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ABSTRACT

We investigate spallation of polycarbonate under plate impact loading. The Hugoniot equation of state up to ~1.3 GPa (corresponding to a
peak particle velocity ~380m/s) is obtained, and spall strength and corresponding strain rates are determined at peak shock stresses up to
~2.4 GPa (corresponding to a peak particle velocity ~600 m/s). With increasing shock strength, the transition from strain-hardening to
softening at shock states occurs as a result of shock heating; spall strength remains approximately constant, followed by a rapid drop upon
strain softening. Release/tensile melting occurs at higher impact velocities. Three-dimensional void configurations of the postmortem
samples are obtained via X-ray computerized tomography. The small voids are flat and curved for low-speed shots but become ellipsoidal
for high-speed shots, and their coalescence leads to different shapes likely due to different damage mechanisms.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108965

I. INTRODUCTION

Polycarbonate has a useful balance of temperature resistance,
impact resistance, and optical properties and is widely used as an
engineering material in transparent elements of dynamic protective
equipment. As a thermoplastic polymer, its compression (e.g.,
equation of state) and tensile properties (e.g., fracture mechanisms)
under dynamic extremes are of fundamental interest. The
Hugoniot equation of state of polycarbonate was investigated with
plate impact and high explosive loading.'~ However, most previous
studies focused on shock-state particle velocity above 500 m/s,""~
while the peak particle velocity is below 500 m/s (peak stress
1.8 GPa) for many engineering applications.*”

Upon plate impact loading, shock waves propagate into target
and flyer plate and are then reflected at the respective free surfaces as
centered simple release (rarefaction) fans traveling in opposite direc-
tions. When these two release fans encounter each other, their interac-
tion induces release and an evolving tensile region. Spallation occurs

when the tensile stress exceeds tensile strength.”” Curran et al.'""’
employed plate impact to investigate fracture mechanisms in polycar-
bonate; crack nucleation, growth, and coalescence in recovered
samples were analyzed with optical microscopy. Kalthoff and
Shockey'” conducted plate impact experiments on polycarbonate to
examine crack instability; a static-fracture-mechanics-based fracture
theory was developed for short loading pulses. Besides plate impact
loading, spallation of polycarbonate was also investigated with laser
shocks. De Rességuier and Deleignies'’ performed laser shock experi-
ments on polycarbonate, and a model was constructed via postmor-
tem examination of fracture damage and analyzing the influences of
experimental parameters. Despite its engineering importance, quantifi-
cation of bulk properties such as spall strength and corresponding
strain rate has been lacking for polycarbonate, and microscopic char-
acterization of fracture is largely limited to optical microscopy.
Three-dimensional (3D) characterization of voids with X-ray com-
puted tomography (CT)'*"” is highly desirable for gaining insights
into underlying mechanisms of dynamic fracture.
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In this work, we investigate the Hugoniot equation of state and
spallation in polycarbonate under plate impact loading. The
Hugoniot equation of state is obtained up to ~1.3 GPa (correspond-
ing to a peak particle velocity of 380 m/s), as a useful complement to
previous data. In spallation experiments, free-surface velocity histo-
ries are measured up to ~1200m/s, and spall strengths and corre-
sponding strain rates are deduced. Shock-state softening and release/
tensile melting are indicated by free-surface velocity histories and
lead to rapid changes in spall strength and strain rate, respectively.
The postmortem samples are then characterized with CT to obtain
3D void configurations. The shape of small voids differs considerably
between low-speed and high-speed shots, and their different growth
paths are attributed to different spallation mechanisms (presumably,
interchain vs intrachain breakage).

Il. EXPERIMENTAL

Commercially available polycarbonate is used for plate
impact experiments. At ambient conditions, it has a density of
po = 1.20g/cm?. Its longitudinal and transverse sound velocities
measured with an ultrasonic device are 2.153 km/s and 0.921 km/s,
respectively, and the Poisson’s ratio is v = 0.388.

