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The shock-compression response of MBSi 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-eB8% dense Me- 2 Si 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 Physic§DOI: 10.1063/1.15869683

I. INTRODUCTION during post mortem microstructural analy&smilar to those

. . . observed by Meyerset al.®'® Marquis and BatsanoV,
Shock compression of powder mixtures can introduc y Y q

. . . ) “Montilla,'2 and Aizawa5), cannot provide information on

physical, chemical, and physiochemical changes in .
. S 1 ... whether the observed reaction may have occurred due to

microsecond-duration time scales of the peak-pressure state. hock isted” or “shock-induced” ditior&The inf

These so-called “shock-induced” changes, resulting in the ShOcK-assIsted or -shock-induced- conditio € nter-

formation of nonequilibrium compounds, metastable phases‘e,nCe of *shock-induced” chemical reactions requinessitu

or simply radically modified microstructurés® have also measurements of shock properties using time-resolved ex-

received increasing interest in the area of energetic materiaRE"iments. Post mortem microstructural analysis of recov-
for the purposes of controlling the energy release 4ate €re€d samples can, however, be used to characterize changes

Shock initiation of chemical reactions in highly reactive in the configuration of reactant constituents at conditions just

powder mixtures has been proposed to occur as a Conse[ior to the onset of reaction initiation, to obtain clues for
quence of mechanochemical effects, via processes involvingossible reaction mechanistifs.
solid-state configurational changes and structural rearrange- Batsanov and his co-workéfspioneered the use of
mentst3~>7 Thermochemical mechanisms including liquid- time-resolved observations of chemically reacting powder
phase reactions, founded on the observation of localizethixtures using Manganin pressure gauges to obtain records
melts(or “hot spots”) at interparticle regions have also been of shock profiles and wave speed. They observed that in
proposed 13 equimolar tin and sulfur powder mixtures the measured pres-
The highly exothermic nature of Mo-Si powder mixtures sure points deviated toward the riglmcreased volumeof
(AHR=—31.5kcal/mol for MoSj; —74.5kcal/mol for the Hugoniot curve calculated for the unreacted mixture. Ad-
MosSi;) and the large differential in flow strength, density, ditional work was reported in this same systémand in the
and melt temperature between Mo and 8io{,~230 MPa, tin-telluride systent® in which optical pyrometric measure-
Ap=7.9 g/ent, and AT, =800 °C) make this an ideal sys- ments were also utilized. The aluminum-sulfur system was
tem for investigating the effects of shock compression. Inalso investigated in work reported in 1982Since that time,
such highly exothermic powder mixtures, “shock-assisted”various other detection methodmcluding Manganin and
chemical reactions can also occur in shock-compressed POWolyvinyl difluoride (PVDF) stress gauges and optical and
der compacts because of bulk shock temperature increasesﬁprometry measurementhave been employed for time-
the time scales of temperature equilibridfiConsequently, asolved diagnostics of shock-wave profits26These stud-
the observation of reaction products in recovered compactgeg (reviewed in Ref. 2¥ have provided a demonstration of
the unique shock-compression response of powders, as well
dCorresponding author: electronic mail: naresh.thadhani@mse.gatech.edias the evidence for shock chemistry occurring on times
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FIG. 2. Setup used for instrumented experiments with PVDF gauges sand-

FIG. 1. Scanning electron micrograph of the M2Si starting powder mix- 2 .
wiching the 3 mm thick powder sample.

ture.

50 urad), impact velocity, and wave speed measurements to
.1% accuracy. The frequency response of the PVDF stress
auges and recording system results in precise timing mea-
urements available with the use of gigahertz frequency re-
Ji)(onse instrumentation.

