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Time-resolved Raman scattering measurements were performed on ammonium perchlorate (AP) single crystals
under stepwise shock loading. For particular temperature and pressure conditions, the intensity of the Raman
spectra in shocked AP decayed exponentially with time. This decay is attributed to shock-induced chemical
decomposition in AP. A series of shock experiments, reaching peak stresses frdi®@ G®Pa, demonstrated

that higher stresses inhibit decomposition while higher temperatures promote it. No orientation dependence
was found when AP crystals were shocked normal to the (210) and (001) crystallographic planes. VISAR
(velocity interferometer system for any reflector) particle velocity measurements and time-resolved optical
extinction measurements carried out to verify these observations are consistent with the Raman data. The
combined kinetic and spectroscopic results are consistent with a proton-transfer reaction as the first
decomposition step in shocked AP.

I. Introduction particle velocity measurements. As a result, the data could be
) ) analyzed in a self-consistent manner. The experiments were
Ammonium perchlorate (AP) has long been of chemical ¢arried out under well-characterized planar shock wave loading,

interest because of its wide use in propellants. Understanding\yhich eliminated the ambiguities of complex loading conditions
shock-induced chemical decomposition of AP is important for 5nq/0r indirect measuremeritsts

many applications and for safety in shipping and storage.

Because of its practical importance, the physical and chemical

properties, decomposition, and combustion of AP have been

widely studied. Good reviews of these subjects can be found in rate, and (3) to assess the applicability of previously proposed

refs 1-3. mechanistic models for decompositlofito shock wave loading
More recently, work has focused on the response of AP t0 -gnditions.

shock wave loading. In wave propagation experiments, the

mechanical response of AP single crystals was examined forsection Il, we describe the experimental methods used in this

shock loading to 6 QP‘&.USlng these results, along with work. The experimental results are presented in section Ill. In
temperatures determined from Raman spectroscopy measure

ments for shocked AP, a thermo-mechanical material model WaS.SECtIOH. IV, we discuss our main findings and a summary s given
. in section V.

developed for unreacted AP single crysfallso, the phase

diagram of AP was examined under static high pres&ure.

Despite these advances, determination of the mechanism for

chemical decomposition in shocked AP remains an important

need. For safety and efficiency in applications, it is also . supplied by Dr. T. L. Boggs of Naval Air Warfare Center,
important to determine the sensitivity of AP to external stimuli - ~pina Lake, CA. The crystals were cleaved parallel to the (210)
and to determine the effects of pressure and temperature on the, (501 faces to yield thin slides of approximately 12 mm width
decomposition threshold and reaction rate. and 2 mm thickness. The slides were processed according to
To address these needs, a combination of continuum mea-the following procedure: Rough grinding was done wet on 30
surements (stress, particle velocity) and time-resolved spectro-,;m aluminum oxide lapping sheets (Fiber Optics Center, MA),
scopic (electronic, vibrational) techniques must be empldyed. ysing a nearly saturated solution of AP in water as a lubricant.
Therefore, in the work presented here, we utilized preViOUS Fine grinding was done dry On/Bn sheets. During the grinding
developments regarding time-resolved vibrational and electronic process, the sample thickness and parallelism were checked
spectroscopy of shocked energetic matetidlto examine AP eriodically using a micrometer and an optical flat. The final
single crystals. Time-resolved Raman spectroscopy was useCpptical finish was produced in two steps usingih and 0.3
as the primary tool because it can serve as a direct in situ probeﬂm aluminum oxide powders suspended in oil (Automet
sensitive to both chemical and structural changes if2®ur Lapping Oil, Buehler). The polishing was done on an adhesive
Raman experiments were supplemented with optical extinction packed cloth (Chemomet Cloth, Buehler) attached to a glass
and VISAR (velocity interferometer system for any reflectdr)  pjate. All grinding and polishing was carried out under a
laminar-flow clean hood. The procedure resulted in an optically
* Corresponding author. clear sample approximately 450m thick. Typically, the

10.1021/jp711872u CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/21/2008

The objectives of this work were (1) to observe evidence for
chemical reaction under shock loading, (2) to evaluate the effects
of stress, temperature, and crystal orientation on the reaction

The remainder of this paper is organized as follows: In

II. Experimental Method

A. Crystal Preparation. All single crystals used in this work
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IMP cell A The instrumental configuration (fiber-coupled spectrometer/
streak camera/CCD) used to obtain time-resolved optical
Raman out transmission data was the same as that utilized previétisly.