Plate impact experiments are conducted on a single-stage gas
gun with a bore diameter of 14 mm. The schematic setups
of Hugoniot and spallation experiments are shown in Figs. 1(a)
and 1(b), respectively. For both types of experiments, a flyer plate
(5) is attached to a polycarbonate sabot (3), with a recess (4) imme-
diately behind it. When a solenoid valve is fired, compressed gas
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FIG. 1. Schematic setup for plate impact loading: (a) Hugoniot experiments and
(b) spallation experiments. 1: gun barrel; 2: O-ring; 3: polycarbonate sabot; 4:
recess for release waves; 5: flyer plate; 6: optical fibers and detectors for the
optical beam block system (OBB); 7: attachment bracket; 8: sample holder; 9:
sample; 10: Ag coating; 11: optical fiber connected to the Doppler pin system
(DPS); 12: lens; 13: turning mirror; 14: soft materials; 15: recovery bin; 16:
vacuum chamber.
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(He) is released from a high-pressure gas reservoir into gun barrel
(1), accelerating the sabot and flyer plate to impact sample (9). The
flyer plate velocity (timp) is measured with an optical beam block-
ing system (6). For Hugoniot experiments, the front (impact)
surface is partially coated with a thin Ag film (10) for reflecting the
diagnostic light. A multichannel Doppler pin system (DPS, similar
to a photon Doppler velocimeter)'®"” is used for measuring shock
breakouts at the flyer plate-target interface and the target free
surface. Four single-mode optic fibers (11) are set about 0.5 mm
away from the target rear (free) surface. Each fiber is connected to
a DPS channel.

For spallation experiments, the rear surface of a sample is
coated with a thin Ag film. Free-surface velocity (ug) is measured
with a single-channel DPS. Upon impact, the sabot is blocked by
sample holder (8), and the shock-loaded sample is stopped by soft
materials (14) and “soft-recovered” for CT examination.

Both surfaces of the flyer plate and sample are polished to
micrometer level or mirror finish. Flyer plates and samples are
both made of polycarbonate for symmetric impact. For Hugoniot
experiments, the diameter of both flyer plates and samples is
13.2 mm; the flyer plate thickness is 1.9 mm, and the sample thick-
ness is 2.9 mm or 3.9 mm. To check the effects of lateral release
waves on measurements of shock and particle velocities, the optic
fiber probes are uniformly distributed at the center and on the
circle with a diameter of 4 mm, and the reported velocity measure-
ments are not affected by edge release. For spallation experiments,
the diameter and thickness of a flyer plate is 13.2 mm and 0.9 mm,
respectively. The sample diameter is set at 9 mm to ensure that
both sabot and flyer plate are blocked by the sample holder; the
nominal sample thickness is 1.9 mm.

For microstructural characterization, the middle part of a
postmortem sample is harvested for CT to investigate crack/void
characteristics. CT is a nondestructive three-dimensional (3D) tech-
nique capable of resolving internal structure. In this work, CT is
conducted at the 2-BM beamline of the Advanced Photon Source
with a pixel resolution of 0.87um/pixel. The photon energy of
incident X-rays is 24.9 keV. The X-ray passing through the sample
is converted into visible light by a 20um thick LuAG scintillator
and then recorded by a charge coupled device (CCD) camera
through a 7.5x lens array. The sample-to-scintillator distance is 60
mm. The CCD array contains 2560 x 2000 pixels, yielding a field
of view of 2.20 x 1.74mm?. One CT scan uniformly collects 1500
projection images within 180° with a 100-ms exposure time for
projection. The projections are then reconstructed into a 3D image
by a reconstruction program, TomoPy.”’

18,19

I1l. RESULTS AND DISCUSSION
A. Hugoniot experiments

For symmetric impact, the particle velocity of a shock state
(up) equals to half of the impact velocity (uimp), ie., up = %uimp.
Shock velocity (us) is determined from the shock transit time (Atf)
and sample thickness (hs) via u; = hy/At. Here, At is the difference
in shock arrival times between the sample front surface and rear
surface determined from DPS measurements. The “trigger time”
for our DPS system mainly comes from the rise time or response
time of the detector, which is about 30 ps and negligible compared
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TABLE 1. Experimental parameters and results of the Hugoniot shots. hy: flyer plate thickness; hs: sample thickness; uimo: impact velocity; uj,: shock-state particle velocity;
us: shock velocity; oy: peak stress. Numbers in parentheses denote uncertainties in the last one or two significant digits.

