360 0,000 0.980 0,002
30 33%(113) 2 10.220 +),000 10.400 £.000 1.850 0,000 0970 0,000 1.176 0,000
33%(113) 4 10.230 0,000 10.320 0,000 3910 £.000 0.840 0,000 1.160 0,000
33%(113) 6 10.230 +).000 10.220 0,000 5920 0,000 0.610 0,000 1.092 0,000
33%(113) 8 10.190 0,000 10.120 £0.000 7900 £0.000 0.310 0,000 0942 0,000
40 0%(0/3) 2 - - - - - - - - - -
0%(0/3) 4 - - - - - - - - - -
0%(0/3) 6 - - - - - - - - - -
0%(0/3) § = — - — — — — . — .
Table 4 Success rate and measurement results of prepared cylinder/cylindrical pellets (particle size 45-75 pm)
Solid content Success rate Design inner ~ Average deviation Average deviation Average inner deviation Average deviation Average deviation
[wt%] (number of successes out of 3) di [mm| di [mm| height[mm| di [mm] mass[g] density[g/cm3]
10 100%(3/3) 0 10320 0.017 9.860 £0.015 — - 0.930 £0.000 1128 £0.004
100%(3/3) 2 10.323 0.012 9.840 0.012 1.890 0.015 0.890 £0.000 1119 +0.003
100%(3/3) 4 10.350 0.049 9.787 0.013 3.937 £0.009 0.780 £0.006 1.108 £0.010
100%(3/3) 6 10.347 0,023 9.737 £0.015 5927 £0.035 0.583 £0.007 1.061 +0.006
100%(3/3) 8 10.270 +0.029 9.703 0.003 7.923 +0.020 0.310 £0.000 0.954 .017
20 100%(3/3) 0 10.343 0.012 9.960 0.000 - - 0.973 £0.003 1.164 £0.007
100%(3/3) 2 10.383 +0.034 9.970 +0.006 1917 £0.009 0.943 £0.003 1157 +0.004
100%(3/3) 4 10.353 +.015 9.903 0.009 3.830 +0.040 0.810 £0.006 1.126 £0.005
100%(3/3) 6 10.337 0.035 9.817 0.015 5.840 0.023 0.607 £0.003 1.082 £0.005
100%(3/3) 8 10.297 +.013 9.757 0.013 7.960 0.015 0.333 £0.003 1.020 £0.008
30 100%(3/3) 0 10.453 0.003 10.003 0.015 — — 1.013 £0.003 1.181 £0.002
66%(2/3) 2 10435 0.035 10.005 £0.005 1.820 £0.010 0.970 £0.000 1.170 £0.008
66%(2/3) 4 10.465 +.005 9.995 0.005 3.900 0.000 0.855 +0.005 1.156 £0.009
100%(3/3) 6 10.450 +0.015 9.903 +0.017 5.897 0.007 0.647 +0.003 1.118 £0.004
100%(3/3) 8 10.457 0.009 9.833 0.012 7.930 £0.025 0.363 £0.003 1.013 £0.005
40 0%(0/3) 0 - - - - - - - - - -
0%(0/3) 2 - — - - - - — - — -
0%(0/3) 4 — — — — — — — — — —
0%(0/3) 6 - — - - - - - - - -
0%(0/3) 8 — — — — — — — — — —

3.2 Optical microscope observation

Using an optical microscope, we observed the side surfaces of cylindrical pellets prepared with
particle diameters of 45 to 75 um and 75 to 150 um, and we have found that whereas in the
sample with a solid content concentration of 0 wt% (Figure 1) in which the stacking layer was

regular in morphology, in the sample with a particle size of 75 to 150 um and a solid content
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concentration of 30 wt% (Figure 2), large pores and cracks were observed on the sides. On the
other hand, the side surface of the 30 wt% sample (Fig. 3) prepared with particle diameters of
45 to 75 um showed no large pores or cracks, and it was found that the particles were stacked at
regular intervals. From this observation result, it was concluded that when the particle size of
the gas generating agent composition is larger than the layer height, the layer interval becomes

uneven, which is a factor that causes a decrease in the success rate of production.

Fig. 1 Side view of solid content concentration 0 wt%

Fig. 2 Side view of solid content concentration 30 wt% (particle size 75-150 um)



Fig. 3 Side view of solid content concentration 30 wt% (particle size 45-75 pm)

3. 3 Mechanical strength

Table 5 shows the mechanical strength properties measured by compressing the cylindrical
pellets in the vertical or horizontal direction using a tablet hardness meter. For samples with a
particle size of 75-150 pm, the mechanical strength was approximately 2.3 MPa in either
direction, and the mechanical strength increased slightly with increasing solids fraction when
compressed in the longitudinal direction. This is probably due to the fact that when a sample
containing no solids fraction broke, only one crack ran, whereas multiple cracks occurred in a
sample with a high solids concentration. It is thought that this is because the crystal disperses
the pressure.

