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Abstract:

Insensitive high explosives (IHEs) — that do not compromise performance — are of considerable
interest as a safer alternative to conventional high explosives, such as pentaerythritol tetranitrate
(PETN) and cyclotrimethylenetrinitramine (RDX). Despite the strong interest in using IHEs,
shock compression experiments on IHE single crystals have not been reported. To address this
need, plate impact experiments were conducted to measure wave profiles in 1,1-diamino-2,2-
dinitroethene (FOX-7) single crystals — a representative IHE crystal — shocked to 21 GPa
longitudinal stress. Particle velocity histories, measured using laser interferometry, show a clear
two-wave structure (elastic-inelastic response) at modest stresses (<3.8 GPa). Wave profiles at
higher stresses show a single (overdriven) wave. Measured shock velocities and wave profiles
provide accurate Hugoniot data to 21 GPa. The measured wave profiles to 21 GPa show no sign
of energy release due to chemical decomposition and constitute the first demonstration of an IHE
single crystal insensitivity under plane shock compression. Numerical simulations using a
phenomenological material model developed for FOX-7 showed good agreement with the
measured wave profiles. The experimental findings and continuum simulations presented here
constitute a significant first step in gaining insight into the shock compression response of IHE

single crystals.
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I. INTRODUCTION

High performance and low sensitivity to shock initiation are two key desirable attributes
for high explosives (HEs).! In recent years, insensitive high explosives (IHEs) have received
significant attention as an alternative to conventional HESs, such as pentaerythritol tetranitrate
(PETN) and cyclotrimethylenetrinitramine (RDX), to provide lower sensitivity without
compromising high performance. Despite the strong interest in using IHE crystals, the shock
compression response of these crystals has received little attention. In particular, a fundamental
unanswered question is: Why are IHE crystals insensitive to shock initiation? To address such
fundamental questions, experimental shock wave studies on well-oriented IHE single crystals
constitute an important scientific need because they avoid the complexities inherent to the shock
response of composite (or plastic-bonded) explosives, providing insight into the intrinsic
response of IHE crystals incorporated into composite HE formulations. In contrast to the
significant experimental studies that have been carried out on shock-compressed conventional
HE single crystals,?® well characterized experiments to examine the shock response of IHE

single crystals have not been reported to date.

To address this need, we report here on the shock compression response of 1,1-diamino-
2,2-dinitroethene (C2H4N404), also known as DADNE or FOX-7 (Fig. 1a).1%12 FOX-7 was
chosen as a representative IHE crystal because of its low sensitivity to shock initiation, relative
to conventional HEs such as RDX and cyclotetramethylene tetranitramine (HMX),** and because
FOX-7 single crystals can be grown to sizes suitable for plate impact experiments (in contrast to
many other IHEs). FOX-7 crystallizes in a monoclinic structure (o phase, P21/n space group),
with the molecules forming wave-shaped layers having extensive intra- and inter-molecular
hydrogen bonding within the layers (Fig. 1b).12 Static compression experiments!®’ have shown
that FOX-7 undergoes structural phase transformations to another monoclinic structure (o'
phase) at 2 GPa and to a triclinic structure (e phase) at 4.5 GPa; the volume change associated
with these transformations is small.}” The comprehensive static pressure data by Dreger and co-
workers'*1*17 on FOX-7 single crystals provide an excellent foundation for shock compression

studies.

The objectives of this study were: (i) to determine the shock compression response of

FOX-7 single crystals, including the stress threshold for shock-induced chemical decomposition,
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and (ii) to develop a material description for shocked FOX-7 single crystals. To address these
two objectives, plate impact experiments were conducted to measure wave profiles in FOX-7
single crystals shocked up to 21 GPa. The experimental results were analyzed using well-
established shock wave analysis methods!®® and also using numerical simulations. The

methods used in the plate impact experiments are described next.

Il. EXPERIMENTAL METHODS

FOX-7 starting material was obtained as a fine powder from Dr. Joel R. Carney of the
Naval Surface Warfare Center—Indian Head Division (NSWC-IHD). Single crystals were grown
from a solution of FOX-7 in dimethyl sulfoxide (DMSO) by slow evaporation at room
temperature.'® The single crystals were cleaved parallel to the {101} plane (i.e. the ac plane in
Fig. 1b) and polished to obtain samples having 1 — 2 mm lateral dimensions and thicknesses
ranging from ~130 — 260 um. Because the FOX-7 single crystals are extremely fragile,
considerable care was required in sample preparation. The cleaved and polished single crystals
having {101} faces were bonded to a 1050 Al or z-cut quartz buffer and a LiF back window
using epoxy. Prior to bonding, an Al mirror was deposited on the sample side of the LiF

window.

