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Time-resolved measurements of the shock-compression response
of Mo¿2Si elemental powder mixtures
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The shock-compression response of Mo12Si elemental powder mixtures was investigated using
instrumented experiments in the velocity range of 500 m/s to 1 km/s. The experiments employed
polyvinyl difluoride stress gauges placed at the front and rear surfaces of the powder mixtures to
determine the crush strength, densification history, and shock-induced reaction initiation
characteristics. Experiments performed on;58% dense Mo12Si powder mixtures at input stresses
less than 4 GPa showed characteristics of powder densification and dispersed propagated wave
stress profiles with rise time.;40 ns. At input stress between 4 and 6 GPa, the powder mixtures
showed a shock-compression response following the Hugoniot of the solid-density mixture. In the
stress regime of 6–7 GPa, shock-induced melting of silicon was observed, which appears to inhibit
a shock-induced chemical reaction on the time scale of the time-resolved measurements. The results
of the present work on Mo-Si, taken in conjunction with prior work on the Nb-Si and Ti-Si systems,
illustrate that premature melting of silicon and its capillary flow can limit the deformation and
mixing between reactants, thereby inhibiting the initiation of ‘‘shock-induced’’ chemical
reactions. ©2003 American Institute of Physics.@DOI: 10.1063/1.1586968#
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I. INTRODUCTION

Shock compression of powder mixtures can introdu
physical, chemical, and physiochemical changes
microsecond-duration time scales of the peak-pressure st1

These so-called ‘‘shock-induced’’ changes, resulting in
formation of nonequilibrium compounds, metastable pha
or simply radically modified microstructures,2–5 have also
received increasing interest in the area of energetic mate
for the purposes of controlling the energy release ra6

Shock initiation of chemical reactions in highly reactiv
powder mixtures has been proposed to occur as a co
quence of mechanochemical effects, via processes invol
solid-state configurational changes and structural rearra
ments.1,3–5,7 Thermochemical mechanisms including liqui
phase reactions, founded on the observation of locali
melts~or ‘‘hot spots’’! at interparticle regions have also be
proposed.8–13

The highly exothermic nature of Mo-Si powder mixtur
(DHR5231.5 kcal/mol for MoSi2 ; 274.5 kcal/mol for
Mo5Si3) and the large differential in flow strength, densi
and melt temperature between Mo and Si (Dsy;230 MPa,
Dr57.9 g/cm3, andDTm5800 °C) make this an ideal sys
tem for investigating the effects of shock compression.
such highly exothermic powder mixtures, ‘‘shock-assiste
chemical reactions can also occur in shock-compressed p
der compacts because of bulk shock temperature increas
the time scales of temperature equilibrium.14 Consequently,
the observation of reaction products in recovered compa

a!Corresponding author: electronic mail: naresh.thadhani@mse.gatech.
1570021-8979/2003/94(3)/1575/9/$20.00
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during post mortem microstructural analysis~similar to those
observed by Meyerset al.,8,13 Marquis and Batsanov,9

Montilla,12 and Aizawa15!, cannot provide information on
whether the observed reaction may have occurred du
‘‘shock-assisted’’ or ‘‘shock-induced’’ conditions.5 The infer-
ence of ‘‘shock-induced’’ chemical reactions requiresin situ
measurements of shock properties using time-resolved
periments. Post mortem microstructural analysis of rec
ered samples can, however, be used to characterize cha
in the configuration of reactant constituents at conditions
prior to the onset of reaction initiation, to obtain clues f
possible reaction mechanisms.14

Batsanov and his co-workers16 pioneered the use o
time-resolved observations of chemically reacting pow
mixtures using Manganin pressure gauges to obtain rec
of shock profiles and wave speed. They observed tha
equimolar tin and sulfur powder mixtures the measured p
sure points deviated toward the right~increased volume! of
the Hugoniot curve calculated for the unreacted mixture. A
ditional work was reported in this same system17 and in the
tin-telluride system,18 in which optical pyrometric measure
ments were also utilized. The aluminum-sulfur system w
also investigated in work reported in 1992.19 Since that time,
various other detection methods~including Manganin and
polyvinyl difluoride ~PVDF! stress gauges and optical an
pyrometry measurements! have been employed for time
resolved diagnostics of shock-wave profiles.20–26These stud-
ies ~reviewed in Ref. 27! have provided a demonstration o
the unique shock-compression response of powders, as
as the evidence for shock chemistry occurring on timu
5 © 2003 American Institute of Physics