Table 5 Mechanical strength of the prepared cylindrical pellets
(particle size 75-150 pm)

CSOOI:IC(Z lcl::::l:ltl Vertical direction Lateral direction
[Wt%] [MPa] [MPa]
0 2.28 2.30
10 2.29 2.29
20 2.29 2.30
30 2.30 2.29
40 2.30 2.29
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Table 6 Mechanical strength of prepared cylindrical pellets
(particle size 45-75 um)

csoolilci ﬁ:::;:ltl Vertical direction Lateral direction
[Wi%] [MPa] [MPa]
0 2.28 2.30
10 2.29 2.31
20 2.50 2.51
30 2.54 2.65

3.4 Fabrication results of cylindrical honeycomb structure sample

A cylindrical sample with a honeycomb structure, which is expected to have a high mechanical
strength, was prepared. Initially, we made a prototype honeycomb structure with a cell size of 1
mm, but even after cleaning, resin remained inside the cells and some of the cells were blocked,
so we changed the size to 2 mm.

Additionally, as a result of performing curing treatment immediately after cleaning, cracks
appeared in the sample later on (Figure 4 left). It was speculated that this was caused by the
isopropanol used for cleaning being sealed inside and later vaporizing and expanding. To prevent
this, we succeeded in preventing the occurrence of cracks by drying the sample in a desiccator

for more than 24 hours and then performing a curing process (Figure 4, right).

Fig. 4 Left: Sample with solid content concentration of 20 wt% without drying treatment
(particle size 75 to 150 pm)
Right: Sample with solid content concentration 20 wt% with drying treatment (particle

size 45-75 pm)
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On the other hand, the measurement results for samples with increasing solid fraction showed
the same tendency as for pellets. In particular, even at a concentration of 30 wt%, which was not
possible with particle sizes of 75 to 150 um, the success rateimproved to 100% with particle sizes
of 45 to 75 um. This also proves that the relationship between the particle size of the gas
generating agent composition and the spacing between the layers influences the production

success rate.

Table 7 Success rate and measurement results of the prepared cylindrical honeycomb structure sample (75~150 ym)
Success rate Average .. Average

Average inner Average

Solid content[wt% (umberofsueesesutof ) daneten " deviation — deviation Cell size [mm] ~deviation sl deviation
0 100%(212) 44060 H00 15035 #0085 25 40065 1989 #0015 1070 0280
10 100%(212) 44080 0040 14945 0I5 21675 40145 2008 #0065 10715 0028
| 100%(212) 4150 HI0 15250 #0060 20635 0015 1995 0005 12300 0380
3 0%(012) - - - - - - - - - -
40 0%(012) - - - - - - - - - -
5 0%(012) - — - — - — - - — -

Table 8 Success rate and measurement results of the prepared cylindrical honeycomb structure sample (45~75 pm)

Solid content[wt%| (numberil;cscuiscse:zz tof?) dia?nvei:ei[g;m] deviation h:;;:;fl:ﬂ] deviation i;i:if:rl[:::g deviation  Cellsize [mm]  deviation é:::::é; deviation
0 100%(212) 44160 0040 15035 0085 2715 0065 1985 2015 10770 £0.280
10 100%(2/2) 44445 0.075 15.000 0.100 21810 0.060 2030 0.010 11515 0215
0 100%(212) 44370 0.060 14930 0.070 2730 0.070 2030 0.020 11530 0.260
3 100%(2/2) 44,605 0.025 14990 0,040 21625 0.095 2005 0.005 12870 0.180
40 0%(02) - - - - - - - - - -
5 0%(0/2) — — — — — — — — — —

4. Conclusion
We 3D printed gas generating compositions in various shapes using liquid vat

photopolymerization, and we obtained the following findings regarding the influence of solid

content concentration on fabrication success rate and mechanical properties.

(1) Inthe case of the gas generating composition and photocurable resin used in this study, the
solid content concentration at which samples can be stably prepared is 20 wt% to 30 wt% for
particle sizes of 75-150 um when the layer height was 0.10 mm, and 45 to 30 wt%. In the case
of 45-75 um, the limit is between 30 wt% and 40 wt% when the layer height was 0.10 mm,
and if the solid fraction is higher than this, it is necessary to perform treatments such as
adding a dispersant.

(2) When the particle size of the gas generating agent composition is larger than the layer
height, the success rate of production decreases because the layers are not stacked at normal
intervals, and holes and cracks occur on the sides of the product. Therefore, in addition to
viscosity and optical transparency, the relationship between particle size and layer height is
also an important parameter in 3D printing of energetic materials.