The plate impact experiments were carried out using the configuration shown
schematically in Fig. 2. Using powder guns having 5.2 mm or 30 mm bore diameter, C101 Cu or
6061-T651 Al flyers were impacted onto the buffer/FOX-7/LiF target assemblies. The

experimental parameters, including the measured impact velocities, are listed in Table I.

Particle velocity histories were measured at the FOX-7/LiF interface using a velocity
interferometer system (VISAR).2% In addition, velocity histories were measured at three
locations at the back of the buffer to enable determination of the shock wave arrival at the
buffer/FOX-7 interface.

I11. RESULTS
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Six plate impact experiments were conducted for FOX-7 single crystals shocked along
the b-axis (i.e. normal to the {101} crystal plane) to stresses ranging from 2.4 GPa to 21.4 GPa
(see Fig. 1b). Because the b-axis is the two-fold rotation axis of the monoclinic unit cell, pure
longitudinal waves resulting in uniaxial strain can be propagated along this direction.?* Although
shock compression of FOX-7 single crystals along different orientations — similar to previous
studies®® on conventional HE single crystals — is desirable, the layered crystal structure of FOX-
7 poses significant challenges regarding sample preparation and only one crystal orientation (the

b-axis) was examined in the experiments presented here.

The measured wave profiles at the FOX-7/LiF interface are shown in Fig. 3. Note that
the time axis in Fig. 3 is normalized by the FOX-7 sample thickness to better compare the
measured profiles. The profiles at stresses less than 3.8 GPa show a two-wave structure,
corresponding to an elastic-inelastic shock compression response. At higher stresses, single
(overdriven) waves are observed. The measured profiles show no clear indications of time-

dependent response.

Shock wave velocities in the FOX-7 samples were determined from the measured shock
wave arrival times at the buffer/FOX-7 and FOX-7/LiF interfaces. The measured shock
velocities are listed in Table I1.

IV. ANALYSIS AND DISCUSSION
A. Hugoniot states

To determine the continuum response (particle velocity, longitudinal stress, and density)
in the shocked FOX-7 sample, the following procedure was used. First, the impact state in the
buffer was determined using the known Hugoniot curves of the impactor?>2 and the buffer,242°
together with the measured impact velocity. Then, the state achieved by the transmitted shock in
the FOX-7 sample was determined by impedance matching*® using the buffer Hugoniot curve
and the measured FOX-7 shock velocity. For the lowest stress experiment (Expt. #1), a two-step
wave analysis — similar to that used previously®® — was used to determine the elastic compression
state and the peak state in the shocked FOX-7 crystal. The continuum results for shocked FOX-7

determined for each experiment are shown in Table I1.
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Figure 4 shows the results from Table Il (Expts. 2 — 6) in the shock velocity (Us) —
particle velocity (up) plane and the longitudinal stress (Px) — volume (V) plane. As shown in Fig.
4(a), a linear Us — up relationship provides a good fit to the data.

For comparison, Fig. 4(b) also shows the Px —V curve for PETN single crystals
determined from the Us — up relationship reported previously.> The PETN curve is limited to
stresses below 4 GPa because shocked PETN indicated chemical decomposition at higher
stresses.® Figure 4(b) shows that the Hugoniot curve of FOX-7 at lower stresses does not differ

significantly from that of PETN, and is likely representative of soft molecular crystals.

B. Material Model and Numerical Simulations

To further analyze the measured wave profiles, numerical simulations were carried out
using a one-dimensional wave propagation code?® that utilizes the usual finite-difference,
artificial viscosity approach.?’ The FOX-7 single crystals were described using a modeling
approach strictly applicable for isotropic solids. We incorporated the usual separation of the
mechanical response into the mean stress response and the deviatoric stress response.?’
Phenomenological models for the mean stress and deviatoric stress responses were developed to

provide the correct longitudinal stress—density response for the FOX-7 single crystals.

The mean stress curve for shocked FOX-7 was determined from the linear fit to the Us —

up Hugoniot data (Fig. 4):

Ug :2.63+1.84up : (1)

The y-intercept of the above linear fit corresponds to an ambient isentropic bulk modulus (Bs) of
13.0 GPa, which is consistent with that expected based on previous isothermal compression
data.!” Bs was used, together with published thermodynamic data,?®? to determine the

Grineisen parameter: 7= 1.0.

