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Relating Deformation to Hot Spots in Shock-Loaded Crystals of
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The purpose of this work is to perform a microscopic-scale study of the role that crystal defects have in
forming hot spots during shock loading of large, optical quality, pure single crystals of ammonium perchlorate
(AP). The crystals were immersed in mineral oil at various distances from a detonator that provided the shock.
The small explosive donor permitted recovery of the crystals for quantitative chemical analysis of decomposition
and microindentation hardness testing. Hardness testing was also performed on an unshocked crystal to deter-
mine 1) the slip systems associated with primary and secondary deformation in accommodating the indenter
and 2) the crack propagation directions at the surface as well as into the crystal. High-speed photographs of
the shock-loaded crystals showed slip and cracking systems identified by hardness testing. Some of the systems
were luminous. In addition, when a crystal with a large indentation was shocked near its reaction threshold,
significant light appeared in the vicinity of the identation following shock passage. As such, preferred chemical
reactivity in AP has been associated with its deformation systems and the presence of large strain centers.

Introduction
NUMBER of years ago, the formation of “hot spots”

was proposed and experimentally verified as occurring -

in energetic materiais in response to mechanical forces, such
as those from impact.! Circumstances where hot spots occur
suggest that their origin is closely connected to the micro-
structure and allied deformation properties of the energetic
material. There is also experimental evidence indicating that
crystalline explosives have microstructural properties that in-
fluence their shock sensitivity. This was observed on a mac-
roscopic scale by Green and James? in small-scale gap tests
on cyclotetramethylenetetranitramine (HMX) formulations
made from crystals of differing quality. For pentaerythritol-
tetranitrate (PETN), Dick? determined that microscopic dam-
age from gamma radiation enhanced the shock sensitivity of
single crystals over that of relatively defect-free crystals. In
addition, the shock sensitivity of the latter crystals was a func-
tion of orientation, indicating that shock-induced defects de-
pend on the lattice arrangement.* To date, however, no work
has been reported that spatially relates sites of microstructural
imperfection to enhanced chemical reactivity as an energetic
material is impacted or shocked.

The present study is a beginning effort to determine the
role of material microstructure in chemical reactivity and dy-
namic deformation of single crystals of energetic materials
subjected to shock. The results of high-speed photographs are
integrated with material property measurements and chemical
analyses, both of which were performed before and after
shocking the crystals. Ammonium perchlorate (AP) was cho-
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sen for this study, in part because of its widespread use as a
crystalline oxidizer ingredient in solid propellants and explo-
sives. In addition, the thermal decomposition behavior of AP
is well-understood, and its dislocation-based deformation be-
havior has been studied to some extent by other investiga-
tors,>® providing valuable reference information for current
deformation studies.

In drop-weight impact tests of a variety of materials re-
ported by Heavens and Field,” AP ignited coincident with a
sharp drop in its pressure-time curve, much like the result for
cyclotrimethylenetrinitramine (RDX). Armstrong, et al.® de-
veloped a dislocation pile-up avalanche model to describe the
localized heating associated with such discontinuous load drop
behavior. The model has led to determining the presence of
internal obstacles to dislocation pile-ups in RDX crystals® and
to a comparison of pile-up characteristics in RDX and mag-
nesium oxide (MgO) crystals.!® There is difficulty, however,
in predetermining a potential hot-spot site. For pressed com-
pacts of AP crystals with 13% porosity, Macek and Durfee!!
determined the threshold for shock-induced reaction by mea-
suring the weight loss of sealed samples that had been im-
pacted by a gun projectile (velocities from 250-700 m/s).
Relative to RDX, HMX, and PETN explosive crystals, local
reaction sites in AP are more likely to quench without de-
stroying the crystal. This suggests the feasibility of studying,
perhaps on a microscopic scale, the role that crystal defects
have in forming hot spots and in enhancing the shock reac-
tivity of AP.