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



m
ha
m
oc
h

e

s
th
ck

he
p-

e

ng
io
r

t t
ng

m

re

ro
nd
o
w

th

se
e

s to
ress
ea-
re-

u-
F

c-
ists

-
of

lec-
nsi-
he
uge
bo-
s

or

ix-
ting

d-

te

itor
A
er-
‘‘in-
ca-
ime
he

face
ed

and-
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scales of significantly less than the typical wave transit ti
of 1 ms. Evidence of shock-induced chemical reactions
been inferred on the basis of shifts in the pressure-volu
Hugoniot-curve, temperature changes, increases in sh
wave speed or bulk sound speed, and excess reflected-s
pressure monitored with time-resolved diagnostics.27

In the present work, the shock-compression respons
the highly exothermic Mo12Si powder mixture, which in-
cludes constituents having a large differential in their phy
cal and mechanical properties, was studied. The goal of
study was to employ time-resolved diagnostics of sho
wave profiles to detect the occurrence~or not! of ‘‘shock-
induced’’ chemical reactions and the role of melting of t
constituent~s! on initiation of such reactions. The overall a
proach involved shock compression experiments perform
on ;58% dense Mo12Si powder mixtures, using PVDF
piezoelectric stress gauges, to measure the crush stre
compressibility characteristics, and wave propagat
speed through the powder mixture. The analysis of the
sults and the conclusions presented in this paper retrac
results described in our prior conference-proceedi
publications.28–30

II. EXPERIMENTAL PROCEDURE

Molybdenum and silicon powders were obtained fro
Cerac, Inc., with the particle size of,44mm (2325 mesh!
and typical purity of 99.999%~Mo, M2000, and Si, S1049!.
The powders were mixed in a stoichiometric ratio cor
sponding to MoSi2 intermetallic compound, using a slow
moving V blender operated for 8–12 h. A scanning elect
micrograph showing the typical morphology of the Mo a
Si starting powder mixture is depicted in Fig. 1. The M
powders were polycrystalline agglomerates, while Si po
ders were blocky single crystal particles.

Time-resolved measurements were performed using
Bauer piezoelectric polyvinyl difluoride stress gauges.31–34

The 80 mm diameter, 10 m long single stage, compres
gas gun at Georgia Tech was used for the instrumented
periments. The gas gun provides control of ‘‘tilt’’~typically

FIG. 1. Scanning electron micrograph of the Mo12Si starting powder mix-
ture.
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250mrad!, impact velocity, and wave speed measurement
0.1% accuracy. The frequency response of the PVDF st
gauges and recording system results in precise timing m
surements available with the use of gigahertz frequency
sponse instrumentation.

The gauges, obtained from KTech Corporation, in Alb
querque, N.M., were high quality, biaxially stretched PVD
film, poled using the Bauer process31 to a 9.2mC/cm2 rem-
nant polarization, and having identical gold over Pt ele
trodes. A typical PVDF gauge package configuration cons
of an insulating film of FEP Teflon~25 mm thick! on both
sides of a 25mm thick PVDF element. During gauge assem
bly, typical total epoxy bond thickness was on the order
2–4 mm. Aluminum deposition of;200 nm on the powder
sides of the gauge package was utilized to prevent pyroe
tric effects from affecting the gauge response during de
fication and possible reaction of the powder mixture. T
overall experimental arrangement employed for PVDF ga
measurements was similar to that at Sandia National La
ratories, in Albuquerque,33,34 and also used in the previou
work on Ti-Si powder mixtures.27 As shown in Fig. 2, a
hollow aluminum projectile was used with either a copper
tungsten flyer plate~9.5 mm thick by 50.8 mm diameter!
placed at the nose, backed by an air gap. The powder m
tures were pressed directly into copper capsules, consis
of a 20 mm thick Cu ring, in which the powder is san
wiched between a 6.35 mm thick Cu driver plate~toward the
impact side! and a 17 mm thick polymethyl methacryla
~PMMA! backer plate. A PVDF gauge package~with 25 mm
FEP polymer insulation epoxied on both sides! was placed
between the packed powder and Cu driver plate to mon
the ‘‘input shock,’’ and between the powder and PMM
backer to monitor the ‘‘propagated-wave’’ loading charact
istics. The propagation of the shock wave sensed by the
put’’ gauge and ‘‘propagated’’ gauge at their respective lo
tions also provided a precise measure of the transit t
through the powder mixture compact for determining t
wave speed.