The gauges, obtained from KTech Corporation, in Albu-

qc%uerque, N.M., were high quality, biaxially stretched PVDF

h lr? tEIe prest(;nt wprl;}lthgss.hock—(;:omp_retssmn rlcqa_spr)]onse Im, poled using the Bauer procésso a 9.2uClcn? rem-
e highly exothermic Mé 251 powder mixture, which in- . hant polarization, and having identical gold over Pt elec-

cludes constituents having a large differential in their phys'ftrodes. Atypical PVDF gauge package configuration consists

cal and mechanical properties, was stu.died. The goal of th|8f an insulating film of FEP Teflori25 um thick) on both
study was to employ time-resolved diagnostics of shock-Sides of a 25:m thick PVDF element. During gauge assem-
wave pr”oflles tp detect _the occurrengs nof of S.hOCk' bly, typical total epoxy bond thickness was on the order of
induced” chemical reactions and the role of melting of th82—4,um Aluminum deposition of-200 nm on the powder
constitugr{ls) on initiation of such r_eactions._The overall ap- ides of the gauge package was utilized to prevent pyroelec-
proach involved shock compression experiments performeaiC effects from affecting the gauge response during densi-
R : . .
on ~58% dense Me 2Si powder mixtures, using PVDF fication and possible reaction of the powder mixture. The

piezoelectric stress gauges, to measure the crush streng Verall experimental arrangement employed for PVDF gauge

compressibility characteristics, and wave propagation, . »surements was similar to that at Sandia National Labo-

speed through the powder mixture. The analysis of the rer'atories, in Albuquerqué®® and also used in the previous

sults and the gonclugions prese;nted in this paper retraqt ”Work on Ti-Si powder mixtured’ As shown in Fig. 2, a
resu_lts _de:;g['g'f{,ed in-ourprior conference-proceedmg%ol|OW aluminum projectile was used with either a copper or
publications. tungsten flyer platg9.5 mm thick by 50.8 mm diameter
placed at the nose, backed by an air gap. The powder mix-
Il. EXPERIMENTAL PROCEDURE tures were pressed directly into copper capsules, consisting
Molybdenum and silicon powders were obtained fromof a 20 mm thick Cu ring, in which the powder is sand-
Cerac, Inc., with the particle size ef44 um (—325 mesh  wiched between a 6.35 mm thick Cu driver plétewvard the
and typical purity of 99.999%Mo, M2000, and Si, S1049 impact sid¢ and a 17 mm thick polymethyl methacrylate
The powders were mixed in a stoichiometric ratio corre-(PMMA) backer plate. A PVDF gauge packa@éth 25 um
sponding to MoSi intermetallic compound, using a slow FEP polymer insulation epoxied on both sigess placed
moving V blender operated for 8—12 h. A scanning electrorbetween the packed powder and Cu driver plate to monitor
micrograph showing the typical morphology of the Mo andthe “input shock,” and between the powder and PMMA
Si starting powder mixture is depicted in Fig. 1. The Mo backer to monitor the “propagated-wave” loading character-
powders were polycrystalline agglomerates, while Si pows-stics. The propagation of the shock wave sensed by the “in-
ders were blocky single crystal particles. put” gauge and “propagated” gauge at their respective loca-
Time-resolved measurements were performed using théons also provided a precise measure of the transit time
Bauer piezoelectric polyvinyl difluoride stress gaudes?  through the powder mixture compact for determining the
The 80 mm diameter, 10 m long single stage, compressedvave speed.
gas gun at Georgia Tech was used for the instrumented ex- The sample assembly was placed on the impact surface
periments. The gas gun provides control of “tilitypically ~ of the gun barrel in which the smooth-bored projectile faced

scales of significantly less than the typical wave transit timetz)
of 1 us. Evidence of shock-induced chemical reactions ha
been inferred on the basis of shifts in the pressure-volum
Hugoniot-curve, temperature changes, increases in shoc
wave speed or bulk sound speed, and excess reflected-sho
pressure monitored with time-resolved diagnostics.
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with a 9.5 mm thick copper or tungsten allgylIL-T-21014)
flyer plate was accelerated to a preselected impact velocity
(in the range of 507 to 976 misThe impact velocities were
measured using three shorting pins placed 12.7 mm apart and
standoff pins placed 6.35 mm from the impact surface. It
should be noted that all impact experiments were designed
such that a planar-parallel shock wave propagates through
the powder thickness without attenuation from loading or
peripheral surfaces.