Shot number h¢ (mm) hs (mm) Uimp (km/s) up, (km/s) u, (km/s) oy (GPa)
MP322 1.931 (2) 2910 (2) 0.168 (1) 0.084 (1) 2.457 (15) 0.248 (2)
MP330 1.923 (2) 2.931 (2) 0.192 (1) 0.096 (1) 2.478 (3) 0.285 (2)
MP337 1.919 (2) 2.929 (2) 0.226 (1) 0.113 (1) 2472 (3) 0.335 (2)
MP296 1.922 (2) 3.930 (2) 0.231 (1) 0.116 (1) 2.502 (23) 0.347 (4)
MP301 1.927 (2) 3.941 (2) 0.265 (1) 0.133 (1) 2501 (6) 0398 (3)
MP343 1.933 (2) 2.931 (2) 0.303 (2) 0.152 (1) 2.519 (9) 0.458 (3)
MP349 1.922 (2) 2.928 (2) 0.310 (2) 0.155 (1) 2,529 (3) 0.470 (3)
MP355 1.928 (2) 2.937 (2) 0.337 (2) 0.169 (1) 2.560 (25) 0.518 (6)
MP362 1.917 (2) 2.930 (2) 0.345 (2) 0.173 (1) 2.553 (5) 0.528 (4)
MP314 1.924 (2) 3.933 (2) 0.385 (2) 0.193 (1) 2.566 (21) 0.593 (6)
MP318 1.920 (2) 3.945 (2) 0.441 (2) 0.221 (1) 2.599 (3) 0.688 (5)
MP367 1.931 (2) 2.930 (2) 0.547 (3) 0.274 (1) 2.685 (7) 0.881 (6)
MP371 1.929 (2) 2.940 (2) 0.689 (3) 0.345 (2) 2.775 (2) 1.147 (8)
MP380 1.921 (2) 2.932 (2) 0.758 (4) 0.379 (2) 2.828 (4) 1.290 (9)

to shock rise the duration of interest (1-2us). The peak shock
stress is then obtained as oy = pyusup. In our experiments, four
DPS channels are used for averaging.

A total of 14 Hugoniot shots are fired, and the experimental
parameters and results are summarized in Table I. The us-u, data
from this work and the literature' ' are presented in Fig. 2. Previous
experiments largely explored the pressure range above 1 GPa; our data
are in the range of oy = 0.248—1.290 GPa and agree with the litera-
ture data. The us-u, data can be described with a quadratic relation
(Fig. 2, inset). The fitting yields us = 2.39 + 0.70u,, + 1.24u;.

B. Spallation experiments

A total of 15 spallation shots are fired, and the free-surface
velocity histories are shown in Fig. 3. We use the free-surface veloc-
ity history labeled with A-F in Fig. 3 to illustrate three processes:
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FIG. 2. The us-u, plot of polycarbonate. Data are from this work and the
literature. ™" Inset: an enlarged view of the region delimited with the dashed
rectangle; the solid line denotes quadratic fitting to the data of this work.

dynamic compression, subsequent release, and spallation. Segment
AB indicates the arrival of shock wave at the rear surface and then
reach a Hugoniot/shock state (BC). The arrival of the release fan
from the back surface of the flyer plate leads to a velocity drop
(CD). The interaction of this release fan with that initiated from
the sample free surface gives rise to release and tension in the
sample interior, and spallation is resulted when the tensile stress
exceeds the spall strength at a specific loading condition. The
ensuing velocity increase (DE and EF) is induced by the arrival of a
compression wave originated from the spall plane within the
sample. The reacceleration beginning at E is a typical signature of
spall. DE is attributed to independent growth of isolated cracks or
voids, and EF, to their coalescence.”"*” The slope of EF reflects the

FIG. 3. Free-surface velocity histories for spallation experiments. Numbers refer
to impact velocities in m/s. L: liquid; S: solid.
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fracture rate during spallation.”” The compressive yield strength of
polycarbonate is very low, so the elastic shock speed is close to the
initial longitudinal sound velocity (2.153 km/s). Even for a low-
speed shot (ui, = 168 m/s), the plastic shock speed (2.457 km/s)
is higher than the elastic shock speed, i.e., the elastic precursor is
overtaken by the plastic shock, so HEL is not detected in our
experiments.