The sample assembly was placed on the impact sur
of the gun barrel in which the smooth-bored projectile fac

FIG. 2. Setup used for instrumented experiments with PVDF gauges s
wiching the 3 mm thick powder sample.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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with a 9.5 mm thick copper or tungsten alloy~MIL-T-21014!
flyer plate was accelerated to a preselected impact velo
~in the range of 507 to 976 m/s!. The impact velocities were
measured using three shorting pins placed 12.7 mm apar
standoff pins placed 6.35 mm from the impact surface
should be noted that all impact experiments were desig
such that a planar-parallel shock wave propagates thro
the powder thickness without attenuation from loading
peripheral surfaces.

To improve sensitivity, the piezoelectric current was
corded with two complimentary amplifier sensitivities co
nected to a current viewing resistor at the PVDF gauge.
combined recordings of both amplifiers provide a hig
resolution current-versus-time profile, which is then nume
cally integrated to obtain the stress-versus-time profile~using
VIEWPOINT 3.16 software!. The magnitude of the input stres
was determined using data analysis procedures desc
elsewhere.33,34

III. RESULTS OF TIME-RESOLVED EXPERIMENTS

Time-resolved experiments were performed on M
12Si powder mixtures, using PVDF stress gauges pla
between the Cu driver and powder~labeled ‘‘input gauge’’!,
and the powder and PMMA backer plates~labeled ‘‘propa-
gated’’ gauge!. The loading configuration employed wa
such that the impact generates a shock-wave pulse of ab
rise time, duration of constant pressure, and release to
stress. Thicknesses of the driver and flyer plates were
such that the steady-state square shaped shock wave
transmitted through the thickness of the powder layer, w
out attenuation. All impact plane surfaces were lapped
ensure planarity such that the rise times recorded by the
put’’ gauges placed between the copper driver and
12Si powder were less than 10 ns. However, propagatio
the stress wave through the powder mixture results in p
der densification, which causes the wave to become m
dispersed. The effect of the powder densification on w
dispersion is reflected by the increased rise time of the pro
gated stress wave recorded by the backer gauge placed
interface between the powder and PMMA backer. It sho
be noted that during the steady-state stress period~duration
of approximately a few microseconds in the present ca!,
the gauge is highly stressed, but the rate of stress chan
zero. The subsequent release of the stress to zero occurs
in time and is not observed in the recording window of t
digital oscilloscopes. Thus the measured profiles show o
the loading events, including the steady-state stress am
tude, but no unloading history.

A combined plot of the input stress traces for all expe
ments performed on Mo12Si powder mixtures is provided
in Fig. 3. The propagated stress traces for all three lo
velocity experiments are provided in Fig. 4~a! and the traces
from the higher-velocity experiments are shown in Fig. 4~b!.
The varying amplitudes of the different stress profiles cor
spond to experiments performed at different impact velo
ties. As mentioned earlier, it can be clearly seen that the
time of the input stress pulse is less than 10 ns under
impact conditions. In contrast, the propagated stress w
Downloaded 30 Jun 2004 to 130.207.165.29. Redistribution subject to AI
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shows effects of wave dispersion and rise time varying
tween 6 and 186 ns, with the lower-amplitude stress wa
showing the longest rise time.

A. Parameters measured from stress-gauge
experiments

The parameters obtained from time-resolved stre
gauge measurements performed using shock-compres
experiments on Mo12Si powder mixtures, are included i

FIG. 3. Combined plot of the input stress traces for all experiments

FIG. 4. Combined plot of the propagated stress traces for~a! all three
low-velocity experiments and~b! the higher-velocity experiments.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Summary of results listing measured and calculated parameters obtained from time-resolved experiments.

Experiment
no.

Flyer
type

Packing
density
(g/cm3,
%TMD!

Impact
velocity
~mm/ms!

Input
stress
~GPa!

Input
rise time

~ns!
~10%–
90%!

Propagated
stress
~GPa!

Propagated
rise time

~ns!
~10%–
90%!

Wave
speed

~mm/ms!
~toe-toe 10%,

1/2 max!

Relative
volume

~toe-toe 10%,
1/2 max!