To determine the deviatoric stress response, the shear modulus was assumed to be
constant (G = 7.5 GPa) and shear strength was described using a von Mises-type yield stress

model* that incorporated loss of strength (strain-softening behavior), with the yield stress given

by
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Y =Yy-Mz,, . (2)

In Eq. (2), &p is the effective inelastic strain, M is the strain-softening modulus, and Yo is the

yield stress at the elastic limit.

Calculated wave profiles, determined using the above model, are shown together with the
measured profiles in Fig. 5; experiments reaching high stresses are shown in Fig. 5(a), while
those reaching lower stresses are shown in Fig. 5(b). The red solid curves were calculated using
Yo =0.62 GPa and M = 0, corresponding to an elastic-perfectly plastic response. The green solid
curves were calculated using Yo = 0.62 GPa and M =5 GPa, corresponding to a strain-softening
response. The results in Fig. 5 show that, although both models provide a good match to the
wave profiles measured at high stresses, the strain-softening model provides a significantly better

match at low stresses.

C. Discussion

The wave profiles for shocked FOX-7, shown in Fig. 3, show features typical of an
elastic-inelastic response to shock wave compression. No features suggestive of shock-induced
structural phase transformation were observed, as expected based on the small volume changes
determined previously for the known transformations.” In addition, no signs of energy release
due to shock-induced chemical decomposition were observed in the measured wave profiles
(Fig. 3) or in the Hugoniot curves (Fig. 4). Therefore, the results presented here show that FOX-
7 single crystals do not undergo detectable energy release — due to chemical decomposition —
under shock compression to at least 21 GPa. In contrast, shocked PETN — a conventional HE —
showed clear indications of chemical decomposition at shock stresses as low as 4 GPa.®> Thus,
the present results have provided the first demonstration of the insensitivity of an IHE single

crystal under plane shock compression.

The wave profiles shown in Fig. 3 show no clear indications of a time-dependent
response and wave profiles calculated using a time-independent material model provide a good
match to all the measured profiles, as shown in Fig. 5. The calculated profiles in Fig. 5 also

show that shocked FOX-7 undergoes a loss of strength under shock wave compression.
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In Fig. 6, the measured FOX-7 profile from Expt. 1 is compared with wave profiles
measured previously* for PETN single crystals shocked along the [100] and [110] orientations —
crystal orientations determined to be insensitive and sensitive to shock-induced chemical
decomposition, respectively.>® The elastic wave amplitudes and peak stresses for shocked
PETN, determined from numerical simulations,3 are shown in the figure. Unlike the present
FOX-7 profiles, which were measured using LiF windows, the PETN profiles were measured
using PMMA windows,* resulting in significantly larger measured sample/window interface
velocities. Hence, the PETN profiles in Fig. 6 reach similar interface velocities compared to the

FOX-7 profile, despite the peak stresses being lower by a factor of two.

Figure 6 shows that the elastic wave amplitude determined for shocked FOX-7 is
comparable to that for [110] PETN (sensitive orientation) and is more than twice as large as that
for [100] PETN (insensitive orientation). In addition, previous numerical simulations revealed
significant loss of strength for [110] PETN, but not for [100] PETN.3! The large elastic wave
amplitude and loss of strength in shocked [110] PETN have been associated with hindered shear
and increased sensitivity to chemical decomposition.*3! In contrast, the results presented here
show that large elastic wave amplitudes and strength loss in shock-compressed FOX-7 do not
contribute to sensitivity to chemical decomposition. In contrast to PETN, the underlying
mechanisms for shock-induced chemical decomposition are significantly different for FOX-7.

V. Summary and Conclusions

The results presented here constitute the first reported experimental examination of the
shock compression response of an IHE single crystal. These results, together with the material
model and numerical simulations presented here, provide significant insight into the continuum

response of shocked FOX-7 single crystals. Our main findings include:

(1) The measured wave profiles for FOX-7 single crystals shocked to 21 GPa show no
indication of energy release due to chemical decomposition. Although consistent with
the expected insensitivity of FOX-7, this finding is in contrast to previous findings for
conventional HEs, such as PETN, where clear indications of chemical decomposition

were observed at shock stresses as low as 4 GPa.®
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(2) At stresses below 3.8 GPa, the measured profiles and numerical simulations for FOX-7
single crystals reveal relatively large elastic wave amplitudes and significant loss of
strength. Because similar features were previously associated with increased sensitivity
in [110]-oriented PETN single crystals,*! the observed insensitivity of FOX-7 suggests
that the underlying mechanisms for shock-induced chemical decomposition might be
different.

The work on FOX-7 single crystals presented here constitutes a significant first step in
addressing key scientific questions regarding the response of shocked IHEs. The wave profiles,
Hugoniot curve, and phenomenological material description for shocked FOX-7 single crystals
presented here provide a necessary and important foundation for future experimental and

theoretical studies.