Experimental Approach

Large (>1 cm), optical quality, pure single crystals of AP
were provided by T. L. Boggs, Naval Weapons Center, China
Lake, California. The crystals had been grown for combustion
studies, one of which is described in Ref. 12. AP has an
orthorhombic unit cell with a crystal density of 1.95 g/cm3.
The drawing in Fig. 1 is for a typical cleaved crystal, showing
size and shape along with cleavage surfaces and major crys-
tallographic directions. The plastic deformation and fracture
behaviors of AP were investigated by putting diamond pyr-
amid (Vickers) microindentations into the (210) and (001)
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Fig. 1 Scale drawing of cleaved AP single crystal used in microin-
dentation hardness tests.

cleavage surfaces of the crystal as shown in Fig. 1.'*> Hardness
results on the (001) surface will be emphasized in order to
relate to shock-loading observations obtained for the same
surface.
graphic directions. The plastic deformation and fracture be-
haviors of AP were investigated by putting diamond pyramid
(Vickers) microindentations into the (210) and (001) cleavage
surfaces of the crystal as shown in Fig. 1. Hardness results
on the (001) surface will be emphasized in order to relate to
shock-loading observations obtained for the same surface.
Shock experiments!® were conducted on relatively small
crystals of AP (<0.5 g) that were cleaved from a larger crystal
as indicated, for example, in Fig. 1. Each crystal was im-
mersed in mineral oil and shocked by a detonator (Reynolds
RP-80) at a known separation distance. The Reynolds RP-80
uses an exploding bridgewire to initiate 78 mg of PETN, which
in turn initiates 124 mg of RDX with binder. In the particular
type of RP-80 that was used, the explosive components are
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in a Delrin sleeve that does not cover the output end of the
detonator; that end was sealed from the oil with a light coat
of Duco cement. Thus, the detonator was much like a small
donor charge with little confinement. The experiments were
confined in a 0.9-1 steel chamber that had windows for pho-
tography and illumination (Fig. 2). Both a rotating mirror
streak camera and an Imacon electronic camera have been
used with backlighting from an electronic flash. The crystal
either rested on a piece of oil-soaked polyurethane foam or
was supported above a piece of foam by tape (0.05-mm thick-
ness). This arrangement allowed recovery of the crystal for
subsequent chemical analysis and hardness testing without
obstructing the view of the camera. About 100 mg of most
recovered samples were analyzed by liquid ion chromatog-
raphy for the concentrations of Cl-, ClO;, NO;, and
NOj. ¢

The shock experiments were calibrated for peak pressure
in the oil vs distance from the detonator (Fig. 3). In a separate
experiment, a rotating mirror streak camera was used to pre-
cisely measure shock position vs time, which was differen-
tiated to obtain shock velocity. A Hugoniot for heavy mineral
oil, density, p,, of 0.87 g/cm?, was reported for the range of
15-150 kbar (U = 2.18 + 1.53u, where “U” is the shock
velocity and ““u” is the particle velocity, both in units of mm/
us).' Since pressures of less than 15 kbar were of interest,
this Hugoniot was extrapolated to the 1.45 mm/us sound ve-
locity, c,, for mineral oil with the equation

Ulc, = 1.503 — 0.503 exp(—5 w/c,) + 1.53 u/c,

using an approach similar to that described previously.!> With
that modified Hugoniot and the experimental measurements
of U, shock pressures in the oil were calculated using the
jump equation, P, (kbar) = 10p,Uu. The AP Hugoniot used
for matching the shocks in the oil and the crystal was U =
2.84 + 1.6u. A reported Hugoniot, U = 2.84 + 2u,'® is
consistent with a 2.84 mm/us bulk sound speed in AP;'7 how-
ever, shock data for pressed AP (1.92 g/cm?®) at 155 and 178
kbars'® were best fit with a slope of 1.6 in the U vs u rela-
tionship.

Microindentation Studies (Unshocked Crystal)
Micrographs of a Vickers impression (100 gf = 0.981 N
load) in the (001) surface appear in Fig. 4. A Vickers hardness
number (VHN) of 11 kgf/mm? (108 MPa) for that impression
indicates that AP is soft, only %5 to 2 as hard as the molecular
explosive RDX, using the result of various researchers as
previously discussed.!® The transmitted light micrograph in
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Fig. 2 Closed chamber for photography of shock reaction in small samples.
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Fig. 3 Calibration of peak shock pressure in mineral oil vs distance
from the detonator.
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Fig. 4 Diamond pyramid (Vickers) hardness impression in (001) sur-
face of AP. ’