(3) Itisnecessary to dry the sample with honeycomb structure before the curing process.
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ABSTRACT

Even though there have been numerous researches on additive manufacturing of energetic materials
such as high explosives, propellants and pyrotechnic compositions over the past decade, there have been
very few if any research reports on 3D printing of oxidizers mixed with photocurable resin using vat
photopolymerization method. Therefore, we conducted 3D printing of potassium perchlorate (KP) that
was mixed with a commercial soybean oil-based photocurable resin through vat photopolymerization,
mixing up to 70 wt % KP (particle size range 45~75 pum) without adding any dispersant, exceeding 50 wt%
solid content of RDX by Straathof et al. (Propellants Explos. Pyrotech., 2020, 45, 36-52); and we
succeeded in 3D printing the composition as columnar and cylindrical pellets using commercial
stereolithographic 3D printer. Even though the columnar pellet with 50 wt% KP did not burn at 10 MPa
N, gauge pressure even with the use of ignition agent, and interrupted burning occurred at 10 MPa N;
gauge pressure for the pellet with 60 wt% KP when no ignition agent was used, pellets with 70 wt% KP
all burned within the pressure range of 0.5 — 10 MPa N; gauge pressure without the use of ignition agent,
and the burning rate was 40 mm/s at 10 MPa N, gauge pressure, which exceeds an estimated burning

rate of 3D printed-gun propellant 2.3 mm/s at 10 MPa by Straathof et. al. (ibid).

1. Introduction

With the development of additive manufacturing (3D printing) technology, research and development
related to additive manufacturing of energetic materials such as propellants and explosives is being
conducted in various countries [1]. Additive manufacturing can create products with finer structures as
compared to traditional melt-casting and pressing methods, so it is expected to add functionality to

pyrotechnics, propellants, propellants, etc [1]. In our previous report [2], we attempted to 3D print a gas
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generating composition [3] through vat photopolymerization method, using soybean oil-based
photocurable resin, but we could not 3D print the paste mixture with a solid content concentration of
more than 40 wt%. Therefore, in this study, we selected potassium perchlorate (KP) as an oxidizing agent,
regarding soybean oil-based photocurable resin as a fuel and a binder, and attempted 3D printing of the
paste mixture, which resulted in a success of 3D printing with solid content concentration of up to 70

wt%, and also high burning rate of the printed pellets.

2. Experimental method

KP (Kanto Chemicals Co., Ltd., Special grade, purity >99.5%) was ground using a ball mill and sieved using
JIS sieves within a particle size range of 45 - 75 um. The oxidizer was mixed at a solid content of 30, 50,
60, 65, 70 or 80 wt% with a green soybean oil-derived photocurable resin (Translucent Green UV Resin,
ANYCUBIC) or mixed at a solid content of 60, 65, or 70 wt% with a clear soybean oil-derived photocurable
resin (Clear UV Resin, ANYCUBIC) that was selected as a binder and fuel component using a
rotation/revolution mixer (AR-250, Thinky) to prepare each paste mixture. Then, using a liquid vat
photopolymerization 3D printer (Photon Mono, ANYCUBIC), each 3D printed sample with one of the
design specifications shown in Table 1 was produced with a layer height of 0.1 mm. Then, the 3D printed
sample was washed (using isopropyl alcohol) for 10 minutes and cured for 10 minutes using a UV
cleaning/curing device (Washer/Curer, ANYCUBIC). As well as measuring the dimensions and mass of
each 3D printed sample using digitized caliper and electronic scale, respectively, we used an optical
microscope (Dino Lite AD413T, Anmo Electronics) of the side of some columnar pellets. In order to
measure the burning performance of the 3D printed samples, we conducted strand burning tests of
columnar pellets using a strand burning rate testing device (TDK-15011, Tohata Electronics Co., Ltd.).
During the burning rate test, columnar pellets of the gas generating composition prepared in the previous

reports [2] were also used for comparison.

Table 1 Design specifications of the prepared samples

Sample shape Diameter [mm] Height [mm] Inner diameter [mm] Layer height [mm]
Pellet (columnar) 10 10 — 0.1
Pellet (cylindrical) 10 10 2,4,6,8 0.1
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3. Results and discussion

3.1 Effects of the solid content concentration on the success rate of pellet production and measurement

results

Table 2 shows the success rate of sample preparation and the measurement results of successfully
prepared samples for columnar and cylindrical pellets for each solid content concentration (wt%) for
pellets that were 3D printed using green photocurable resin. Although the sample was not successfully
printed when the solid content was 80 wt%, the success rate was 53% (19/36) for columnar pellets when
the solid content was 70 wt%, and the success rate of cylindrical pellets were 100% (3/3) for all inner
diameters at the same solid content. In the 3D printing of gas generating compositions conducted in the
previous report [2], the success rate was 20% (1/5) when the solid content was 40 wt% for cylindrical
pellets (and only when the particle sizes of the solid particles were between 75-150 um), and 0% for
cylindrical pellets. As shown in this study, we succeeded in significantly increasing the solid content
concentration and success rate that can be produced. We have also succeeded in 3D printing of the

columnar and cylindrical pellets with relatively higher accuracy as compared to the previous study [2].
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Table 2 Success rates and measurement results of 3D printed KP-based columnar/cylindrical pellets