Free-surface velocity histories allow us to deduce such quanti-
ties as spall strength and tensile strain rate. Spall strength is calcu-
lated from the pullback velocity with the acoustic method™*~*’

- 1)

O ~ poCLAu T
Cp

where Cj, is longitudinal sound velocity, Cg is bulk sound velocity,
and the pullback velocity of Au = ugp — ugc. Tensile strain rate
near spallation (e.g., C'D in Fig. 3) can be estimated with”>*’

1 dug(t)
£ —
2Cp dt

2

release

The average value of £ near the pullback is used in our
discussion.

As shown in Fig. 3, free-surface velocity histories show a clear
pullback (spallation) for wy,, > 153 m/s. Although no pullback is
observed for uj,, =153 and 137m/s, CT examination reveals
minor damage (see below) which does not yield sufficiently strong
signature on a free-surface velocity history.

With increasing impact velocity, longitudinal sound velocity
(for the release fan originated from the flyer plate free surface)
increases, so spall pullback shifts toward the left on a u(t) curve.
For uimp < 1017m/s, the trajectory of the pullback follows the
same trend (the dot-dashed line “L” in Fig. 3). When impact

ARTICLE scitation.org/journalljap

velocity increases from 1017 m/s to 1123 m/s, the pullback
begins to shifts toward the right. The reversal is attributed to
release/tensile melting (transition 2 or T2) which induces a
sudden drop in sound velocity. On the other hand, the shock pla-
teaus of the free-surface velocity curves in Fig. 3 show different
features at different impact velocity regimes. ug increases slightly
with time on the plateau for u, < 902m/s (the green dashed line
in Fig. 3), but begins to decrease for u, > 1017m/s (the red
dashed line), indicating a softening transition at shock states
(T1). This strain-hardening to strain-softening transition is
induced by the combination of shock compression and shock-
induced heating and may affect the following release and tensile
processes.

Impact velocity, peak stress, spall strength, and tensile strain
rate together with experimental parameters are summarized in
Table II. Spall strength and tensile strain rate are also plotted as func-
tions of oy in Fig. 4. Spall strength remains nearly unchanged under
opn < 1.601 GPa, followed by a sudden drop at oy = 1.872 GPa and
a continuous decrease at higher peak stresses. The sudden drop in
o [T1 in Fig. 4(a)] is consistent with the softening transition in
Fig. 3. The continuous decrease is due to shock heating of the
sample.

On the basis of gas gun loading experiments on polycarbon-
ate, Curran et al.'’ and Majewski et al.”’ obtained spall strengths of
0.167 GPa and 0.161 GPa, respectively, slightly lower than our
result (~0.19GPa). In a laser shock study, De Rességuier and
Deleignies'’ reported a spall strength of 1.3 GPa in the absence of
particle velocity measurements; a possible cause is the higher strain
rates in laser experiments.

Tensile strain rate increases with increasing peak stress for
most shots; however, a sudden decrease occurs at oy = 2.139 GPa
[T2 in Fig. 4(b)], and then £ increases again. Normally, strain rate
increases with increasing peak stress. The drop in strain rate is due
to release/tensile melting (T2) prior to spall, consistent with the
pullback feature discussed above. Since the sound velocity of liquid

TABLE II. Experimental parameters and results for the spallation shots. h. flyer plate thickness; hs: sample thickness; tim,: impact velocity; oi: peak stress; oy, spall strength;
£: tensile strain rate; @: average sphericity for each shot. Numbers in parentheses denote uncertainties in the last one, two, or three significant digits.

Shot number h¢ (mm) hy (mm) Uimyp (km/s) oy (GPa) o5 (GPa) £(10°s7h (0]
MP427 0917 (2) 1.907 (2) 0.137 (1) 0.201 (3) 0.057
MP428 0.942 (2) 1.912 (2) 0.153 (1) 0.225 (3) 0.026
MP435 0.908 (2) 1.905 (2) 0.181 (1) 0.268 (3) 0.192 (5) 0.446 (14)
MP441 0.922 (2) 1911 (2) 0.244 (1) 0.365 (3) 0.193 (5) 0.749 (29) 0.071
MP449 0.920 (2) 1.905 (2) 0318 (2) 0.484 (4) 0.195 (5) 0.858 (50) 0.133
MP456 0.927 (2) 1.916 (2) 0.346 (2) 0.529 (4) 0.195 (5) 0.883 (38) 0.198
MP459 0.910 (2) 1.927 (2) 0.496 (2) 0.786 (5) 0.196 (5) 1.018 (48)