However, in the work presented here, a double pass transmission
geometry (see Figure 1B) was used, necessitating changes in
the target assembly as described below.

|

v sample pulse in The interferometer used for VISAR particle velocity mea-
B surements was of a conventional dedfgand is described in
cell detail elsewheré? An Ar—ion laser operating in a single mode
transm. out at 514.5 nm, with a line width of 520 MHz, provided the
N | i:») Sl incident light.
il i g C. Target Design.To allow for uniform loading throughout
it the sample, the thin AP sample was sandwiched between two
\ anvils resulting in a stepwise loading process. Lateral dimensions
sample allowed for at least 800 ns of recording time before edge release
IMP cell c waves arrived in the probed central region of the crystal. A
summary of various anvil combinations employed is given in
ﬂ UL Table 1. For Raman experiments, liquid nonane (anhydrous,
99%+%, Aldrich Chemical) was used to fill gaps between the
U visAR out sample and anvils. For optical extinction and VISAR experi-
\ ments, the sample was bonded to the anvils using UV-grade
V—’ kil epoxy (Epo-Tek 301, Epoxy Technology). A typical gap or bond

was less than @gm thick. In a separate set of experiments, we

Figure 1. Target assemblies for (A) Raman, (B) double-pass light \serified that both nonane and epoxy remain optically transparent
extinction, and (C) VISAR measurements. Shock waves are Iaunchedunder the loading conditions of interest.

by impact between an impactor (IMP) and the front anvil of the sample - ; : o
cell. Sample thickness (shaded area), typically 0.4 mm, is exaggerated 1he Raman target design used in this work was similar to
in the drawing. A pulse of light either from a laser (Raman, VISAR) that used previousl§.In several Raman experiments (R1-R3,

or from a Xe flashlamp (extinction) is delivered through an optical R8), OFHC copper impactors and buffers were used instead of
fiber positioned behind the cell. The scattered (Raman) or reflected sapphire (see Figure 1A). The internal surface of the Cu buffer
(extinction, VISAR) light is then gathered into the collection fiber and was polished to a mirror finish to reflect the intense laser pulse

transmitted to the detection equipment. In the case of VISAR, asingle . "~ " " .
fiber is used for both light delivery and collection. impinging on the sample. Care was taken to avoid laser damage
to the polished copper surface.

thickness across the sample was uniform to better than 1% and Figure 1B shows a schematic diagram of the target assembly
the surfaces were flat to approximately 5 wavelengths of visible for extinction measurements. The highly polished surface of
light. the stainless steel (SS304) buffer served as a mirror to allow

B. Overall Configuration. Shock waves were generated by the probe light to pass twice through the sample before it was
impact between an impactor, mounted on a projectile, and the collected for detection. Under shock, a SS304 polished surface,
front anvil of the sample cell as shown in Figure H&). The unlike many other materials, is known to retain much of its
projectile was accelerated to velocities as high as 1.2 km/s usingreflectivity?®> An aperture attached to the back LiF window
a Sing|e Stage gas gl}ﬁFor velocities h|gher than 1.2 km/S, a limited the beam diameter to 2 mm. The excitation and
20 mm powder gun was usédAfter tra\/ersing the front anv“y collection fibers were arranged into a fiber bundle behind the
the shock wave reverberated between the cell anvils bringing ¢ell- The tip of the excitation fiber was imaged onto the tip of
the AP to the final stress and temperature via a stepwise loadingthe collection fiber by adjusting the angle between the two fibers.
process. The final stress was maintained until release waves!he resulting angle was approximately 2 degrees; the distance
arrived from the edges of the AP crystal at approximately between the tips was 1.5 mm.

800 ns after the shock entered the sample. To perform VISAR patrticle velocity measurements, the LiF

Stress and temperature histories for the sample in eachsurface adjacent to the backside of the sample (see Figure 1C)
experiment were calculated using a one-dimensional finite- was vapor-deposited with an aluminum film approximately
difference wave code and the material model for AP developed 200 nm thick. A single optical fiber delivered the laser light to
previously® Because the impact velocity and the shock response the target and transported the Doppler shifted light back to the
of the impactor and cell anvils are well-know#?! the interferometer.
calculated final stress is accurate to within2%. Temperature
measurements in shocked AP, using Raman scattering, showedi|. Results and Analysis
that the calculated temperatures are accurate to better thah 10%.