Success rate Designated
Solid content (number of inner Average Average inner Average
concentration  success/number  diameter diameter Average height diameter Average mass density
[wt%] of trials) [mm] [mm]* [mm]* [mm]* [g]* [g/cm3]*
30 100%(3/3) 0 9.910(+0.017)  9.817(+0.047) - 1.100(+0.010) 1.453(x0.010)
100%(3/3) 2 9.903(+0.031)  9.803(+0.035) 1.840(0.000) 1.053(+0.023) 1.445(x0.022)
100%(3/3) 4 9.893(+0.025)  9.750(+0.089) 3.857(+0.038) 0.877(+0.025) 1.378(+0.023)
100%(3/3) 6 9.947(+0.047)  9.667(+0.035) 5.840(+0.062) 0.643(+0.012) 1.308(+0.028)
100%(3/3) 8 9.883(+0.021)  9.577(+0.070) 7.873(+0.015) 0.347(+0.006) 1.292(0.015)
50 100%(6/6) 0 9.950(+0.018)  9.960(+0.132) - 1.203(+0.027) 1.563(x0.017)
100%(3/3) 2 9.937(+0.015)  10.190(+0.092)  1.783(+0.032) 1.220(+0.035) 1.596(+0.033)
100%(3/3) 4 9.967(+0.015)  10.147(+0.065)  3.830(+0.036) 1.120(+0.095) 1.660(+0.122)
100%(3/3) 6 9.970(+0.046)  10.030(+0.026)  5.847(+0.012) 0.777(+0.015) 1.512(+0.002)
100%(3/3) 8 9.977(+0.031)  9.847(+0.046) 7.827(+0.012) 0.410(+0.010) 1.386(0.015)
60 100%(11/11) 0 9.996(+0.039)  9.991(+0.059) - 1.366(+0.060) 1.366(+0.072)
100%(3/3) 2 9.960(+0.015)  10.163(+0.102)  1.743(+0.023) 1.317(+0.025) 1.716(0.032)
100%(3/3) 4 9.980(+0.015)  10.027(+0.078)  3.820(+0.030) 1.150(+0.014) 1.788(+0.000)
100%(3/3) 6 9.977(+0.046)  9.943(+0.032) 5.863(+0.012) 0.877(+0.015) 1.724(0.029)
100%(3/3) 8 10.020(x0.031)  9.837(+0.064) 7.827(+0.032) 0.473(+0.010) 1.566(+0.051)
65 100%(8/8) 0 9.968(+0.024)  10.519(0.134) - 1.479(+0.060) 1.802(+0.044)
100%(3/3) 2 9.347(+0.035)  10.527(+.0051)  1.533(+0.093) 1.437(+0.038) 1.779(0.038)
100%(3/3) 4 9.963(+0.023)  10.623(+0.064)  3.800(+0.070) 1.287(+0.021) 1.808(+0.023)
100%(3/3) 6 9.997(+0.012)  10.347(x0.078)  5.737(+0.117) 0.937(+0.035) 1.720(0.026)
100%(3/3) 8 9.987(+0.006)  10.193(+0.032)  7.880(+0.036) 0.507(+0.015) 1.683(+0.057)
70 53%(19/36) 0 10.028(+0.085)  10.286(+0.191) - 1.516(+0.038) 1.867(x0.034)
100%(3/3) 2 10.090(x0.090) 10.233(+0.091)  1.520(+0.075) 1.473(+0.006) 1.844(0.045)
100%(3/3) 4 10.023(x0.025) 10.243(+0.080)  3.673(+0.070) 1.320(+0.017) 1.888(+0.028)
100%(3/3) 6 10.070(x0.052) 10.260(+0.122)  5.693(+0.092) 1.040(+0.020) 1.873(0.077)
100%(3/3) 8 10.137(x0.032) 10.087(+0.064)  7.620(+0.075) 0.613(+0.006) 1.735(x0.050)
80 0%(0/3) 0 0 0 - 0 0
0%(0/3) 2 0 0 0 0 0
0%(0/3) 4 0 0 0 0 0
0%(0/3) 6 0 0 0 0 0
0%(0/3) 8 0 0 0 0 0

*Figures inside the parenthesis inside the table indicate standard deviation.
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3.2 Optical microscopic observation of pellets

Figures 1(a) and (b) show the magnified images (magnification x200) of the side surface of a columnar
pellet made of gas generating agent-based composition (solid content 30 wt%, particle size 45-75 um)
and KP-based composition (solid content 70 wt%, particle size 45-75 um), respectively. In the case of the
gas generating agent-based composition with a solid content of 30 wt%, it was observed that voids were
formed between the printed layers, while no voids were observed for the KP-based composition,

suggesting that the layers of the latter composition were 3D printed with relatively high precision.

Figure 1. Magnified images of the side surfaces of columnar pellets (magnification x200):
(a, left) gas generating agent-based composition (solid content 30 wt%, particle size 45-75 um);

(b, right) KP-based composition (solid content 70 wt%, particle size 45-75 um).