MP462 0.920 (2) 1.917 (2) 0.585 (3) 0.949 (5) 0.197 (5) 1.030 (48)

MP467 0.917 (2) 1.917 (2) 0.668 (3) 1.108 (6) 0.195 (5) 1.002 (52)

MP468 0.932 (2) 1.913 (2) 0.745 (4) 1.262 (6) 0.197 (5) 1.062 (81)

MP470 0.922 (2) 1.903 (2) 0.827 (4) 1.435 (7) 0.193 (5) 1.078 (81)

MP475 0.907 (2) 1.893 (2) 0.902 (5) 1.601 (8) 0.193 (5) 1.165 (87)

MP476 0.904 (2) 1.892 (2) 1.017 (5) 1.872 (9) 0.165 (4) 1.236 (101)

MP478 0.905 (2) 1.892 (2) 1.123 (6) 2.139 (10) 0.160 (4) 1.011 (90)

MP480 0.905 (2) 1.892 (2) 1.219 (6) 2.398 (11) 0.157 (4) 1.297 (106)
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FIG. 4. (a) Spall strength and (b) tensile strain rate as functions of peak shock
stress. T1 and T2 denote the first and second transitions.

is smaller than solid, the corresponding release path is temporally
stretched, resulting in a smaller & At higher peak stresses
(o = 2.398 GPa), sound speed of the melt also increases, so &
increases again.

We compare the tensile strength of polycarbonate under
different strain rates as measured with materials testing system
(MTS), split Hopkinson tension bar (SHTB), and gas gun loading
in Fig. 5. As expected, tensile strength increases with increasing
strain rate. The strain rate sensitivity is relatively weak in MTS and
SHTB experiments: the tensile strength increases only 50% across 6
orders of magnitude of strain rate. However, it increases by ~100%
from SHTB to gas gun loading with only an increase of two orders.
This sudden increase may be caused by the transition from ductile
failure to brittle failure.

The apparent insensitivity of oy, to strain rate and peak stress
prior to T1 [Fig. 4(a)] appears to be against classical strength theory.
A main reason is that the thermoplastic nature of plolycarbonate
renders it weaker against shock-induced heating.”” While strain rate
increases with increasing peak stress, the strain-rate-strengthening
effect on spall strength is offset by the weakening effect of shock
heating, and consequently, oy, remains approximately a constant
prior to T1.

C. Void characterization

Microscopic features of spall damage in postmortem polycar-
bonate samples are examined with CT. To minimize the effects of
edge release on damage analysis, only the middle part of a
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FIG. 5. Tensile strength of polycarbonate under different loadings as a function
of strain rate. Data are from this work and the literature.”*'=** MTS: materials
testing system; SHTB: split Hopkinson tension bar; GG: gas gun.

recovered specimen is used for CT characterization. Note that
shock recovery inevitably involves complicated wave interactions
after spallation, so postmortem void characterization may deviate
from the actual characteristics. The dimensions of a CT sample are
1.2 X 0.6 x 3.2mm? [Fig. 6(a)]. CT characterization is conducted
for five incipient and full spallation shots, and 3D configurations of
voids are shown in Figs. 6(b)-6(d). For high-speed shots with
Uimp > 400m/s, the shocked samples break into pieces so CT char-
acterization is not conducted.

1. Void growth and coalescence

The shape of small voids differs considerably between a low-
speed [137m/s, Fig. 6(b)] and a high-speed shot [318m/s,
Fig. 6(c)]: thin and curved for the former shot and ellipsoidal for
the latter shot. The ellipsoidlike voids are quite common for a
variety of materials.'®***>’° Similar to other polymers, polycarbon-
ate is held together by weaker van der Waals forces between molec-
ular chains, and stronger covalent bonds between intramolecular
atoms. For low-speed shots, local tensile stress is sufficient to over-
come the van der Waals force and create elongated gaps between
molecular chains. However, further damage is hindered by the
covalent bonds at early stages, resulting in elongated curved cracks
between separated molecular chains. In contrast, high tensile stress
breaks the covalent bonds at early stages for high-speed shots,
resulting in ellipsoidlike voids.