Fig. 4a shows that the four facets of the impression have a -

distorted fourfold rotational symmetry. Large cracks emanate
from two sides of the impression; beginning at a load of 500
-gf (4.91 N), a second set of cracks in other indented AP
crystals was observed with traces in the (001) surface ap-
proximately orthogonal to those in Fig. 4. The indentation
was viewed in polarized light with the cross polarizers oriented
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to provide maximum extinction (Fig. 4b). The most obvious
feature is a bright, sharply focused band of light near the
impression at the tip of one of the cracks. This suggests that
considerable strain energy is stored in the vicinity of this crack
tip. Transmitted cross-polarized light was also observed close
to the corners of the hardness impression. However, there
was a surprising absence of transmitted light in the surround-
ing region away from the hardness impression. Rotating the
AP crystal about the [001] direction between the cross po-
larizers did not appear to alter this finding. This observation
suggests that the strain energy around the residual impression
is relatively localized, although plastic deformation has oc-
curred around the impression. When the (001) impression was
viewed in transmitted light that was partially obstructed be-
fore the light entered the crystal (Fig. 5), prominent troughs
were observed to emanate from two facets of the impression.

The indentation-forming (primary deformation) and vol-
ume-accommodating (secondary deformation) slip systems were
identified for the (001) surface by performing a single-trace
analysis utilizing, as much as possible, slip-system information

reported previously.”® The resuits of the analysis are pre-

sented in the stereographic projection that appears in Fig. 6.
Subsequently, the results were confirmed by a two-trace anal-
ysis of slip lines formed at a spherical indentation placed near
to the edge of the (001) surface of another crystal. The prom-
inent troughs in Fig. 5 along +[010] are attributed to primary
deformation on the =(010)[001] slip system. As such, it is
concluded that this slip system is the easiest operating system
in AP. Secondary deformation slip traces, appearing twin-
like, are crossing bands within the troughs. These bands are
attributed to apparent +(101)[001] slip-system activity or-
thogonal to the primary deformation system. The case where
both slip systems are orthogonal to the indented surface is
admittedly highly unusual but occurs because of the limited
slip systems available. Limited systems is a contributing factor
to the observation that initial cracking (i.e., at low loads)
occurs (Fig. 5) in the region of greatest plastic deformation
for the impression. The occurrence of cracking in AP where
the deformation is greatest has been confirmed for Vickers
indentations put into a (210) surface.?®

The effect of indenter force on indentation diagonal length
for Vickers indentations put into the (001) surface has been
determined for forces ranging from 10 gf to 1.5 kgf (0.0981—
14.7 N) (Fig. 7). Several additional crystals were studied,
including some used in shock-loading experiments to be de-
scribed later. The diametral size of radial cracks emanating

Fig. 5 Surface relief at Vickers hardness‘impr‘ession in (001) surface
of AP.
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Fig. 6 Deformation systems for Vickers hardness impression in (001) surface of AP.
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Fig. 7 Force vs diagonal and crack lengths for diamond pyramid
(Vickers) impressions in (001) surface of AP ([120] or [120] diagonal).

nearly along +[010] was also measured for some of the in-
dentations. The hardness was observed to decrease with in-
creasing force; an exponent of 1.87 was obtained for the power-
law dependence of indenter force on diagonal length. The
exponent would be 2.0 for a constant value of hardness. The
decrease in hardness is attributed to the occurrence of crack-
ing. An exponent of a little less than 1.5 obtained for the
force dependence on diametral crack length correlates well
with indentation fracture-mechanics analyses developed by
other résearchers as previously discussed.'* In this work, those
indentations that exhibited the second cracking system were
excluded from the least-squares analysis to determine the crack
length exponent. The cracking apparently causes at least a
partial strain energy release to occur due to dislocations es-
caping at the crack surfaces, thus yielding the reduced hard-
ness values.

A release of strain energy would explain the relative ab-
sefice of transmitted light observed at hardness indentations
in the (001) surface when viewed using transmitted polarized-
light microscopy: The release of strain energy in AP because
of cracking is also an important consideration in the shock-
reactivity work to be described below. A comparison of shock-
reactivity behavior has begun for AP crystals with and without
Vickers identations in the (001) cleavage surface. The desired
enhanced shock reactivity at indentation sites would appear
to be suppressed because of strain-energy dissipation. With
respect to hazards assessments, an initial comparison between
AP and RDX was made of their ability to dissipate strain
energy by cracking.'”