The reason for no voids being observed between the printed layers for the KP-based composition even
though the solid content was much higher than that of the gas generating agent-based composition is
estimated that KP is easier to mix with the soybean oil-based photocurable resin more uniformly than
the gas generating agent-based composition. Studying on the reason for KP mixing readily at such high
solid content concentration with the soybean oil-based photocurable resin, however, remains an issue to

be considered.

3.3 Burning rate tests of 3D printed-samples

Burning rate tests were conducted for 3D printed columnar pellets of KP-based compositions with a solid
content concentration of 50, 60, 65, or 70 wt%, using a strand burning rate testing device (TDK-15011,

Tohata Denshi Co., Ltd.), igniting each sample using electrically heated nichrome wire (0.8 mm in
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diameter) in nitrogen atmosphere with an initial gauge pressure inside the closed burning chamber (1 L
volume) at a gauge pressure between 0.5 and 10 MPa, controlling the initial internal temperature to 298
K. The burning rate of each 3D printed pellet sample was derived from the time difference between the
onset of the pressure rise inside the chamber and the peak pressure in the acquired pressure-time curve
together with the height of each 3D printed sample. For comparison, a burning rate test was also
conducted on columnar pellets of a gas generating agent-based composition with a solid content

concentration of 30 wt%.

Figure 2 shows the relationship between burning rate and average absolute pressure obtained from the
burning rate test in this study. The diagram also shows the range of average absolute pressures in which
each set of the 3D printed samples completed the burning. The relationship between the burning rate

and the average absolute pressure could be approximated using Vieille's equation (1):
r=apbP" (1)

where ris the burning rate [mm/s], P is the average absolute pressure [MPa], and n is the pressure index.

3.3.1 Burning rate characteristics for 3D printed samples using green photocuring resins

The 3D printed sample based on a gas generating agent composition with a solid content concentration
of 30 wt% and also using green photocurable resin did not burn even under the gauge pressure of 10
MPa, even though an ignition agent based on commercial ignition agent (methanol/ethylene glycol) and
guanidinium 1,5'-bis-1H-tetrazolate (G15B)/KP) mixed at 50 wt%/ 50 wt% ratio was applied on top of the
burning surface before ignition. On the other hand, in the case of KP-based compositions, although the
3D printed pellet did not burn as well at a solid content concentration of 50 wt%, the completion of
burning was observed under the gauge pressure between 5 and 10 MPa and interrupted burning
occurred under the gauge pressure of 3 MPa when the solid content concentration was 60 wt% and the
igniter given above was used for ignition, and there was no correlation in the burning rate with average
absolute pressure, the burning rate being approximately constant at about 17 mm/s, suggesting plateau
burning, while interrupted burning occurred even under the gauge pressure of 10 MPa when no igniter
was used. On the other hand, for the 65 wt% KP sample, burning was observed to be completed under
the gauge pressure between 3 and 10 MPa without using an ignition agent, and the relationship between
the burning rate and pressure could be approximated by a Vieille's equation: r = 8.08 P 7% As for the 70
wt% KP sample, burning was observed to be completed under the gauge pressure between 0.5 and 10

MPa without using an ignition agent, and the following equations were obtained: r = 2.29 P88 under
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gauge pressures between 0.5 and 3 MPa, and r = 15.2 P%42! ynder gauge pressures between 3 and 10
MPa. Also, the burning rate of KP-based compositions with a solid content of 65 wt% and 70 wt% were
both approximately 40 mm/s at a gauge pressure of 10 MPa, that significantly exceeded the burning rate
of a 3D printed gun propellant that was estimated as 2.3 mm/s at 10 MPa based on Vieille's equation r =

0.1546P116 [6].

3.3.2 Burning rate characteristics for 3D printed samples using clear photocurable resin

As for the 3D printed samples based on KP-based composition using clear photocurable resin, the
samples with a solid content concentration of 60 wt% burned to completion only under the gauge
pressure of 10 MPa, even though the ignition agent based on commercial ignition agent was applied on
top of the burning surface before ignition. On the other hand, burning was observed to be completed
under the gauge pressure between 5 and 10 MPa without using an ignition agent for the 65 wt% KP
sample, and there was no correlation in the burning rate with average absolute pressure, suggesting
plateau burning. As for the 70 wt% KP sample, burning was observed to be completed under the gauge
pressure between 2 and 10 MPa without using an ignition agent, but unlike the case where the samples
were printed using green photocurable resin, the burning rate could be approximated using a Vieille’s

equation: r = 4.42p0%922,

As it has been observed during the burning of smokeless powders with copper compounds and lead
compounds as catalysts that while super-rate burning tends to occur in the low-pressure region,
plateau burning tends to occur in higher-pressure regions [4], 5 wt% of polychlorinated copper
phthalocyanine in the soy bean oil-based photocurable resins [5] maybe one of the possible causes

for a high pressure index (n= 1.88) at 0.5-3 MPa for 70 wt% KP green pellets.

The results above indicated that a set of pellets of the same solid content concentration that were 3D
printed using green soy bean oil-based photocurable resins burned to completion at a wider range of
gauge pressure as compared to pellets that were 3D printed using clear photocurable resins. It was also
suggested that the burning rate characteristics varied even at the same solid content concentration

depending on the color of the soy bean oil-based photocurable resin that was used for 3D printing.

