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Long Range Precision Fires (LRPF)

Weapon/gun propulsion: M109
self-propelled howitzer test bed,
58-caliber Extended Range
Cannon Artillery armament,
XM654 propellant supercharge
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Explosive Flight
Battery

Energetics AM

Novel printable propellants or explosives
* Higher energy density
* Control performance profile via
structure

Design Science

Tailored propellant thrust profile
High G-survivable grain
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Raytheon Systems Company

Telemetry '

Hybrid AM

High-G Electronics Integration for:
* Fuzing
* Guidance, Navigation and
Control (GNC)
* Communication

Design Science

Integrated antenna design

Efficient electronics package to

volume

* Materials driven design for function
and survivability

Canards

Metals AM

* Printed Frag Plates
* Ultra-High strength steels
* Custom alloys for high ductility

Design Science

* Tailored frag pattern

» Selectable SERDP + ESTCP
-arenr— SYMPOSIUM
#SerdpEstcp2019



ARL Energetic AM Focus Areas

Goals of Energetics AM Challenges

* Gun and Rocket Propellant — tailored burn profile Formulation — High energy formulation, high solids loading, energetic binders
Manufacturing — Printing of high viscous pastes with resolution < 100 um

* Explosives — directionally focused detonation Performance — mech. properties to withstand high g-forces, enhanced
combustion

——Conventional —AM

Pressurization
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Conventional AM -rocket AM - gun
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SERDP Program WP19-1338

Environmental Aspects Addressed:
« Removal or Reduction of Solvent/\Waste Streams

« From the 2016 EPA Toxic Release Inventory, Radford Army Ammunition Plant released over 38M pounds of waste in liquid

and vapor form
* AM of gun propellant eliminates the use of solvent, thereby minimizing waste streams

 Nitrocellulose variability in starting products leads to out-of-spec batches that add to waste streams

 Reduction of hazardous materials

* AM of gun propellant will utilize binder/oxidizer, which contain isocyanates in the binder
« Exploring alternative binder chemistries for removal of isocyanates

* Reduction in HMX composition — through energy contribution of binder

* Personnel safety

- Fewer processing steps

« Room temperature AM — eliminates mixing energetics at high temperatures
SERDP+ ESTCP

SYMPOSIUM
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Polymers Available for AM

« Thermoplastics — polylactic acid (PLA), acrylonitrile-
butadiene-styrene (ABS), polyethylene terephthalate
(PET), Nylon, thermoplastic polyurethane (TPU),
polycarbonate (PC)

» Reaction chemistry complete — select

COTS product based on properties D> Fused Deposition Modeling | i
- Benefit: You can melt, dissolve - N\
polymer and return to original form B Void
Drawback: No covalent bonding = formlabs.com
poor mechanical properties Inter-Fiber Bonding Region
* Poor layer-to-layer adhesion 0 Void where layers didn'
» No control of reactivity with fully adhere
second phase filler P

« Thermosets — epoxies, acrylates, polyureas, polyurethanes, etc.
 Start with monomers — initiate polymerization for final product

« Multiple variables for tuning polymer properties, cure kinetics, composite interfacial behavior, AM layer-
to-layer reactivity, improved void space _
SERDP+ ESTCP

EIEVCDM 5 SYMPUSIUM
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Thermoset Chemistries

Free Radical Polymerization
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Co-polymerization rate and conversion of double bonds is critical

Step Growth Polymerization (such as epoxy-amine)
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AM Techniques for Energetics

e e
Extrusion Vat polymerization (SLA OR DLP)

Environmenta VOCs High T
| Impact Multi-

step
Yes — free No Yes — free Yes —step-growth
chemistry radical radical
Available Photo NA Photo Urea/urethane, Amine-
chemistries acrylate,

Photo, Epoxy

Resolution 150 200 2,000 800 .
(unfilled)  (unfilled) Extrusion

- Nozzle diameter ~ 10
Multi- No Yes Yes Yes X particle diameter
material

Max Solids 50 % 80-85% 80-85% 80-85% ~ \
loading (wt%) ——
low  100lb/hr 45 lb/hr 45 Ib/hr \

Rate

SLA — Stereolithography SERDP« ESTER

[oEvcom o fised ceporton modeling 7 SYMPOSIUM
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Ambient Reactive extrusion (ARE)