9806 Cu 2.59, 57 0.507 1.52 11.5 1.82 186 1.31,
1.26

1.17,
1.12

9818 Cu 2.50, 55 0.700 2.09 7.5 2.36 86 1.46,
1.44

1.12,
1.09

9902 Cu 2.69, 59 0.964 3.15 6.5 3.95 76.5 1.69,
1.64

1.01,
0.97

9910 W
alloy

2.70, 59 0.851 4.36 8.5 4.30 10, 14a 1.92,
1.91

0.97,
0.96

9908 W
alloy

2.71, 59 0.940 5.4 4.5 5.18 6 2.15,
2.15

0.96,
0.96

9907 W
alloy

2.71, 59 0.966 6.3b c 6.16 8,7a 2.04b 0.75b

9913 W
alloy

2.50, 55 0.967 6.3b c 5.07 22.5 2.12d 0.81

9919 W
alloy

2.51, 55 0.914 6.65 5 4.74 25.5 2.22,
2.20

0.84,
0.83

aTwo-slope wave structure.
bCalculated value.
cNo measurement obtained.
dToe-to-toe measurement at shock arrival instead of 10%.
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Table I. As indicated in the table, the shock-loading expe
ments were performed at impact velocities in the range
0.507 to 0.964 mm/ms using a copper flyer plate, and 0.85
to 0.967 mm/ms using a tungsten alloy flyer plate. Expe
ments with the tungsten flyer were used to obtain hig
input stresses. In all cases, the initial powder packing den
was maintained approximately the same;58%62% theo-
retical maximum density~TMD!.

In Table I, data in the input stress column correspond
the stress in the powder measured by the input-shock ga
by the method described above. The rise time of the in
stress wave is measured based on 10–90% of the peak
shows that in all cases the rise to peak stress occurs in
than 10 ns. Data in the propagated stress column corres
to the stress measured in the PMMA backer upon exiting
powder layer. The propagated stress rise time is longer
experiments performed at lower impact velocities, but
creases significantly in experiments at higher impact velo
ties. The wave speed is the wave velocity through the p
der, and is obtained by measuring transit time between
two gauges placed in direct contact with opposite surface
the powder, less the travel time through the gauge insula
thickness. The transit time was measured based on toe-to
~10%! and transit times between half-maximum values w
the insulation thickness subtracted. The time was then u
to calculate the powder wave speed using the follow
equation:

Us5xpowder/t transit. ~1!

In this equation,Us is the powder shock speed,x is the
powder thickness, andt transit is the measured transit time be
tween the two gauges.

The relative volumeV/V0 , the only calculated param
eter shown in Table I, was obtained from the known init
Downloaded 30 Jun 2004 to 130.207.165.29. Redistribution subject to AI
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powder (r00) and solid density (r0), measured values o
input stress (P), and wave velocity (Us), and applying the
shock jump conditions for conservation of mass and mom
tum:

~V/V0!5~r0 /r00!$12~P/r00Us!~1/Us!%. ~2!

Since the stress pulses propagating through the 3 mm t
powder mixtures have a structure characteristic of wa
dispersion effects@as observed in Figs. 4~a! and 4~b!#, calcu-
lation of the relative volume based on Eq.~2! using jump
conditions applied to a steady-state shock wave may no
completely appropriate. However, given the very large co
pression achieved with such porous materials, one can
the calculated relative volume along with measured in
stress to obtain first-order effects of shock compression
Mo12Si powder mixtures.

B. Correlation of stress versus volume and stress
versus wave speed

The plot of data points corresponding to the measu
input stress as a function of calculated relative volume a
that for measured input stress versus wave speed for
Mo12Si powder mixture are shown in Figs. 5 and 6, resp
tively. It should be noted that the plot in Fig. 5 is differe
from that reported in our prior publications,28–30in which the
relative volume was erroneously calculated. Therefore,
analysis provided here in the following section retracts
discussions and conclusions previously stated in that w
Figure 5 shows two sets of data points for each press
corresponding to relative volumes calculated using the
values of the wave speeds based on toe-to-toe and half-
measurements. The data point corresponding to the in
relative volume of the powder and the calculated compre
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ibility curves ~Hugoniot! of solid-density Mo12Si ~dashed
line! and MoSi2 solid ~solid line! are also indicated on th
plot. Data corresponding to the measured input stress ve
wave speed plotted in Fig. 6 are also based on wave sp
calculated using toe-to-toe and half-max values.

Special considerations were made in plotting the d
points for experiments 9907 and 9913, in both the str
versus volume and stress versus wave speed plots. In
case of experiment 9907, an input gauge record was not
tained ~due to gauge failure!, and for experiment 9913,
gauge signal and impact velocity were recorded, but
gauge output signal did not allow a stress measurement
provided only shock-wave time of arrival information. Th
impact velocity was, however, correctly measured in b
experiments. Therefore, the input stress at the copper-pow
interface was calculated for both experiments using t
steps. First, the stress in the copper plate was calculated
ing the known impact velocity and the Hugoniot relatio
ships for the tungsten flyer and copper driver plates. N
this pressure was utilized along with the Hugoniot of cop

FIG. 5. Plot of measured input stress versus calculated relative volum
Mo12Si powder mixture based on instrumented experiments with theP-a
curve fit to the lower-pressure data points and isothermal compressib
curve.