31



100

10 | 60 wt% (green)

r[mm/s]

O 60 wt% (clear)
+ 65 wt% (green)
© 65 wt% (clear)
& 70 wt% (0.5-3 MPa, green)
® 70 wt% (3-10 MPa, green)

O 70 wt% (clear)

0.1 1 10 100
P [MPa]
Figure 2. Effect of solid content concentration and color of photocurable resin on burning

rate-pressure relationships for 3D printed KP-based compositions.

4. Conclusion

Columnar and cylindrical pellets were produced by 3D printing potassium perchlorate-based
compositions with different solid content concentrations and with different colors of soybean oil-based
photocuring resins using vat photopolymerization method; and dimensional measurements, microscopic
observations, and burning rate tests were conducted to determine the differences in the type of

substances and solid content. To summarize, the following findings were obtained:

1) We were able to load potassium perchlorate-based compositions with a high solid content of 70 wt%
without the addition of a dispersant, and 3D printed samples can be produced with high accuracy in
dimensions. Furthermore, no voids were observed between the printed layers, suggesting that the
layers were printed with relatively high precision.

2) High burning rates of potassium perchlorate-based compositions were observed during the burning
rate tests, in which the measured burning rates of the compositions with solid content
concentrations of 65 wt% and 70 wt% reaching approximately 40 mm/s at a gauge pressure of 10
MPa. It was also found that the burning rate characteristics tended to differ depending on the solid

content concentration and also the color of the soy bean oil-based photocurable resin.
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Since energetic materials are being studied, the issue of their sensitivity has always been a
concern. However, an explosive with low-sensitivity is pointless if it is not effective. The
balance between performance and safety is therefore at the heart of the current studies, and
new ways of combining safety and performances have hence been elaborated. This study
focuses on a mixture of nitrotriazolone (NTO) and octogen (HMX).

Coating some HMX particles with NTO seems to be the most intuitive way of achieving the
goal of combining safety and performance. On the one hand, NTO is a well-known explosive
with low sensitivity. Its impact sensitivity threshold of 22 J makes it one of the safest explosive,
but its detonation velocity of 7.7 km/s can be a drawback if the need lies in performance. On
the other hand, with a detonation velocity of 9.1 km/s, HMX is the most powerful explosive in
use, while its impact sensitivity is only 6 J.

It has been established in the open literature that such a coating is reachable through a spray-
drying process®. However, this way of coating requires the presence of surfactants that might
affect negatively the performances of the product.

The objective of this work is to use the Spray Flash Evaporation (SFE) process, developed and
patented by the Nanomatériaux pour Systémes sous Sollicitations Extrémes (NS3E) group, to
get rid of the need for surfactant and to formulate core-shell-structured granules without
further addition to the mixture. The SFE process is a continuous crystallization process that
allows to reach submicroscopic sizes which enables sensitivity thresholds modulation?.
Materials are then analyzed and characterized by different methods such as Raman
spectroscopy or X-ray diffraction.

1: Yang et al., Sci. Tech. Energetic Materials, Vol.67, No.2, 2006.

2: Risse et al., Propellants Explos. Pyrotechnics. 2010, 35, 1-5.
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ABSTRACT

Numerous standardized testing methods are available for assessing the characteristics of experimental
propellants and explosives. Due to drastically differing reaction characteristics of various pyrotechnic
systems, developing a standardized testing method for initial assessment is quite challenging. To identify
potential applications for candidate compositions, the basic combustion behavior of the candidates
(apparent rate, apparent gas production, and other properties) must be evaluated experimentally. As
much as thermochemical modeling software can aid in the development of pyrotechnic formulations,
such software provides no indication of the practical feasibility of a composition since it does not predict
combustion kinetics. Furthermore, thermochemical calculations provide little or no indication of the
transient characteristics of combustion events. Therefore, we present here an apparatus for high-
throughput screening of pyrotechnic compositions, which makes use of interchangeable and inexpensive
off-the-shelf materials. Experiments involving more than thirty binary fuel/oxidizer combinations were
used to develop a rapid and convenient testing protocol. These tests revealed striking differences in
pyrotechnic reactivity and demonstrated the utility of the apparatus, especially for obtaining comparative
data. Advantages and disadvantages of such an apparatus and method are discussed.

Figure 1. Test of a mixture of magnesium and bismuth sesquioxide.
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INTRODUCTION

Metal hydrides have maintained continued interest as fuels in pyrotechnic and propellant
formulations to improve performance and handling characteristics. For example, the addition of metal
hydrides to solid and liquid rocket propellant has been shown to improve specific impulse performance
by 4% to 17% depending on formulation [1,2]. Alternatively, titanium subhydride-potassium perchlorate
(THKP) has a long history as an electrostatic discharge (ESD) insensitive pyrotechnic composition [3].
Successful use of metal hydrides in pyrotechnic and propellant formulations requires precise hydrogen
compositional control to ensure repeatable mixture performance. Precise hydrogen quantification
methods are needed to meet these demands.