Low temperature

* Enables several new binder chemistries
(polyurea, Michael Addition, etc.)
» Challenge: Improve resolution
* Vibration assist technology
» Design particle surface chemistry to
reduce viscosity of feedstock

Z DEVCOM

2x speed

Scalabl

Reservoir @§Reservoir

Y-connector

Mixing
nozzle

Printed bead
Uncured

SERDP+ ESTCP

SYMPOSIUM
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Printing strategies and G-code editing

OE2-0F0-DC

2.1mL/min 120% speed

. Challenges
et Taae waese sa i, * Slumping/creep

« Layer and contour size
« Part height and

BRG]l X114.855 Y52.174 Z0.700 F4800

weight of material
o st « Overhang angle

fE1G1 X115.254 ¥51.890 E0.6232 F800
605G1 X116.970 ¥50.798 E3.2126 L t
° m
fRIG1 X117.395 Y50.558 E3.8356 ayer | e VS
S]G1 X119.215 Y49.648 E6.4250

PGl X119.663 Y49.452 E7.0482 Cure Chemistry

PANG1 X121.566 Y48.735 E9.6376
PARG1 X122.032 Y48.586 E10.2607
PP1G1 X123.999 Y48.068 E12.8501
PEIG1 X124.478 Y47.968 E13.4732

PI1G1 X126.487 Y47.655 E16.0626 ° Key Parameters

PE1G1 X126.974 Y47.605 E16.6858

PI9G1 X129.005 Y47.500 E19.2752 FI t
°

PRiG1 X129.495 Y47.500 E19.8982 OW ra e

PGl X131.526 Y47.605 E22.4876

PEIG1 X132.013 Y47.655 E23.1107 L4 EXtruder Speed

B0l X134.022 Y47.968 E25.7002 .
B G1 x134.501 Y48.068 E26.3233 ° L h ht
EP1G1 X136.468 Y48.586 E28.9127 ayer elg
E¥1c1 X136.934 Y48.735 E29.5358 .

E¥Mc1 x138.837 v49.452 E32.1252 ° Bead Wldth

EEIG1 X139.285 Y49.648 E32.7483

D i T T .
Visualization G-Code Syntax | Search I
@ Show complete Code

(O Show Single Layer

(O Show Layer Range

[ orme

R1 C3 Insert Layer0 ExtruderO Printing Time: 1Th:40m:28s

«r

¢ Y

‘00000...0000.0'00oo.o.o.00000
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Binder Development Strategy

Low

Photo-curable Binder Development
» Supports SLA, paste extrusion
* Printed elastic in-house formulation via SLA (Tg ~ - 50 deg C, > 100% elongation)

ARE polyurea (PU) — established chemistry

 Elastic formulation (Tg ~ -70°C) — anticipated to be better than HTPB
* Goal of HMX-loading to 75+ wt. %

« Current status: Increasing inert solids loading in PU

Aza Michael Addition (MA) — amine + acrylate chemistry

» Eliminates use of isocyanate in formulation

* Formulate MA binders that fall within the ARE processing window

« Adapt MA formulations to yield low Tg polymer with good mechanical properties

« Current status: Developed a printable chemistry with good MPs and fast gel time

Risk

Energetic binder development (PU, MA, and photo-curable)
* Formulated several energetic photo-curables
« Beginning to formulate energetic moieties into PU and MA binders

SERDP+ ESTCP

EIEVCDM High SYMPOSIUM
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ARE Chemistries

R' ,R;'l JU \\‘,RL

OCN’R‘NCO + uNTN, — N N7 N N} Elongation vs. Tensile
H H H H
\ ' n

/ Aromatic NCO A |

| Aromatic NCO B |

Diisocyanate Polyamine

Diisocyanate Amine
HaC NCO CH3 o CHj
ch)Q: HOWO}H HoN =" "NH;
NCO n
HsC

Aliphatic NCO C |

Tensile (MPa)

M
o CHs
Example urethane prepalymer - l - ’) /@i
-NCo HoN NH,

- —
nee NH2 0o i B0a 1000 200 1400 1600 1800
Elongation (%)
| Aliphatic NCO A |
] Q
R N H.-Cio-R Polyurea Formulation
R. _R". Pn 1N I .
OCN™ "NCO ¥/ HoN™ "NH, HoN™ NH; + H-Coh » Change diisocyanate component
_ « Monomer molecular weight
Diisocyanate Polyamine Polyamine Acrylate « Monomer functionality SERDP« ESTER
» Backbone chemistry SYMPUSIUM
1Y RES 11 #SerdpEstcp2019