FIG. 6. Plot of input stress as a function of powder wave speed. Data
Experiment 9907 based on calculated values of wave speed and input
and those for Experiment 9913 based on calculated value of input stres
measured wave speed. Note mixture curve and silicon behavior (Pm indi-
cates melting point of silicon for;58% dense powder mixture!.
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and a calculated Hugoniot relationship~approximated using
the lower-velocity instrumented experiments! for the Mo
12Si powder mixture to determine the input stress at
copper-powder interface. For experiment 9913, the calc
tion of the relative volume was performed using the me
sured wave speeds, calculated pressure at the copper-po
interface, and the equations for the conservation of mass
momentum. Because no input gauge signal was measure
experiment 9907, the time of arrival of the shock wave w
also calculated. Since the impact velocity was known alo
with the trigger pin standoff height~nominally 6.35 mm!, the
time of impact at the tungsten flyer and copper driver int
face could be easily calculated. Utilizing the pressure in
copper plate and the measured plate thickness, the tr
time through the copper plate was then calculated wh
yielded a calculated shock wave arrival time at the copp
powder interface. The remaining calculation of relative v
ume for experiment 9907 was performed with the calcula
values for both the input stress and the shock-wave arr
time.

It should be noted that in both plots, Figs. 5 and 6, tw
sets of data points are indicated for each pressure, co
sponding to wave speeds measured on the basis of toe-t
and half-max values of stress profiles. Of the two measu
ments of the wave speed, the measurement based on
max values can be considered to be more representative
to the slow rise in the toe of the dispersed propagated wa
In particular, low-amplitude propagated wave stress profi
@as shown in Figs. 4~a! and 4~b!# have a very shallow toe tha
can add to the additional discrepancy in determination of
wave speed. The significance of the results based on in
stress versus relative volume~Fig. 5! and input stress versu
wave speed~Fig. 6! will be discussed in detail in the follow
ing section.

IV. ANALYSIS OF SHOCK-COMPRESSION
CHARACTERISTICS BASED ON TIME-RESOLVED
EXPERIMENTS

In the present work, time-resolved experiments empl
ing PVDF stress gauges were performed on Mo12Si pow-
der mixtures, to record the ‘‘input’’ stress-wave profiles a
the ‘‘propagated’’ stress-wave profiles, as illustrated in t
experimental setup shown in Fig. 2. The recorded in
stress–wave profiles are shown in Fig. 3 and the propag
stress wave forms are shown in Figs. 4~a! and 4~b!. Other
than the effects of wave reverberation through the PV
gauge package, which appear to resemble vibration sig
as the pressure equilibrates, no obvious signature is reve
by the ‘‘input’’ stress gauge profiles. The propagated str
profiles, however, reveal a longer rise time, particularly
the stress profiles of lower magnitude@Fig. 4~a!#. The in-
crease in rise time is due to dissipative processes respon
for powder densification, which causes the wave to beco
more dispersed. The effect of powder densification on w
dispersion is most clearly observed in propagated wave
files for which the input stress is less than the ‘‘cru
strength’’ of the powder mixture, or the stress required
consolidate the Mo12Si powder mixtures to full density
Consequently, the higher-amplitude ‘‘propagated’’ stre
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wave profiles shown in Fig. 4~b! ~corresponding to experi
ments 9910, 9908, and 9919! reveal minimal effects of wave
dispersion.

Experimental measurements of the ‘‘input’’ and ‘‘prop
gated’’ stress-wave profiles also provides a measure of
wave speed, by noting the time of travel of the wave throu
a given thickness of the powder layer. Since, in shock co
pression, the input stress~or shock pressure! entering the
powder and the speed of the wave~shock velocity! propagat-
ing through the powder layer are inter-dependent, a sud
change in their interdependence could be conceived as a
nature of a ‘‘shock-induced’’ physical or chemical chang
Furthermore, assuming steady-state propagation of a s
wave through the powder mixture, jump conditions correl
ing the state variables ahead of and behind the shock f
can be used to determine pressure versus specific vo
~compressibility! behavior to identify discontinuities
corresponding to physical or chemical changes. Evide
of shock-induced chemical reactions based on observa
of expanded pressure-volume state and increased s
wave velocity has been demonstrated in previo
investigations.16–19,27