Shock-Loading Studies
The results of shock experiments over a range of 1-38 kbar
are summarized in Table 1. Even at the highest shock pres-
sures, most of each crystal was recovered for further-dnalysis.
The recovery of an intact crystal that was positioned only 7.0
mm from the detonator (P, = 16.7 kbar, Shot ONR-19) can
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Table 1 Results from shocking AP crystals in mineral oil

Mineral Oil AP Crystal Chemical Analysis, ppm
-Shot gap, P, Pap,
ONR- mm kbar kbar Recovered condition Cl- NO7 NOs Clos
Not shocked, Vickers indentation 420 8 46 4
2 35 0.6 1.0 No damage 600 8 29 25
3 23 1.0 1.8 No damage 530 12 38 22
4 15 2.0 3.5 No damage 410 18 39 10
5 8.2 7.2 11.6 Broke into 5 pieces 520 20 45 20
19 . 7.0 10.5 16.7 Intact but cloudy (Figs. 11-13) Saved for hardness tests (Fig. 7)
Vickers indentation; high-speed photographs in Fig. 10
17 6.0 15.5 24.4 Broke into two pieces Two separate analyses:
1400 6 60 —
900 18 20 20
18 6.0 15.5 244 Broke into small pieces .Analysis failed
Vickers indentation; high-speed photographs in Fig. 9
16 5.0 24.8 38.5 Large pieces were 83% of original 11,000 8 46 4

High-speed photographs in Fig. 8
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Fig. 8 Backlit framing camera record of an AP crystal being shocked at 24 kbar (Shot ONR-16).
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be contrasted with the pulverizing of another crystal that was
not immersed in oil but separated by the same distance from
the detonator with a plastic (PMMA) gap. The chromatog-
raphy measurements revealed a large increase in only the CI~
concentration as shock pressure increased. Based on those
measurements, the threshold of shock reaction for a relatively
defect-free crystal in this arrangement was ~25 kbar (shock
pressure in the crystal, P,p). With the baseline established
for the onset of reactivity in a “good” crystal, several exper-
iments were performed on crystals with a macroscopic defect
created at the surface by the hardness indenter. High-speed
framing camera records were obtained of the shock interac-
tion with crystals in Shots ONR-16 through ONR-19; Shots
ONR-18 and ONR-19 each had a 1000 gf (9.81 N) Vickers
hardness impression in the (001) surface of the crystal.

At the highest shock pressure (Shot ONR-16), the photo-
graphs in Fig. 8 show that the shock was still quite curved
when entering the crystal and that the gas bubble from the
expanding detonation products, which are opaque to the back-
lighting, reached the crystal shortly after the shock. The shock
curvature and the additional gas bubble loading both would
have contributed to the breakup of the crystal. The shock
fronts were luminous in the two crystals with P, = 24.4 kbar
(Shots ONR-17 and 18). In the second experiment (ONR-
18), the top of the crystal was blackened with permanent ink
to reduce any light originating from hot detonator products,
in case that had contributed to the luminosity of the shock
front. The crystal in Shot ONR-18 was located with the as-
viewed (001) surface under the center of the detonator, whereas
in other experiments the crystal was centered under the det-
onator. The photographs in Fig. 9 show the luminous front
as well as a luminous band in the vicinity of the indentation.
The luminous band first appeared in the 0.6-us frame (ap-
proximately corresponding to the time interval required for
the shock to pass the indentation) and then moved from right
to left across the crystal. The band was observed to be par-
ticularly intense and straight in the 1.4-us frame. The linearity
of the light band suggests that it is crystallographic in origin.
The angle between the band and the [120] direction was mea-

6.0 mm GAP IN MINERAL OIL
1000 gf VICKERS HARDNESS IMPRESSION IN (001) SURFACE
AS-VIEW (001) SURFACE DIRECTLY UNDER DONOR