Energetic binder development

Blend energetic monomers into working ARE chemistries without

reduction in processing ability or mechanical properties

OCN’

Diisocyanate Polyamine

HoN" “NH, H...C. .R

Polyamine H” H
Acrylate

Et3N, THF

cl
Ho\/\N’N“N ﬁ
\—&OH

Energetic
acrylates
/ example

o o\/\N’E“N ,/

2

Backbone chemistry well established with diol
functionality — synthesis of amine and acrylate

functionalities underway

Z DEVCOM

« Strategy — formulate energetic ring structures
into polymer backbone or as pendant groups

Isoxazole, furazan, furoxan, tetrazole
Thermally stable

Highly positive heat of formation

Higher density

Not thoroughly investigated as polymers

Challenges:

Solubility — Most of these monomers are
solids — need to formulate blends

Low Tg — ring structure and reactive
diluents yield high Tg

Copolymerization - uniform network
structure

Extent of cure

Maintain low viscosity

12
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Hydroxyl terminated polybutadiene (HTPB) replacement

- Bis-isoxazoline diol (BID) HTPB BID ISOCYANATE
incorporated as hard block chain m N NCO
extender D I A HOMOH * -

* Impact on processing properties,
storage properties (T, fragility)

0
* Low miscibility with HT-PBD ~ H =
, 4 : o Howo%m NI(O O~
* Sequential reaction to initially n m
functionalize with IPDI 0 _ PRE.POLYMER
0.35 | sample | T,
0032 HT-PBD -64.7

» Successfully replaced up to
17.5% of OH functionality in
formulation with BID

Heat Flow (W/g)
o
N

-0.4 5% BID -71.8
045 10% BID  -71.6

100 -75 50 -25 0 25 50 75 100
Temperature (°C) 15% BID -73.5

SERDP+ESTCP
5% BID 10% BID

E'EVCDM —HT-PBD . 15% BID SYMPUSIUM

#SerdpEstcp2019




Photo-curable Chemistries

Inert AM binder formulation Optimizing Particle Surface Chemistry Energetic polymer
« LowTg
{( » High extent of cure
Urethane p \ 60 vol% solids loading « No smoke
backbone = 2 Acrylate  Low char
toughness functionality — 1.60
free radical 1.40
) polymerization i
X
o @ 1,00
Ve ” E%U_L ‘_E 0.80
(8] (@] @
/_<0 O>_\ = 0.60
g —e—Uncoated (60-70 micron)
H3C 0.40 —e— Coated (60-70 micron)
FHs GHs ﬁ 0.20 —e— Uncoated (5-7 micron)
NHCOO O~CNH '
n = 0.00

R R= NHCOOCHZCHZOﬁCH =CH; 0 10 20 30 40

Glass Volume Percent

SERDP+ ESTCP

E'EVCDM SYMPUSIUM
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Aza-Michael Addition

Elastomeric

Aza-Michael Addition
O o)
R \O)g(

Processing conditions
« cured at 60 °C overnight
« postcured 120 °C for 5 hours

Crosslinked network

Rigid

Can obtain T,s ranging from

- 40 °C to 46 °C depending on
choice of monomers and
stoichiometry.

SERDP+ ESTCP

E'EVCDM . v | SYMPOSIUM
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Influence of Amine Structure

DPGDA cured with various amines

Amine Tg (°C) @ /\H/O\)\O/\(O\n/\
0 0
[ -10.7 —
m ' Influence of rigidity DPGDA
H,N NH,
\ PACM 4 .
18.3 Conditions
HoN NH .
NN Influence of ) « Cured at 60 °C for 16 hours
1,5-Diami t
R h * postcured at 120 °C for 5
o0 Ya etero-atom _
. A 220 "\ ) hours. Ratio of acrylate to
‘v diethylenetriamine amine 1067 (mOIar rat|0)
(©
@ ’ m— * T, measured by DSC
o ] NﬁA *\(NH 3723 Influence of chain g y
v 2 0725 2 |
ength
Jeff Amine D-230 . p Differing Molar Ratios of EB130:PACM
HoN NH, -40.9b¢ Molar ratio (EB130:PAGM)
O76.1 :
Jeff Amine D-400 \ :0.