A. Pressure-volume compressibility behavior

The measured input stress plotted as a function of ca
lated relative volume for the Mo12Si powder mixture in
Fig. 5 shows the general Hugoniot~compressibility! behav-
ior of the un-reacted powder mixture and solid MoSi2 , illus-
trating the manner in which the powder mixture compres
to the solid-density state. The stress at which the pow
mixture constituents compress to solid density is defined
the ‘‘crush strength.’’ It is during this process of powd
crush up to full density that a configuration of extensive
deformed, intimately mixed, and highly activated state
reactants is generated. Consequently, at pressures appr
ing the crush strength, reactive powder mixtures can unde
‘‘shock-induced’’ chemical reactions. The compressibility r
sponse of Mo12Si powder mixtures studied in the prese
work, illustrates that the data points are clustered in th
different regions~as shown in Fig. 5!; hence, a single curve
cannot be used to fit the data and describe the overall c
pressibility behavior of this powder mixture. Each cluster
data points thus needs to be discussed separately.

Densification of the powder mixture from an initial t
final solid density was considered first, using theP-a pore
collapse model.35 The P-a model uses a distension param
etera defined bya5V/Vs , whereV is the specific volume
of porous material andVs is the specific volume of the solid

Accordingly, theP-a model is expressed by the equ
tion

a511~ap21!@~Ps2P!/~Ps2PE!#2. ~3!

In this equation,aP is the density achieved during elast
compression,PE is the pressure where elastic compression
observed, andPs is the crush strength. Because theP-a
model is rather empirical, the parametersaP , PE , and PS

were adjusted to best fit the experimentally obtained d
Figure 5 displays theP-a model results superimposed to
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the three low-pressure data points on theP-V curve for
Mo12Si. The value ofPE was found to be 0.05 GPa,aP

was 1.75, andPS ~full densification! was determined to be
3.0 GPa for the best fit of theP-a densification curve to the
data points. The second cluster of data points~starting at 3.1
GPa, for experiments 9902, 9910, and 9908! in Fig. 5 fol-
lows the Hugoniot line of the solid-density mixture, repr
senting full densification of the powder. However, in the ca
of the 3.1 GPa data point, the toe-to-toe and half-max val
do not fully coincide, while the points at 4.3 and 5.4 GPa a
equal in both cases. Because the toe-to-toe values wil
slightly different from half-max values if wave-dispersio
effects dominate the shock-compression response, the
crush strength can be considered to be slightly greater
3.1 GPa. It should be noted that the experimental points
this region lie slightly to the left of both the calculated is
thermal and 58% dense powder compressibility curves. I
uncertain if this discrepancy is due to slight systematic
perimental errors~error bars slightly larger than plotting
symbols!, incorrect assumptions to some extent in the cal
lation of the mixture rule based compressibility curves,
both. In any case, these errors appear to be small. The
cluster of points~for experiments 9907, 9913, and 991!
above 6 GPa in Fig. 5 indicates an even more compres
state than that of the solid-density curve. The deviation fr
the solid density to a more compressed state is a clear i
cation of a ‘‘shock-induced’’ change that needs to be furth
explored.

B. Shock-wave speed versus input stress

While the input stress~pressure! versus volume com-
pressibility behavior is based on the use of jump conditio
which may be argued to represent first-order effects of sh
compression, the correlation between measured shock-w
speed versus measured input stress provides a behavio
is independent of assumptions. The calculated curve co
sponding to the 58% dense inert Mo12Si powder mixture is
also illustrated as a dashed line in Fig. 6. It can be seen
the experimental data points appear to follow the inert Hu
niot curve, except at stresses greater than 6 GPa.

Prior work on time-resolved measurements in Ti-Si po
der mixtures27 has shown deviation of the experimental
determined data points from the calculated Ti-Si inert po
der mixture curve at input stresses exceeding the 1.5 G
crush strength of the material. The deviation indicating
increase in wave speed and likewise an expanded pres
volume compressibility state was considered to be an o
indication of ‘‘shock-induced’’ chemical reaction. An ex
panded pressure-volume compressibility state~first observed
by Batsanovet al.16 in Sn1S powder mixtures! with corre-
sponding increase in shock wave speed, is consistent
the occurrence of ‘‘shock-induced’’~also termed ‘‘ballotech-
nic’’ ! chemical reactions proposed by Grahamet al.24 and
modeled by Bennett and Horie.36 However, in the case of the
present work on Mo12Si powder mixtures, the deviation i
the wave speed versus input stress curve actually show
decreasing trend at stresses greater than 6 GPa. The dec
in wave speed is possible only if there is a ‘‘shock-induce
change to a low-compressibility state such as from the s
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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to a liquid phase of possibly the silicon powder constitue
Using the experimentally determinedUs2Up Hugoniot