Many important scientific questions regarding FOX-7 and other IHEs remain to be
answered. For example, the present experiments did not attain sufficiently high stresses to
observe signs of energy release due to chemical reaction in shocked FOX-7. Therefore, wave
profile measurements to stresses significantly higher than 21 GPa are needed to address the
question: What is the onset stress for shock-induced chemical decomposition on FOX-7 single
crystals? In addition, because continuum measurements — such as determination of wave profiles
— are not sensitive to the early stages of chemical reaction before the onset of significant energy
release, molecular-level measurements — such as optical spectroscopy — are needed to provide a
more sensitive determination of the chemical decomposition onset stress. Also, continuum
measurements alone cannot provide direct insight into the following fundamental scientific
question: Why are IHEs insensitive to shock initiation? Effectively addressing this and other
fundamental questions regarding IHEs will require both molecular-level measurements and

theoretical calculations.
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Table I. Parameters for plate impact experiments on FOX-7 single crystals shocked normal to
the (101) plane.

Experiment Impactor Buffer FOX-7 Impact
Number Thickness Velocity
(nm) (mm/ps)

1(18-UL03) 6061-T651 Al z-cutquartz  196+£2  0.556 + 0.003
2 (19-UL03) 6061-T651 Al z-cutquartz ~ 142+2  0.772 +0.004

3 (17-UL05)  6061-T651 Al 1050 Al 155+4  0.795+0.004
4 (18-UL0S) 6061-T651 Al 1050 Al 138 + 2 1.663 + 0.008
5 (19-601) C101 Cu 1050 Al 256 + 2 1.691 + 0.008
6 (18-630) C101 Cu 1050 Al 254+2  2.185+0.011

Table Il. Results for FOX-7 single crystals shocked normal to the (101) plane.

Experiment Shock Particle Stress Density
Number Velocity Velocity (GPa) (g/cc)
(mm/pus) (mm/pus)

1 (18-UL03)? 3.60+0.11 0.145+0.007 0.98+0.05 1.964 +0.004
/3.15+0.11 /0.379 +0.004 /2.43+0.05 /2.104 +0.006

2 (19-UL03) 3.56 +0.19 0.523+0.008 3.50+0.14 2.211+0.025
3 (17-UL05) 3.71+0.29 0.547+0.013 382+0.21 2.214+0.038
4 (18-ULO08) 455 +0.24 1.095+0.019 9.39+0.33 2.486+0.054
5(19-601) 5.42+0.12 1.483+0.013 15.16+0.24 2.595+ 0.030
6 (18-630) 6.07 £ 0.15 1.869+0.019 21.36+0.38 2.726 +£0.041

Publishing

AIP

& For Expt. 1, continuum variables are listed for the elastic compression state/peak state of the

observed two-wave structure. Also, the shock velocities shown are for the elastic wave/inelastic
wave; the inelastic wave velocity has been corrected for the compression arising from the elastic

wave.
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(a)

(b)

Shock direction

Figure 1. The FOX-7 molecule (a) and the direction of shock compression in FOX-7 single
crystals (b). The crystal structure shown is a projection onto the bc plane, where b is the two-
fold rotation axis of the monoclinic unit cell. Atoms are indicated by the following colors:
carbon — grey; nitrogen — blue; oxygen — red; hydrogen — white. Crystal unit cells are indicated

by white lines.
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Figure 2. Experimental configuration for plate impact experiments on FOX-7 single crystals.
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Figure 3. Measured wave profiles for shocked FOX-7 single crystals. Time is relative to shock

wave arrival at the buffer/FOX-7 interface. The time axis is normalized by the FOX-7 sample

thickness.
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Figure 4. Measured FOX-7 Hugoniot states in the Us — up plane (a) and Px — V plane (b). The
red solid curves are the result of a linear fit to the Us — up data. The red open circle (not included
in the linear fit) is the peak state from Expt. 1. For comparison, the black dashed curve in (b)
shows the Px — V curve for PETN single crystals (Ref. 5). The PETN curve is limited to stresses
below 4 GPa because shocked PETN showed indications of chemical decomposition at higher
stresses (Ref. 5).
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Figure 5. Calculated and measured wave profiles for FOX-7 single crystals at high stresses (a)
and lower stresses (b). Time is relative to shock wave arrival at the buffer/FOX-7 interface. The
time axis is normalized by the FOX-7 sample thickness. For visual clarity, the profiles for Expts.

2 and 3 are shifted 0.025 pus/mm and 0.050 ps/mm to the left, respectively.