DETA and D-400 required alternate conditions:

 DETA: acrylate amine ratio was 2:1

!DEVCDM * D-400: acrylate amine ratio was 2:1, extended 2= 1'0 2'0 3'0 4'0 50 IM
postcure of 10 h at 120 °C. Temperature (°C) #SerdpEstcp2019 1¢

Normalized Heat Flow



Reaction with Primary Amines is too Slow

— 36min
92 min reference . Can use NIR to monitor reaction kinetics.
______ 179 min « At 25°C 2° amine (formed) is unreactive.

. Thus change in [acrylate] is due to reaction with 1° amine.

VAN o O
OO A
7800 7400 7000 6600 6200 5800 /“/\(O/\O\/A\

) THN TNH, |

1° + 2° amine

Norm. Intensity (a.u.)

wavenumber (cm-) NG N
- PACM -

20
1

c -~ 9 0
O 15 - 1 -~
E |\AJI\O/\ 1/ _<l=\l
T s
g Eb130
(&) 5 -

SERDP+ ESTCP

- SYMPOSilifa

Time (min) #SerdpEstcp2019 17




Piperizine Modification and Tetra-functional monomer

to Reduce Gel Time

plperazme

0 o HNTY 0 H H 9
4\LT°\/\0JLH’ES’VHWJ°¥/L011\(°EHQAHJLO/\,OF + HNK\NH > K/Nv%\grk/\oﬂu’éVN‘{)roP\OHo‘gNQ/\”koNoﬁUH
2 equivalence Amine
CHCI3,rt, 2 h
L HaN A~~~ _-NH2
CA/_>E; ‘ \ _(: 1,5-Diaminopentane
k[(ﬂ ~ ) = et éV ey Q”*”WO
‘srass@ L "X V@}
") °/)7 \*f e

Gelled after ~2 minutes; (1.05:1) acrylate N- k( ;C
H equivalent amine functionality;
5% cabosil; 1.5% pTsOH-IPA (2:1)< ,/t‘wm

A SERDP + ESTCP

[GEveom SYMPOSiUi
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Synthesis of Clean-Burning Monomers

Synthesis of BOD described by

Sabatini

MeCN (K,CO,)

I\ A

85 80 75 70 65 6.0

DEVCOM

55 50 45 40 3.5

f1 (ppm)

19

. 2.0 1.5 1.0 0.5 0.0

SERDP+ ESTCP

SYMPOSIUM
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Cured Energetic Elastomers

Energetic Monomer (EM)

Curative Results
o Acrylate:Amine mass amounts
N 0 0 e H,N NH,
T Y 058018
! Tg: -10.5 °C

Jeff Amine D-230

Acrylate:Amine mass amounts

R 0 o—N J\/ 1.25g :1¢g
\O\‘\/\[(O\/CL\N\ }QN/\W/\OJ\/\NQNHZ /\H/O\/k >\<\ Y\O

N—O Tg' 19 OC

Acrylate:Amine mass amounts

B EM =55 wt%
DPGDA
o Tg -29 °C
Tg's determined from DSC.
All formulations featured (3:2) Acrylate:Amine
- N molar ratio
o}
R=
0 RO CHs of - N
%\IrO\/\OJLN/é\/N\H/O{/LOHO\g/n\Q/\HJLO/\/O\H/\ \%O/R \t/\ |\/Nj o _20 OC Tg
(TMPETP) (Mn~1170) O >400% elongation
Ebecryl 4848

SERDP + ESTCP
DEVCOM

ot SYMPGSIUN

#SerdpEstcp2019 20
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Binder development status

Low

Photo-curable Binder Development

» Supports SLA, paste extrusion

* Printed elastic in-house formulation via SLA (Tg ~ - 50 deg C, > 100%
elongation) and paste extrusion

ARE polyurea (PU) — established chemistry

 Elastic formulation (Tg ~ -70°C) — anticipated to be better than HTPB
* Goal of HMX-loading to 75+ wt. %