Hydrogen being the lightest element is not easy to measure. However, recent advances for
guantitative measurements have been developed in large part due to the increased interest of hydrogen
as an alternative fuel. Traditionally, volumetric, and gravimetric approaches have been used, each of
which have advantages and disadvantages. In several techniques the hydrogen is thermally desorbed and
then subjected to analysis. Volumetric methods quantify gas content by measuring changes in pressure
within calibrated volumes, however, such methods are not specific to hydrogen and are affected by the
presence of other gases. Mass spectrometry (MS)-based methods such as; temperature programmed
desorption mass spec (TPD-MS), address the issue of specificity by analyzing molecules of desorbed gases.
. Occasionally, some of these techniques can be coupled with a measurement of another physical quantity,
for example the TPD-MS can also be coupled with a pressure-volume measurement in which a calibrated
volume reservoir is used to capture and count the moles of desorbed gas, while the MS provides insight
into the composition of the desorbed gas. Similarly, thermogravimetry mass spec (TG-MS) records mass
loss as the sample is heated, and the MS signal again quantifies relative amounts of different desorbed
gases. While it is possible to directly correlate MS signals with desorbed gas quantities, quantitative MS
remains challenging due to difficulties in controlling variables like gas injection rate, ionization efficiency,
and detector response. Spectroscopy is generally a reliable and accurate technique, but various factors
can introduce errors or uncertainty into the results such as sample preparation or data collection and
interpretation. Generally, simple spectroscopic techniques are not used by themselves directly on solid
materials and desorbed hydrogen due to the lack of reliable standard methods and references materials
and corresponding large errors associated with the measurement. While not spectroscopy-based, Nuclear
Magnetic Resonance (NMR) and X-ray diffraction (XRD) are promising but suffer from similar issues. One
exception is the use of so-called elemental analyzers (LECO) which apply thermal desorption
methodologies, and then chemically convert hydrogen to water prior to detection by Non-Dispersive
InfraRed (NDIR). Laser Induced Breakdown Spectroscopy (LIBS) is promising, as small amounts of solid
material are desorbed and analyzed in the gas phase, which circumvents the difficulties in measuring
hydrogen in solid compounds. In this paper the uses and limitations of the LIBS technique in quantifying
hydrogen in metal hydrides is explored. Focus will be given to titanium hydride and its subhydride family
of compounds, TiHx (x<2). However, the discussed methodologies can easily be adapted to measure
hydrogen content in other metal hydrides.

Although not a new technique, LIBS has attracted renewed attention since it can characterize nearly
all environmental chemical species with distinct spectral signatures. The analysis with LIBS for hydrogen
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in metals or other solids is more difficult than for other elements because of severe emission diminution
or even disappearance of its spectral lines. The first application of a laser induced shock wave plasma
(LISPS) was in 2004 by Kurniawan, to detect a hydrogen emission line at 656.28 nm in a zinc plate, a glass
slide and a zircalloy tube. Since then, the application has been developed by multiple manufacturers
(notable for the purposes of this paper are applications developed by Keyence and SciApps) to make it
available for research and industrial applications and improve elemental detection capability [4-12].

EXPERIMENTAL

The data presented here were collected using Keyence HX-7000N system with EA-300 Nd:YAG 355
nm instrument lasers, and constitutes the first time titanium subhydrides have been evaluated using LIBS.
The samples were prepared in-house from commercially available TiH,, or Ti via a proprietary technique.
Samples of commercial, TiH,, —325 mesh, 98%, powder, Ti <45 um avg. part. size, 99.98% trace metals
basis and TiO, powder, <5 um, 299.9% trace metals basis, were acquired from Sigma-Aldrich and used as
received. Approximately 0.5 grams of each sample was pressed into pellets with a 13 mm diameter for
analysis. The powders were mixed in a mortar and pestle prior to pelletizing to ensure sample
homogeneity. The Ti and TiO, samples were used as references to calibrate the LIBS signals and, in some
cases, used as standards to build a calibration curve from which hydrogen quantification can be
performed. For these measurements the laser spot size was approximately 10 um, and samples were
taken from 15 locations on each cylinder face. The spacing between individual analysis points were
selected so that they were spaced far enough to avoid overlap and interference of material. Sampling was
performed in air which can influence measurements on metals, alloys, oxides and other materials known
to interact with oxygen or be oxygen and/or air sensitive.

RESULTS AND DISCUSSION

The pellets of several titanium hydrides and subhydrides were measured by the Keyence LIBS. Upon
application the laser vaporizes material leaving aa crater of 6-7 um in size. The material that occupied this
crater is turned into a plasma which is analyzed by the detector. An array of 15 such craters in a pellet
sample is shown in Figure 1 below. Additional detail on the sample and crater size after laser ablation is
presented in Figure 2.
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raters left after the laser ablation of the sample. TiO, and TiH, sample areas after laser

Figure 1. LIBS ¢
ablation.