For low-speed shots, small voids grow mainly in the xz-plane.
The stress fields of two close voids interact with each other during
growth,'” and the two voids grow toward each other and finally
merge. Coalescence of voids and small cracks leads to elongated
curved cracks. As two cracks on different xz-planes coalesce, their
stress fields attract, and oblique cracks [Fig. 6(d)] form as the result
of the evolution of stress fields. Unlike ductile failure under low
strain rates, these cracks indicate that polycarbonate undergoes
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137 m/s

(c)

318 m/s

(d)

153 m/s

FIG. 6. (a) Geometry of a CT sample. Impact is along the y-axis. (b)~(d) 3D
void/crack configurations at different impact velocities as noted. The third
column shows only the voids smaller than 659 um?. The forth column corre-
sponds to the regions denoted with red rectangles.

brittle failure under high strain rate loading as in many other
materials.””**

For high-speed shots [Fig. 6(c)], voids grow not only on the
xz-plane (parallel to the spall plane) but also along the impact

ARTICLE scitation.org/journalljap

direction (perpendicular to the spall plane, the y-axis). Thus, the
damage zone along the impact direction is wider. Oblique cracks
are less common than in the lower-speed cases, due to the widen-
ing of cracks and the narrowing of the whole spallation region
along the impact direction.

2. Void morphology and size distribution

The topology of a specific void can be characterized with
gyration tensor G,

M
Gap =3 = 7)1 — 7, 3)
i=1

where Ggp is the o8 component of gyration tensor G (e, f = x, y, 2);
V is the volume of the void consisting of M voxels; r4; and rp; are
and 8 coordinates of voxel i, respectively; and r, and rg are & and g
coordinates of the barycenter of the void, respectively.

We then calculate three eigenvalues R; (j = 1,2, 3) of the
gyration tensor and construct an ellipsoid with three semiaxes,
\/5R;. Sphericity (®) is then obtained by dividing the shortest
semiaxis by the longest semiaxis and used to quantify the shape
feature of a void. @ varies between 0 and 1; ® = 1 for a sphere and
@ = 0 if the ellipsoid flattens into an ellipse.

To characterize the distribution of sphericity, we calculate relative
fraction of sphericity (f;) via binning sphericity values of voids with

~  Noeqn
(i) = —%. (4)
f Noe(o,1]

Here, N is the number of voids, I = 0.05(i — 1), r = 0.05i, i is
the serial number of a bin and the binning width is A® = 0.05.
Figure 7(a) shows f,(®) for different impact velocities.

For voids with a given volume, their average sphericity (®) is
also calculated with nonlinear binning as

Zv,e [a,b) q)j

(i) =
Nvy,elap)

®)

where i is the serial number of a bin and V; and ®; are the volume
and sphericity of jth void. a and b are chosen to start at the smallest
distinguishable voids and generate a proper interval for plotting:
a = 1070108705281 3 and = 10~ 0108+0.528(+1) ;g3 3610 The
volume of the ith bin is located in [a, b). Figure 7(b) shows the
®(V) curves for representative shots.