The instrumental configuration to obtain time-resolved Raman ~ Experimental details pertinent to the time-resolved Raman
scattering data in this work was similar to that used previotisly. and extinction experiments and the VISAR experiments are
Excitation light from a pulsed dye laser (Cynosure LFDL-8E, summarized in Table 1. A total of fifteen experiments is
3.5us pulse duration) operating at 514.5 nm was delivered to presented: nine Raman experiments, four extinction experi-
the sample using an optical fiber. Raman scattered light from ments, and two VISAR experiments.
the sample was fiber-coupled to a spectrometer (HoloSpec f/1.8i A. Raman Scattering. The Raman spectrum of AP can be
spectrometer, Kaiser Optical Systems) for spectral dispersionfound in the literature, where reliable peak assignments have
and passed to a streak camera (Imacon 500, Hadland Photonics)een made previoush:2*A summary of the AP Raman modes
for time dispersion. The resulting signal was collected using observable in this work is given in Table 2. The NH
an image intensifier and a CCD detector. antisymmetric stretching mode{$ymmetry) at 3350 crmi and
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TABLE 1: Experiment Results
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impact configuration:

crystal sample long. calculated impact impactor; front anvil,

experiment # orientation thickness gm) stress (GPa)  temperaturg(K) velocity (km/s) back anvil
Raman Experiments
R1 (97-007) (210) 450 10.5 527 0.932 Cu; Cu/LiF; LiF
R2 (97-002) (210) 485 13.4 599 1.154 Cu; Cu/LiF; LiF
R3 (96-045) (001) 475 15.3 577 0.879 Cu; Cu/LiF; sapphire
R4 (96-033) (210) 475 15.7 585 0.861 sapphire; LiF; sapphire
R5 (97-012) (210) 400 16.3 595 0.886 sapphire; LiF; sapphire
R6 (98-011)y (210) 485 16.5 697 0.895 sapphire; LiF; sapphire
R7 (97-017) (001) 405 16.7 602 0.906 sapphire; LiF; sapphire
R8 (98-744) (210) 480 17.7 714 1.460 Cu; Cu/LiF; LiF
R9 (98-018y (210) 455 18.1 758 0.974 sapphire; LiF; sapphire
Optical Extinction Experiments
Al (97—-009) (210) 380 12.4 562 1.072 SS304; SS304; LiF
A2 (97—-008Y N/A 131 1.125 SS304; SS304; LiF
A3 (98—759y N/A 17.5 1.445 SS304; SS304; LiF
A4 (98—760) (210) 440 18.0 688 1.475 SS304; SS304; LiF
VISAR Experiments

V1 (98—750) (001) 485 17.2 690 1.419 Cu; LiF; LiF
V2 (98—751) (210) 470 175 701 1.444 Cu; LiF; LiF

aTemperature calculation using the material model for AP developed in Fafi&ated to 373 K prior to experimeritHeated to 403 K prior
to experiment? Reference experiments; contained no sample. The back window was directly attached to the SS304 buffer.

TABLE 2: AP Raman Modes?

freq./cnm?t sym. assignment
2 3209 A NH4" sym. stretch
Vog 1129 T ClO4~ anti-sym. stretch
Vo_g 1104 T ClO,~ anti-sym. stretch
Vog 1060 T ClO4~ anti-sym. stretch
Vs 933 A ClO4~ sym. stretch
Ve 627 T CIO4~ bend
v7 461 E ClQ™~ bend

aTaken from ref 12.

NH4" bending modes at 1420 cr(E symmetry) and at 1680
cm™1 (T, symmetry) are wedR24and were not resolvable in
our spectra.

Figure 2 shows representative Raman spectra of AP acquired

with two different instruments. Spectrum A was acquired using
a high resolution (1 cmt) CW Raman instrument. As can be
seen, the fine details of the peak shapes could be resolved. Fo
instance, the Fermi resonance-enhanced first overtome isf

Intensity, arb. units

— —
1000 3000
. -1
Raman Shift, cm
Figure 2. Raman spectra of AP. Trace A, at ambient pressure,
acquisition time 1 min with a CW Ar-ion laser; trace B, at ambient
pressure, acquisition timewls with a pulsed dye laser; trace C, shocked
to 15.7 GPa [(210) orientation], acquisition time @$using the same
instrumentation as B. The spectra are vertically offset for clarity.

clearly discernible as a low energy shoulder on thepeak.
Spectrum B was acquired during a single laser pulse using the
system for time-resolved measurements. Because this system
is designed to provide both broad spectral coveragé000
cmY) and a strong Raman signal, it limits the spectral resolution
to approximately 50 cm. At this resolution, the recorded
widths of all observed peaks are determined solely by the
instrument profile and information about the individual line
shapes is lost. Hence, our measurements contain no information
regarding the effects of shock compression on peak widths.
However, the peak positions could be determined to within
3cnrt,