LIBS spectra data collected on Ti, TiO;, and TiH, was used to compare and calibrate the LIBS
spectra signals measured here. The data collected on these “standard” samples is shown in Figure 4. The
15 data points presented on the sample picture represents a quantification in atomic percentages of
individual elements present in the sample. The data is also summarized in Table 1. It was observed that
the atomic percentages for TiO, are lower than expected for a 33.33 at. % Ti and higher than expected for
a 66.67 at. % O content. It is believed these deviations can be attributed to (1) air interaction with the
measurement, (2) the lack of developed standards, and (3) compositional irregularities in the TiO, powder.
The primary issue with performing measurements in air is interaction of the air with the generated plasma.
Here measured atomic percentages are consistently biased towards higher oxygen atomic percentages
indicating a higher oxygen content which suggests air interaction. One way to mitigate this interaction
would be to perform the measurements in an inert atmosphere such as under argon which is currently
being explored.
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Table 1. Values generated by the Keyence software for titanium dioxide and titanium dihydride. The
values are in atomic percentage.

No. Presumed material  Ti O No. Presumed material ~ Ti H (o)

1 Titanium compound 30.9% 69.1% 1 Titanium alloy 23.0% 59.1% 17.9%
2 Titanium compound 29.9% 70.1% 2  Titanium alloy 275% 553% 17.2%
3 Titanium compound 29.7% 70.3% 3 Titanium alloy 19.5% 68.6% 11.9%
4  Titanium compound 32.1% 67.9% 4  Titanium alloy 20.0% 67.5% 12.5%
5 Titanium compound 30.0% 70.0% 5  Titanium alloy 248% 57.0% 18.2%
6 Titanium compound 30.0% 70.0% 6 Titanium alloy 20.0% 64.0% 16.0%
7  Titanium compound 28.6% 71.4% 7 Titanium alloy 21.5% 62.5% 16.0%
8 Titanium compound 274% 72.6% 8 Titanium alloy 23.2% 594% 17.4%
9 Titanium compound 27.2% 72.8% 9 Titanium alloy 235% 604% 16.1%
10 Titanium compound 27.5% 72.5% 10 Titanium alloy 223% 61.6% 16.1%
11 Titanium compound 31.7% 68.3% 11 Titanium alloy 224% 59.6% 18.0%
12 Titanium compound 29.9% 70.1% 12 Titanium alloy 216% 614% 17.0%
13 Titanium compound 29.8% 70.2% 13 Titanium alloy 21.0% 63.5% 15.5%
14 Titanium compound 24.8% 75.2% 14 Titanium alloy 23.7% 61.2% 15.1%
15 Titanium compound 32.6% 67.4% 15 Titanium alloy 253% 59.7% 15.0%

A linear regression was performed using the titanium, titanium dioxide and dihydride spectra as
references. The data was fitted in Origin via a linear regression used to combine pure material reference
spectrums to fit measured spectra. Regression was done on the entire spectra as the addition of an
element like hydrogen doesn't just add hydrogen emission peaks but reduces other peaks due to changes
in density. Since the LIBS analysis was conducted in air, the TiO, quantity was ignored in the H/Ti ratio
calculation. The LIBS spectra for the Ti, TiO, and TiH, and the linear regression are presented in Figure 5
below. Based on this linear regression the subsequent subhydride samples, TiH1.4s, TiH1ss, TiH16s, TiH175
were evaluated, and the results are shown in Figure 6 and summarized in Table 2.

The analyzed subhydrides tended to have a lower composition than the anticipated prepared
levels, except for the two samples TiH; and TiH1ss which are close to their expected composition. While
performing analysis in an inert environment would be expected to reduce the measurement uncertainty,
it is also a reasonable expectation that the samples have composition variability. Further development of
the methodology is expected to reduce the uncertainty in the measurement which would improve the
utility of the LIBS method for titanium subhydride characterization. This is supported by previous success
in literature using LIBS for characterizing hydrogen content in uranium hydride and titanium hydrides and
deuterides [12-14].

All spectral lines displayed in the LIBS output are the Ritz wavelengths which are calculated from the
energy levels. The NIST database has the most intense hydrogen spectral lines at 486.1 nm and 656.3 nm.
Typically, because the line at 486.1 nm suffers from interference from adjacent Ti lines at 498.173 nm, for
guantification purposes the Ti 498.173 nm and H 656.28 nm lines are selected for analysis. [13,14]
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Figure 4. LIBS data collected on Ti, TiO; and TiH,;, commercial samples from Aldrich. The individual spots
analyzed on the samples and the quantification in at. % is presented in the top corner table.

[213.9Tum

Figure 2. TiH; Crater sizes. 10 um diameter laser spot yields a crater depth of 4 — 5 um. Affected
area on pressed powder wafer was ~50 um.
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Figure 5. LIBS spectra for Ti, TiO2 and TiH». Origin linear regression example for a single sample point.
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