RELATIVE TIME FOR EACH FRAME LISTED IN MICROSECONDS
0.2 0.6 1.0 14 1.8

0.0 0.4 0.8 1.2 1.6

NOTE:
a. LUMINOUS REGION BEHIND SHOCK FRONT (0.0- 0.6 us)
b. LUMINOUS BAND WHICH MOVES ACROSS THE CRYSTAL (0.6 - 1.8 ps)

Fig. 9 Backlit framing camera record of an AP crystal being shocked
at 16 kbar (Shot ONR-18).
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7.0 mm GAP IN MINERAL OIL

1000 gf VICKERS HARDNESS IMPRESSION IN (001) SURFACE
CRYSTAL CENTERED UNDER DONOR

CRYSTAL RECOVERED INTACT

RELATIVE TIME FOR EACH FRAME LISTED IN MICROSECONDS

0.2 0.6 1.0 1.4 1.8 2.2

0.0 0.4 0.8 1.2 1.6 2.0

NOTE:

a. DARK DIAGONAL BANDS BEHIND SHOCK FRONT (0.6 - 1.2 s)

b. CLOSELY SPACED DIAGONAL BANDS FURTHER BEHIND
SHOCK FRONT (1.4- 1.8 p1s)

¢. LUMINQUS BAND (1.8 Lis)

Fig. 10 Backlit framing camera record of an AP crystal being shocked
at 13 kbar (Shot ONR-19).

sured to be 2 deg less than the analogous determination for
the trace of the bottom crack at the hardness impression in
Figs. 4 and 5. This is the crack that extends from facet 4 of
the impression as designated in the insert appearing in Fig.
6. Even though the crack trace at the impression is wavy at
the higher magnification in Figs. 4 and 5, associating the band
of light with this crack seems plausible because of its incli-
nation to the (001) surface. It is important to note that the
sense of the inclination requires that Figs. 4 and 5 be rotated
180 deg about [001] in order that they properly correspond
with Fig. 9 as viewed. Then, the observed right-to-left move-
ment of the light band would logically be attributed to this
crack propagating away from the viewer more deeply into the
crystal.

At the somewhat lower shock pressure (P, = 16.7 kbar)
in Shot ONR-19, the shock front in the crystal appeared as
a distinct dark line (Fig. 10). Thus, the luminous fronts in the
previous experiments were probably a response of the crystal
and not an optical effect from the backlighting. Between the
shock front in Shot ONR-19 and the interaction of the shock
with the as-viewed (001) surface, crystallographic-appearing
diagonal lines in an otherwise clear region appeared, begin-
ning in the 0.6-us frame. These diagonal lines occurred in
only one basic direction and not also in the normally expected
complementary direction. Similar observations for Shots ONR-
17 and 18 were probably obscured by the luminous shock
fronts that were present. Further behind the shock front, most
clearly seen in the 1.4-us frame, there was a region of partial
transmittance of the backlighting where many closely spaced
diagonal lines appeared.

The angular relationships between various diagonal lines
and the [120] direction were measured for Shot ONR-19 (Fig.
10). Following shock passage, the prominent diagonal line in
the 1.8-us frame was determined to coincide with an (010)
trace to within 1 deg. During shock passage in the 1.0-us
frame, the angular deviation from being an (010) trace varied
from 4-15 deg (+2 deg uncertainty). This deviation occurs
in the correct rotational direction when attributed to shock
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compression. However, the magnitude of the rotation caused
by uniaxial straining is estimated to be only 2 deg. Optical
distortion in the shock to mineral oil is believed to be re-
sponsible for the remaining deviation. As such, the diagonal
lines are believed to be associated with the (010)[001] slip
system, the readily observable secondary (volume-accom-
modating) deformation system described earlier for the Vick-
ers indentation.

As indicated in Table 1, the sample in Shot ONR-19 was
recovered intact. The photograph of the recovered crystal in
Fig. 11 shows that the top surface was concave as a result of
the spherically expanding shock from the detonator and the
crystal became somewhat cloudy in appearance. Microscopic
examination of the previously indented (001) surface revealed
numerous, closely spaced straight lines, indicating that ex-
tensive slip-trace formation had occurred (Fig. 12). These
traces were narrow, resembling the appearance of slip traces
surrounding a Vickers impression in an unshocked crystal.
Furthermore, the traces were found to be orthogonal to one
another and were identified as (010) and (100) slip planes
(Fig. 13). By comparison, the bands attributed to (010) slip
during shock loading in (Fig. 10) were wider, possibly because
of the nonuniform distortion associated with the curved shock
front. There is also the apparent contradiction that no (100)
slip planes were visible during shock loading. Either the (100)
slip planes resulted and did not successfully block the trans-
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Fig. 11  (001) surface of shocked AP crystal from Shot ONR-19 show-
ing large hardness impression.