of melted silicon, obtained from Ref. 23, a curve correspo
ing to wave speed versus stress was calculated and pl
with the results of the present work, as shown in Fig. 6
can be seen that the curve for melted silicon~dash-dotted
line! intersects the Mo12Si inert curve atPm (;5 GPa)
which represents the stress at which Si in the;58% dense
Mo12Si powder mixture undergoes melting. The da
points corresponding to the higher-pressure experiments
found to lie more closely on the silicon melt curve than
the curve of the Mo12Si solid-density powder mixture. Th
cluster of these data points is also the same as the grou
data points on the input stress versus relative volume~com-
pressibility! plot shown in Fig. 5 that were observed to d
viate from the solid-density curve to a more compres
state. Hence, it can be concluded that the deviation of
data points at stresses greater than 6 GPa, showing a hi
compressibility state and correspondingly lower shock sp
~consistent with the slope of the Rayleigh line! indicate melt-
ing of silicon and not necessarily evidence of a ‘‘shoc
induced’’ chemical reaction.

C. Shock-wave speed versus particle velocity

The wave speed versus input stress data points in
12Si were converted to wave speed versus particle velo
~where particle velocityUp5P/r0US). Since the shock
wave speed is linearly related to the particle velocity, a
viation from linearity can be considered to be unambiguo
evidence of chemical or physical change of state in the
terial. Figure 7 shows aUS2UP plot of Mo12Si powder
mixture, along with calculated curves for the inert react
powder mixture, as well as that of the silicon melt. It can
seen that the three experimental data points at lower par
velocities show higher shock-wave speeds than that ca
lated for the inert Mo12Si mix. This is because the calcu
lated curve is based on the assumed crush strength b
zero. The next two data points betweenUP50.8 and 1.0
closely approach the calculated curve of Mo12Si. With fur-
ther increase in particle velocity, the data points show a

FIG. 7. Plot of shock wave speed (Us) as a function of particle velocity
(Up) for measured data points, Mo12Si (;58% dense! calculated line, and
silicon behavior.
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crease in shock-wave speed and in fact fall on theUS2UP

curve of the silicon melt. The deviation from linearity in th
case can again be associated with the melting of the sili
reactant.

Melting of silicon has also been observed in tim
resolved experiments performed on 55% dense Nb12Si
powder mixtures in which the arrival of shock and rarefa
tion waves was recorded using a streak camera.23 In fact, in
experiments performed under identical shock compress
conditions at shock pressures in the range of 5–20 GP
was observed that in some cases the measured shock
showed a trend indicating melting of silicon and in som
other cases formation of NbSi2 product. Melting of silicon
and the corresponding lack of reaction product format
was attributed to the detrimental effect of premature melt
of silicon and its limited mixing with niobium, thereby in
hibiting the initiation of ‘‘shock-induced’’ chemical reaction
For the present work on;58% dense Mo12Si powder mix-
tures, only melting of Si was observed with no evidence
shock-induced chemical reaction occurring in the range
6–7 GPa shock pressure.

The results of the present work on Mo-Si powder m
tures, taken in conjunction with Nb-Si and Ti-Si powd
mixtures, illustrate clear differences in the shoc
compression response of these three silicide-forming s
tems, with the melting of silicon possibly influencing th
overall shock-compression response of the respective
tems. This leads to an important question which will be d
cussed in the following section: What is the influence
melting of silicon~during shock compression! on the shock-
compression response and reaction behavior of powder m
tures?

D. Influence of silicon melt on shock-induced
reaction initiation

The results of time-resolved measurements performed
the three different silicide-forming systems indicate th
melting of Si appears to inhibit shock-induced chemical
action initiation as observed in both Nb-Si and Mo-Si po
der mixtures, while Ti-Si powder mixtures show occurren
of shock-induced reaction evidenced by observation of
panded pressure-volume state and increased shock spee
sociated with the reaction. These results are consistent
the observations of a theoretical study conducted by Tam
and Horie.37 They investigated reaction initiation in Nb1Si
powder mixtures inside regions of an adiabatic shear b
and observed that increasing shear rate resulted in gre
degree of thinning~deformation! of reactants and conse
quently both mixing and increased propensity for she
induced solid-state reaction. However, with increased sh
ing rate, if temperature of silicon was allowed to increa
@due to its lower value of the product of density and he
capacity (rCP)] above its melt temperature, then the degr
of mixing between solid niobium and liquid silicon was r
duced, which in turn inhibited reaction initiation. In fac
they established a critical shear rate, above which melting
silicon was always observed, leading to a loss of its sh
and tensile strength, and subsequently resulting in its beh
ing more like a fluid and inhibiting reaction initiation. Henc
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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it appears that ‘‘shock-induced’’ chemical reactions in po
der mixtures can occur during the process of crush-up
solid density, similar to the trends observed in Ti-Si.27 How-
ever, premature melting of a constituent and its capill
flow around the particles of the other constituent~e.g., Mo,
Nb! will result in insufficient deformation and plastic flow o
the latter, due to its being subjected to hydrostatic rather t
deviatoric compression. Consequently, mixing between
reactants will be limited, resulting in inhibition of the initia
tion of ‘‘shock-induced’’ chemical reactions.