17



AIP

Publishing

0.30

1.2 GPa
0.25 - et T T L
2.4 GPa

0.20 4

1.0 GPa

0.10 - \

Particle velecity {(mm/us)
o
o

— (101)-oriented FOX-7: Expt. 1

0.05 - —— [100]-oriented PETN: Ref. 4
[110]-coriented PETN: Ref. 4
0.00 il . y . . .
0.2 0.3 04 0.5 0.6

Time/sample thickness (us/mm)

Figure 6. Measured wave profile for FOX-7 single crystal (Expt. 1), compared to measured
profiles for PETN single crystals (Ref. 4). Time is relative to shock wave arrival at the
buffer/sample interface; the time axis is normalized by the sample thickness. In contrast to the
LiF window used in Expt. 1, the experiments in Ref. 4 incorporated a PMMA window; the
PETN profiles shown here were measured at the PETN/PMMA interface. The elastic wave
amplitudes and peak stresses for shocked PETN were determined from numerical simulations
(Ref. 31).

18



(a)

(b)

Shock direction




> VISAR
> VISAR
> VISAR

FOX-7| LiF
— I€

¥610v15°1/€90L°01 10A SV FTI1LYV SIHL 3110 ISVI1d

"19s9dA) pue pajipakdod usaq Sey Jl 82U0 UOISISA SIU} WO} JUSIBLIP 8 ||IM pJ0IB JO UOISISA BUIUO 8y} ‘1eAamoH 1duosnuew paydaode ‘pamainal Joad s Joyine ay) s SIy L

1dIdOSNNVIN d31d300V

soisAyd palddy
JOo |jeudnor

Suiysiqng

diV




AlP

1.6 21.4 GPa - Wave
- 8 reverberation
@ in FOX-7
- 12 15.2 GPa
£ ~
>
3 9.4 GPa V
o 0.8 -
>
o
O
-
S 04 58 GPa
3.5 GPa
2.4 GPa
0.0 : : : : : . : :
0.1 0.2 0.3 0.4 0.5 0.6

Time/sample thickness (us/mm)

Publishing



FOX-7 Hugoniot states
Ug =263 +1.84%u,

wn

(s/wy) Sn

1.0 1.5 2.0

Up (km/s)

0.5

0.0

1.0

FOX-7 Hugoniot states

Linear Ug - up fit to Hugoniot data

——— PETN Hugoniot curve

VIV,

0.8

0.7

25

T
(=]
o™~

5
10

(edo) *d

$610171G°L/€90L°01 104 SV 3TJILYV SIHL 3110 3SV3I1d
"1958dA) pue palpakdoo usaq sey 1 82U0 UOISISA SIU) WO JUBISLIP 8 ||IM PJ0D8J JO UOISISA 8Uljuo 8y} ‘JeremoH 1duasnuew peidedoe ‘pamairal Jead s Joyine ay) si siy]

1dI4OSNNVIN d31d300V

soisAyd palddy
Jo jeuanor

Suiysigng

diV



AlP

Publishing

—_ a
L 1.6 A (@) 21.4 GPa r
= —
=<
2
5 192 . 15.2 GPa L
[«
>
3
© - 9.4 GPa P
E 0.8 - g -
£
L
=
~ 0.4 4 r
x —— Measured VISAR profiles
8 —— Elastic-perfectly plastic model
——— Strain-softening model
0.0 v ; ; T
0.1 0.2 0.3 04 0.5 0.6
Time/sample thickness (us/mm)
@04 (b .
"é 04 3.8 GPa
x F —
= {Pﬂ(, 3.5GPa
8 03 - -
[}
>
3
2.4 GPa
©
E 0.2 - -
£
n |
=
N 0.1 | I| L
< |' f‘ —— Measured VISAR profiles
O —— Elastic-perfectly plastic model |
L J J ——— Strain-softening model
0.0 T e T - :
0.1 0.2 0.3 04 0.5 0.6

Time/sample thickness (us/mm)



AlP

Publishing

0.30

O
N
3

O
N
o

0.10 A

article velocity (mm/us)
(@)
o

0.05 -

0.00

1.1 GPa

1.2 GPa

1.0 GPa
0.4 GPa
— (101)-oriented FOX-7: Expt. 1
—— [100]-oriented PETN: Ref. 4
——— [110]-oriented PETN: Ref. 4
: ..mk}' i : , '
0.2 0.3 0.4 0.5 0.6

Time/sample thickness (us/mm)



	Winey - Shock Compression Response of an Insenstive High Explosive Single Crystal.pdf
	Manuscript File
	1
	2
	3
	4
	5
	6