Spectrum C of Figure 2 was acquired from AP shocked to
15.7 GPa. Under shock compression, all peaks shifted to higher
vibrational frequency. The measured stress-induced shiftg of
vs, andvg are plotted in Figure 3 (the shift of; could not be
petermined accurately because of strong interference from
elastically scattered laser light). Between 10 and 18 GPa, the
shifts appear to increase approximately linearly with stress. The
frequency-stress coefficients determined from Figure 3 are 4.53,
3.55, and 2.55 cm/GPa for v;, vs, and v, respectively.
Extrapolation of the linear fits to zero stress shows that the
frequencies must shift nonlinearly over a broader-(08 GPa)
stress interval. The majority of our experiments were performed
with the (210) orientation. However, two experiments were
carried out with the (001) orientation at 15.3 and 16.7 GPa. As
can be seen from Figure 3, no orientation dependence was
observed at these stresses.

Figure 4 shows time-resolved Raman spectra for the (210)
orientation of AP shocked to 13.4 GPa (expt R2). As evident
from the data, the intensity of the Raman signal gradually
decreases after the shock wave enters the sample. A careful
examination of possible experimental artifacts, such as window
failures, sample translation, etc., showed that this decrease in
Raman signal was indeed due to shock-induced processes in
the sample. To varying extent, it was observed in all of our
Raman experiments. As will be demonstrated below, this effect
can be attributed to a chemical reaction that consumes the AP,
thus decreasing the Raman signal. The decay rate of the Raman
signal may therefore be interpreted as the AP decomposition
rate. Given this interpretation, one can examine the effects of
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Figure 3. Shock-induced change in Raman frequency versus final stress 12
in AP: triangles, CI@™ bend (627 cm?Y); circles, CIQ~ symmetric
stretch (933 cmt); diamonds, NH" symmetric stretch (3209 cr). £ 404
Empty and solid symbols represent the (210) and (001) orientations, -%
respectively. Solid lines depict linear regressions. The calculated slopes 0
are 2.55, 3.55, and 4.53 c#iGPa for the 627 cnt, 933 cn1?, and % 0.8 -
3209 cnm! modes, respectively. The error bars represent average c
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] Figure 6. Average transmission through the cell as a function of final
3’. 322 ns stress. Averaging intervals for time and wavelength are-3ID ns
‘® and 406-600 nm, respectively; time is relative to when the shock wave
s reached the reflecting surface. Empty dots represent reference expts
b= A2 and A3, in which the cell contained no sample, and data at ambient

‘/\,\W pressure. The curve is a third-order polynomial fit to the reference data.

Solid dots represent expts Al and A4 in which an AP crystal was
shocked normal to the (210) plane.

690 ns
result that an increase in temperature speeds up the decomposi-
tion at 16 GPa. By comparing expts R5 and R2, one finds that
at about 600 K the increase in stress from 13 to 16 GPa retards
the decomposition. This type of behavior indicates that the

Figure 4. Time-resolved Raman spectra for the (210) orientation of activation volume of the rate controlling reaction is positive.
AP shocked to 13.4 GPa (expt R2). The spectra were acquired with 46 . N . L

ns time resolution; only the spectra-a#6, 138, 322, 506, and 690 ns B. I_Double-Pass Optical EXt'nCt'o_n'The optical exunCt'or‘

are shown. Time is relative to when the shock wave entered the sample.€xperiments were performed to verify that the decreases in the

The spectra are vertically offset for clarity. Raman signal described above were not caused by light

pressure and temperature on the decomposition process. In shocR{ténuation because of absorption or scattering.
loading processes, it is difficult to uncouple these two variables. An important difference between the double-pass extinction
However, reverberation experiments, unlike single shock experi- configuration employed here and the configuration utilized
ments, allow different thermodynamic states to be accessed byPreviously? is that the metal buffer serving as a mirror (see
varying the anvil materials. In our Raman experiments, we Figure 1B) is subjected to a shock wave. Hence, reflectivity
utilized this approach to decouple temperature and pressurechanges due to shock loading must be accounted for in data
relying on the AP material model for temperature calculations. reduction. To measure these changes, reference experiments
Figure 5 shows the area under the peaksads a function of (with no sample in the cell) were performed for each double-
time in three experiments. Signal decay rates were determinedPass AP experiment (see Table 1). The results of the reference
by fitting the data with exponential functions; the fits are shown €xperiments are plotted against stress in Figure 6. The loss of
as the solid lines in the figure. In expts R5, R6, and R2, the transmission with stress is assigned to reflectivity loss in the
final stress (temperature) states were calculated to be 16.3 GP4dnetal buffer.
(595 K), 16.5 GPa (697 K), and 13.4 GPa (599 K), respectively.  Because of unavoidable, but small, variations in the projectile
Comparing the results of expts R5 and R6 reveals the expectedvelocity, the final stresses in reference and AP experiments were