To improve sensitivity, the piezoelectric current was re-
corded with two complimentary amplifier sensitivities con-
nected to a current viewing resistor at the PVDF gauge. The
combined recordings of both amplifiers provide a high-
resolution current-versus-time profile, which is then numeri-
cally integrated to obtain the stress-versus-time profigéng
VIEWPOINT 3.16 softwarg. The magnitude of the input stress
was determined using data analysis procedures described
elsewherg®34

Stress (GPa)
N w S (4] (o] ~ w ©
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FIG. 3. Combined plot of the input stress traces for all experiments.

shows effects of wave dispersion and rise time varying be-
tween 6 and 186 ns, with the lower-amplitude stress waves

Ill. RESULTS OF TIME-RESOLVED EXPERIMENTS showing the longest rise time.

A. Parameters measured from stress-gauge

Time-resolved experiments were performed on Mo .
gxpenments

+2Si powder mixtures, using PVDF stress gauges place
between the Cu driver and powdg@abeled “input gaugey, The parameters obtained from time-resolved stress-
and the powder and PMMA backer platdabeled “propa- gauge measurements performed using shock-compression
gated” gauge The loading configuration employed was experiments on Mé 2Si powder mixtures, are included in

such that the impact generates a shock-wave pulse of abrupt
rise time, duration of constant pressure, and release to zero

stress. Thicknesses of the driver and flyer plates were also (a)

such that the steady-state square shaped shock wave was
transmitted through the thickness of the powder layer, with-
out attenuation. All impact plane surfaces were lapped to
ensure planarity such that the rise times recorded by the “in-
put” gauges placed between the copper driver and Mo
+2Si powder were less than 10 ns. However, propagation of
the stress wave through the powder mixture results in pow-
der densification, which causes the wave to become more
dispersed. The effect of the powder densification on wave
dispersion is reflected by the increased rise time of the propa-
gated stress wave recorded by the backer gauge placed at the
interface between the powder and PMMA backer. It should
be noted that during the steady-state stress pddachtion

of approximately a few microseconds in the present ;ase
the gauge is highly stressed, but the rate of stress change is
zero. The subsequent release of the stress to zero occurs late

b=

Stress (GPa)

5 b

(b)

8

Propagated Stress Profiles

Expt #9902

Expt #9818
Expt #9806

o

- 40ns
time

Propagated Stress Profiles

F

[ Expt #9907

in time and is not observed in the recording window of the 7 4
digital oscilloscopes. Thus the measured profiles show only
the loading events, including the steady-state stress ampli-
tude, but no unloading history.
A combined plot of the input stress traces for all experi-

ments performed on Mb2Si powder mixtures is provided

in Fig. 3. The propagated stress traces for all three low- :
velocity experiments are provided in Figia#and the traces 21
from the higher-velocity experiments are shown in Figp)4 .
The varying amplitudes of the different stress profiles corre- g
spond to experiments performed at different impact veloci-
ties. As mentioned earlier, it can be clearly seen that the rise

Fime of the i_n_pUt stress pulse is less than 10 ns under alyg 4. combined plot of the propagated stress traces(dprall three
impact conditions. In contrast, the propagated stress wavew-velocity experiments antb) the higher-velocity experiments.
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Expt #3818

Expt #9913 Expt #9910
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TABLE I. Summary of results listing measured and calculated parameters obtained from time-resolved experiments.