Fig. 12 Reflected light photomicrograph of (001) surface of shocked
AP crystal (Shot ONR-19) showing original and subsequent Vickers
hardness impressions and extensive slip-trace formation.
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Fig. 13 Reflected light photomicrograph of (001) surface of shocked
AP crystal (Shot ONR-19) showing numerous (100) and (010) slip
traces.

mitted light, or (100) slip predominantly occurred during un-
loading of the shock pressure.

The curved shock waves in the crystals should act like a
high-rate ball indentation whose penetration into the crystal
is limited. Relative to the (001) surface of observation in Fig.
11, the nonplanar shock produced an orthogonal stress com-
ponent out of the crystal surface. The stress direction was
opposite to that produced by an indentation in the (001) sur-
face. Despite the opposite loading directions, similar slip traces
should be expected for the two cases. This association reveals
an advantage of having curved shocks in the present study.

Vickers microindentation hardness testing was performed
on the crystal that had been recovered in Shot ONR-19 to
determine changes in microstructure occurring as a result of
shock loading. A series of 10 gf (0.0981 N) indentations were
put into various areas of the (001) surface of the recovered
crystal. The hardness and cracking properties changed de-
pending on the location of the indentation, and the measure-
ments are included in Fig. 7. The largest change in hardness
(VHN = 19 vs 14 for a separate unshocked crystal tested at
10 gf) occurred in the region of the crystal that first experi-
enced shock-wave passage. Referring to Figs. 12 and 13, a
VHN of 17 was measured at the orthogonal intersection of
slip traces near to the 1000 gf indentation (VHN = 10) made
prior to shock loading. The hardness in other regions of the
crystal away from the 1000 gf indentation increased by ~7%.
The accompanying radial crack extension was also measured
for each of the 10-gf indentations. These measurements were
compared to the average of two determinations obtained for
10-gf indentations put into the (001) cleavage surface of an
unshocked crystal described previously.'* Crack extension in
the shocked crystal was found to be reduced generally, with
differences ranging from —18 to +5%.

Summary and Conclusions

Initial results have been obtained for the roles that defor-
mation, fracture, and material microstructure have on the
shock reactivity of AP. Optical quality crystals of AP were
shocked by a small explosive donor over a pressure range of
1-38.5 kbar, while immersed in mineral oil. The threshold
for reaction in this arrangement was 25 kbar for relatively
defect-free crystals, as determined by liquid ion chromatog-
raphy on recovered pieces. Over a pressure range of 16.7—
38.5 kbar, high-speed photography wasused to view the (001)
surface of several crystals during shock loading. Two of the
crystals had a large surface defect created by a diamond pyr-
amid (Vickers) indenter. The high-speed photographs of the
shocked crystals showed, although not in each experiment, a
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luminous shock front, distinct diagonal lines immediately be-
hind the front that were attributed to the (010)[001] slip sys-
tem, a moving luminous band that appeared to be a propa-
gating crack, and light in the vicinity of a surface indentation
presumably due to chemical reaction. Near the reaction
threshold, it appears that reaction in even a relatively defect-
free crystal is inhomogeneous, being directly related to its
material microstructure. Other investigators have recently
shocked RDX crystals at much higher pressures, ~100 kbar,
and observed light which they attribute to crystal deforma-
tion.? .

Surface traces of slip planes and cracks associated with
forming Vickers hardness impressions in the (210) and (001)
cleavage surfaces of an unshocked crystal were crystallograph-
ically identified. Slip systems were determined, the easiest
operative system being (100)[001]. Particularly noteworthy is
the observation that cracking occurs in the region of greatest
plastic deformation. The effect of indenter force on inden-
tation and resultant crack sizes was investigated for Vickers
indentations put into the (001) surface. The hardness was
observed to decrease with increasing force, which was attrib-
uted to the occurrence of cracking.
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