* Increasing inert solids loading in PU from 60 vol. %

Risk

Aza Michael Addition (MA) — amine + acrylate chemistry

« Eliminates use of isocyanate in formulation

* Formulate MA binders that fall within the ARE processing window

« Adapt MA formulations to yield low Tg polymer with good mechanical properties
 Developed a printable chemistry with good MPs and fast gel time

Energetic binder development (PU, MA, and photo-curable)
 Formulated several energetic photo-curables

 Formulating energetic moieties into PU and MA binders
SERDP+ ESTCP

E'EVCDM High  SYNIPOSIUM
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Tailor the Interface for the Binder

Bonding agent. Molecule
that reacts with both solid
and binder

Approach 1: Additive
bonding agent that
preferentially migrates to
solid surface

Approach 2: Modify solid
surface prior to mixing

S4700 2.0kV 3.0mm x300 SE(U) 4/25/2018

Highly solids-loaded elastomer -
approaching maximum packing fraction (~55 vol%) SERDP -+ ESTCP

[GEveom SYMPOSili
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Glass-polymer interface drives

mechanical performance

DEvVCOM

1.60

1.40

1.20

y
(-
o

0.80

0.60

Strain @ Failure (%)

0.40

0.20

0.00

—e

Exploiting interfacial
reactivity can be
ath for

—e— Uncoated (60-70 micron)

—e— Coated (60-70 micron) Interface

driven - Yes

—e— Uncoated (5-7 micron)

10 20 30 40 50 60
Glass Volume Percent SERDP + ESTCP

YMPOSIUM

23 #SerdpEstcp2019



SEM of Failed Fracture Plane from Tensile Tests

W5

X [A e s \

S4700 2.0kV 2.5mm x4.00k SE(U) 4/30/2018 10.0ur

Onset of particle
cavitation

Good interfacial

bonding — no SERDP + ESTCP
* * i . - i .4 - o
DEVC ORI Y e T cavitation 54700 2.0kV 2 5mm x7.00k SE(U) 4/30/2018 T S ooam P IU M
ARMY RESEARCH SerdpESth2019 24
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CT scans for use to investigate polymer-particle
interactions prior to fracture

10 vol. % glass loading

SERDP+ ESTCP

SEveom T SYMPOSU

25 #SerdpEstcp2019



Sample Failure

_____ 45 vol. % glass spheres
Video saved at 20 fps

4 second exposure time per
frame

300 total frames

~15 second video shows
failure over approximately

20 minutes
Coated Uncoated SERDP+ ESTCP
DEVEOM  Particles Particles SYMPDIUM



CT Scans under Strain

1. Particle cavitation
2. Void dilation and growth

Strain
direction

<)
BRUKER
(>3O

> 250 um <

SERDP+ ESTCP

SYMPOSIUM
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CTAnN quantitative Analysis

800 600
@ 700 —_
e mm 500 . . . . .
= 600 - Solids Loading Volume, Particle Size, Coupling
S X
S .
S 500 g, Agent — All Matter!
% Nawj
77} Q
y 400 N 300
o )
s 300 %
'g - 8 200
0]
=) >
Z 100 < 100
0 0
low strain coated ~ low strain high strain high strain low strain coated  low strain high strain high strain
uncoated coated uncoated uncoated coated uncoated
0.45
0.4
& -
X 035 ’
N — -
= 03 f
[P} -
100
2025 '
> Z
A~ 02 g - )
Q 2 A
€015 8 op
; 0.1 i ; oh UHcoated
0.05 0w “ Coateq
0.1 e UHCOated
0 5 g /L
low strain coated  low strain high strain high strain ] ) 1 ow Coa ted
uncoated coated uncoated

SERDP+ ESTCP

[GEveom SYMPOSili
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ARL Energetic AM Focus Areas

Z DEVCOM

Applications — gun/rocket propellant, explosives ——Conventional —AM

Mission — develop feedstocks and processes to enable AM

AM Processing
« Techniques: SLA, reactive extrusion
* Improved resolution of highly loaded polymers (~55-60 vol%)

Time

Feedstock Development
» Rapid curing chemistries — photo, Michael Addition, polyurea
« Energetic (or consumable) binders for AM

£

Interfacial Design
« Solid-binder wetting during processing
 Tailored interfacial reactivity or improved compatibility

Mechanical Characterization
« Key failure mechanisms in highly solids-loaded composites SERDP.ESTCR

* Answer question: “What makes a good binder?” SYM PUSIUM
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