When calculating the three semiaxes for the weakest spall shot
(137 m/s), the longest one is underestimated due to the curved
shape of voids or cracks. Since the sphericity is inversely propor-
tional to the longest semiaxis, sphericity is overestimated for this
shot [Fig. 7(a)]. Similar to the case of dual-phase Ti-6A1-4V,"” the
relative fraction of sphericity decreases sharply with increasing
sphericity. With increasing impact velocities, f, of small sphericity
decreases but f, of large sphericity increases, except for shot MP427
(4imp = 137m/s). For low-speed shots, tensile strain rates are
relatively low to permit longer nucleation time, resulting in larger
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(a) The number density (d,) of voids as a function of void
137 mis volume is calculated via binning with the same bin width as for
10°F 151 mis average sphericity,
—— 244 m/s
-1 —— 318 m/s
107y —— 346 m/s dn(,') — M (6)
b—a
o 1071
Here, i refers to the ith volume bin, Vj is the volume of the jth
10°F void, and a and b are the same as Eq. (5).
dy, of two representative shots MP427 and MP449 are
0% . . . . shown in Fig. 8(a). The trend of d, is similar to the work of
0.0 0.2 04 0.6 0.8 Curran et al."’ d, of small voids decreases and large voids increases
b with increasing impact velocity for these two shots. This indicates
different mechanisms in void growth. As mentioned above, local
(b) 0.3 tensile stress only overcomes the Van der Waals forces and covalent
) 137 mls bonds are retained during the tensile process. In this situation,
151 mis tensile stress is kept for a relatively long time to produce more
—— 244 m/s small nuclei of voids. However, the intense tensile wave in high-
0.2 —— 318 m/s speed shots quickly breaks the covalent bonds inside molecular
& 346 mis chains. The tensile stress is only sustained for a short time and thus
0.1+
@
0.0k — 137 m/s
0 10 0 100 10 — o - 318mis
V (um’) =
3 107
FIG. 7. (a) Relative fraction of voids vs sphericity, f(®), for different impact <
velocities. (b) Average sphericity vs void volume, @(V), for different impact .
velocities. 107 F
-8 " 1 " 1 L L "
" 10° 10° 10° 10° 10°
f: of small sphericity. Under higher tensile strain rates as in high- V (umd)
speed shots, void coalescence is more rapid and pronounced, giving
rise to higher sphericity.
Average sphericity is obtained as a function of void volume (b) 042 ©
[Fig. 7(b)]. The relatively small number of large cracks leads to o
larger errors. All the average sphericity are less than 0.3, indicating / m 009 §
that most voids are flat (“penny” shaped). The average sphericity / ) 0.06 g
increases with increasing impact velocity except for the weakest 24
spall shot (Table 11)."" As mentioned in Sec. I1I B, shock-induced 003 £
heating increases with increasing impact velocity. The temperature ) 000 O
rise reduces deviatoric stress during spallation, leading to a more A1 /
hydrostatic tensile state for void nucleation and growth, resulting / s/ /}\,/ /
in higher void sphericity for high-speed shots [Fig. 7(b)]. For / /
low-speed shots, the average sphericity decreases with increasing
void volume,”' as a result of preferred, anisotropic, growth and
coalescence of voids and cracks.”” For high-speed shots, sphericity 300 0 300 600
first increases and then decreases with increasing volume. Voids y (um)
are initially of irregular shapes in high-speed shots; however,
they become ellipsoid during subsequent growth, resulting in FIG. 8. (a) Size distribution of voids for different impact velocities: void number

density vs void volume, d(V). (b) Profiles of damage degree along the y-axis
(impact direction) for different impact velocities. y = 0 is set at the center of a
spallation zone.

increase of sphericity. After that, the voids coalesce randomly,
leading to the irregular shapes and thus the decrease sphericity of
large voids.”
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only a small number of nuclei is generated. Thus, stronger loading
creates more severe damage, resulting in more large voids for high-
speed shots.

Damage degree is defined as the ratio of damaged volume to
the whole volume under consideration. The profiles of damage
degree along the impact direction (perpendicular to the spall
plane) for different impact velocities are presented in Fig. 8(b). The
distribution of damage degree is similar to the fitting results of
Curran et al.'’ Damage degree increases with increasing impact
velocity. The damage region widens with increasing impact velocity
for low-speed and high-speed shots, respectively. This is because
the damage region becomes wider with increasing peak stress under
the same damage mechanism. However, the spallation region
narrows abruptly between shot MP441 (244m/s) and MP449
(318 m/s). The reason here is the same as the transition in number
density of these two shots. The break of covalent bonds accelerate
the release of stress, resulting in a narrower spallation region.

IV. CONCLUSIONS

The Hugoniot equation of state of polycarbonate is obtained up
to ~1.3 GPa (corresponding to a peak particle velocity of 380 m/s),
as a useful complement to previous data. Spallation experiments
yield free-surface velocity histories up to ~1200m/s, and spall
strength and corresponding strain rates are deduced. 3D void confi-
gurations of the postmortem samples are obtained via CT.

With increasing shock strength, there is a transition from
strain-hardening to strain-softening at the peak states as a result of
shock-induced heating; spall strength remains approximately a
constant (~0.195GPa) as a combined result of shock-induced
heating and strain-rate strengthening and undergoes a sharp drop
upon the strain-softening at a peak stress of 1.6-1.9 GPa. The small
voids are flat and curved for low-speed shots but become ellipsoidal
for high-speed shots, and their coalescence leads to different shapes
likely due to different damage mechanisms (interchain vs intra-
chain breakage).
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