The premature melting of silicon during the powd
crush-up process, and its consequent effect on ‘‘sho
induced’’ chemical reaction initiation, is related to th
mechanism~s! responsible for such reactions. If thermal in
tiation of reactions based on melting of silicon is conside
as a mechanism for ‘‘shock-induced’’ chemical reaction, th
the reaction threshold for all Si-based powder mixture s
tems ought to be identical. Consequently, the shock pres
that results in melting of silicon (;5 GPa for 55% density!
would be considered as the threshold shock pressure fo
action initiation. However, shock-induced chemical reactio
have been observed to occur in;55% dense Ti-Si
powders27 at ;1.5 GPa shock pressure, which is signi
cantly lower than the;5 GPa pressure required for meltin
of silicon. Likewise, no evidence of shock-induced chemi
reaction is observed in Mo-Si powders even at shock stre
in the 6–7 GPa range.

The pressure threshold for ‘‘shock-induced’’ chemic
reactions can be correlated with the crush strength of
powder mixtures, which in turn scales with the differential
the yield strengths of the constituents of the powder mixtu
The yield strength differential between reactants in Mo
(DsY

Mo-Si5400– 93 MPa) and Nb-Si (DsY
Nb-Si5207– 93) is

greater than that in Ti-Si (DsY
Ti-Si559– 93 MPa); conse

quently the crush strength of Mo-Si and Nb-Si powder m
tures is greater than that of Ti-Si. Consideration of the infl
ence of melting of silicon during crush-up indicates that
the crush strength of the powder mixture is greater than
melt pressure of Si, then premature melting of silicon can
expected. Consequently, the silicon melt will restrict mixi
between reactants, which can inhibit the initiation of ‘‘shoc
induced’’ chemical reaction. If, on the other hand, the cru
strength of the powder mixture is lower than the melt pr
sure of silicon, then mixing of the reactants due to plas
deformation and dispersion can be achieved during
crush-up process, which can lead to initiation of ‘‘shoc
induced’’ chemical reactions.

V. SUMMARY AND CONCLUSIONS

Time-resolved experiments performed on;58% dense
Mo12Si powder mixtures employing in-situ PVDF stre
gauges were used to record the input wave and propag
wave stress profiles, as well as the speed of the wave pr
gation through the thickness of the powder, for impact
periments at velocities in the range of 0.5 to 1 km/s~with Cu
and W alloy flyer plates!. Input stress profiles of;1.5 to 6.7
GPa amplitude and rise times of 4.5–11.5 ns were recor
while the corresponding propagated stress profiles wer
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;1.8 to 6.2 GPa magnitude and rise times of;6 to
;190 ns. The velocity of the shock wave propagati
through the;58% dense Mo12Si powder mixtures unde
the above impact conditions were in the range of 1.3–
km/s. Analysis of the time-resolved experiments perform
on ;58% dense Mo12Si powder mixtures at input stresse
less than 4 GPa show characteristics of densification, ba
on the data points falling on the curve corresponding to po
der crush-up represented by theP-a densification behavior,
and dispersed nature of propagated wave stress profiles
rise time greater than;40 ns. In the time-resolved exper
ments performed at input stress between 4 and 6 GPa
powder mixtures showed characteristics of following t
fully densified mixture. For stresses between 6 and 7 G
the data points indicate melting of silicon denoted by a
crease in volume and wave speed, and no evidence of sh
induced chemical reactions in the range of the experime
performed in this study. Results of the present work on M
Si, taken in conjunction with prior work on Nb-Si and Ti-S
systems, illustrate that premature melting of silicon and
capillary flow can limit the deformation and mixing betwee
reactants, thereby inhibiting the initiation of ‘‘shock
induced’’ chemical reactions.
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