0 1000 2000 3000 4000
Raman Shift, cm™
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Figure 7. Time-resolved extinction spectra of AP shocked to 18.0
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slightly different. To correct for these differences, a third-order
polynomial,F3(0), was fitted to the reference data, as shown in
Figure 6. Using this polynomial, we calculated correction 0.50
factors, Q = F3(oap)/F3(orer), for each pair of experiments,
whereoap andoyes are the final stresses in the AP and reference

. ; S 0.25
experiments, respectively. ExtinctioA, was then calculated [001]
from the streak camera data using the following formula:

0.00 T T
A = —log {[1ap(4,t) = I,(A.DV[€2 I efA,1) — 15(A.D]} 0 300 600 900
. . Time, ns

¥vherg IAP(?"[) an(? |ref(/}1-t) a(;e .the t'ranﬁmltted s%nalsli as a Figure 8. Measured and computed AP-LIiF interfacial velocity histories
unCt'(_)n or wave e”gt an t'me_'n the AP and re ?rence for the two VISAR experiments: (210) orientation, expt V2; (001)
experiments, respectively, amgl4.t) is the background signal  orientation, expt V1. The solid lines are the data and the dashed lines
acquired with the streak camera shutter closed. are numerical simulations using the unreacted AP model (ref 5). Time

No extinction changes originating in the AP sample were is relative to when the shock wave entered the sample. The estimated
detected in expt Al. This observation is illustrated by the point arrival of the edge release waves occurs at 800 ns.
corresponding to this experiment in Figure 6, which falls on
the reference curve. However, extinction changes were observe
in expt A4, with the extinction spectra shown in Figure 7. As
can be seen, the attenuation of transmitted light is small, not
exceeding 0.07 fok > 514 nm. This value would correspond

c}he particle velocity records would be expected to follow the
computed profiles for unreacted AP (Figure 8). In fact, a good
match between the particle velocity histories and the unreacted
profiles was found at lower stresses where the extent of reaction,
as inferred from the Raman data, was small. Thus, the VISAR

to no more than 15% attenuation of the Raman signal. The dat borate the int tati f the R data. ai
experimental parameters of expts A1 and A4 are very close to aﬁoigorro orate the interpretation of the Raman data given

those in Raman expts R2 and R8, respectively. In each of those
experiments, the Raman signal decreased by at least 70% withi : :
70F()) ns. Such a large decr%ase could not ge accounted for bQV' Discussion of Results
the observed light extinction. Therefore, the most plausible The decomposition and combustion of AP were studied
explanation is a chemical reaction. extensively in the 196053 The processes are very complex

C. VISAR. If the changes in the Raman signal are indeed because of the presence of four elements and the full range of
caused by the decomposition of AP, then the extent of reaction oxidation states utilized by nitrogen and chlorine. In excess of
must be significant. Large extents of reaction manifest them- 1000 reactions may be involved in the decomposition before
selves in continuum measurements as changes in stress anthe final products are formed.Despite the complexity, under
particle velocity due to energy release from the reaction. a variety of conditions examined, the common initial step was
Therefore, by performing VISAR particle velocity measure- found to be one of proton transfer:
ments, we could independently verify our interpretation of the
Raman signal decay as due to a chemical reaction. NH," ClO,” — NH, + HCIO, )

The configuration chosen was essentially the same as in the
Raman experiments (see Table 1 and Figure 1C). The measured Subsequent reaction is then dominated by conventional
particle velocity histories from expts V1 and V2 are shown in perchloric acid chemistryBelow, we analyze our experimental
Figure 8. Similar results are observed for the (210) and (001) observations to assess the applicability of reaction 1 to the
orientations. In both cases, we observed a noticeable acceleratiorronditions of shock compression.
of the AP/LiF interface from approximately 600 ns to the arrival lonic reactions, particularly where there is creation or
of the release waves at 800 ns. This behavior is characteristicannihilation of charge in the transition state, are strongly affected
of pressure build-up in the sample because of chemical reactionsby pressur@® In general, charge destruction reactions, like
If the extent of reaction was small or if the AP did not react, reaction 1, display positive activation volumesy™, on the
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