Input Propagated Wave
Packing rise time rise time speed Relative
density Impact Input (ns Propagated (ns (mm/us) volume
Experiment Flyer (glen?, velocity stress (10%— stress (10%— (toe-toe 10%, (toe-toe 10%,

no. type %TMD) (mm/us) (GPa 90%) (GPa 90%) 1/2 may 1/2 maxy
9806 Cu 2.59, 57 0.507 1.52 11.5 1.82 186 1.31, 1.17,
1.26 1.12
9818 Cu 2.50, 55 0.700 2.09 7.5 2.36 86 1.46, 1.12,
1.44 1.09
9902 Cu 2.69, 59 0.964 3.15 6.5 3.95 76.5 1.69, 1.01,
1.64 0.97
9910 w 2.70, 59 0.851 4.36 8.5 4.30 10,414 1.92, 0.97,
alloy 1.91 0.96
9908 W 2.71, 59 0.940 5.4 4.5 5.18 6 2.15, 0.96,
alloy 2.15 0.96
9907 w 2.71, 59 0.966 63 ¢ 6.16 8,7 2.04 0.79

alloy
9913 w 2.50, 55 0.967 6%3 ¢ 5.07 225 2.1% 0.81
alloy

9919 W 2.51, 55 0.914 6.65 5 4.74 255 2.22, 0.84,
alloy 2.20 0.83

&Two-slope wave structure.

bCalculated value.

°No measurement obtained.

4Toe-to-toe measurement at shock arrival instead of 10%.

Table I. As indicated in the table, the shock-loading experipowder (pog) and solid density 4,), measured values of
ments were performed at impact velocities in the range ofnput stress P), and wave velocity {s), and applying the
0.507 to 0.964 mmis using a copper flyer plate, and 0.851 shock jump conditions for conservation of mass and momen-
to 0.967 mm4is using a tungsten alloy flyer plate. Experi- tum:
ments with the tungsten flyer were used to obtain higher
input stresses. In allgcases, i/he initial powder packing de?"nsity (VIV0)=(po/poo{1=(PlpodU) (L)} @
was maintained approximately the sam&8%+2% theo- Since the stress pulses propagating through the 3 mm thick
retical maximum densityTMD). powder mixtures have a structure characteristic of wave-
In Table I, data in the input stress column correspond talispersion effectfas observed in Figs(# and 4b)], calcu-
the stress in the powder measured by the input-shock gaugktion of the relative volume based on E@) using jump
by the method described above. The rise time of the inpugonditions applied to a steady-state shock wave may not be
stress wave is measured based on 10-90% of the peak apdmpletely appropriate. However, given the very large com-
shows that in all cases the rise to peak stress occurs in lepgession achieved with such porous materials, one can use
than 10 ns. Data in the propagated stress column correspotide calculated relative volume along with measured input
to the stress measured in the PMMA backer upon exiting thétress to obtain first-order effects of shock compression of
powder layer. The propagated stress rise time is longer fovo+ 2Si powder mixtures.
experiments performed at lower impact velocities, but de-
creases significantly in experiments at higher impact velocii3 Correlation of stress versus volume and stress
ties. The wave speed is the wave velocity through the pow-
. . . T Versus wave speed
der, and is obtained by measuring transit time between the
two gauges placed in direct contact with opposite surfaces of The plot of data points corresponding to the measured
the powder, less the travel time through the gauge insulatioinput stress as a function of calculated relative volume and
thickness. The transit time was measured based on toe-to-tdleat for measured input stress versus wave speed for the
(10%) and transit times between half-maximum values withMo-+ 2Si powder mixture are shown in Figs. 5 and 6, respec-
the insulation thickness subtracted. The time was then usdilely. It should be noted that the plot in Fig. 5 is different
to calculate the powder wave speed using the followingfrom that reported in our prior publicatiod%;*in which the
equation: relative volume was erroneously calculated. Therefore, the
U.=x Ttyans 2 a_nalysis_ provided here ir_l the follqwing section_retracts the
s™ “powder “transit discussions and conclusions previously stated in that work.
In this equation,U is the powder shock speed, is the  Figure 5 shows two sets of data points for each pressure,
powder thickness, anty.,,itiS the measured transit time be- corresponding to relative volumes calculated using the two
tween the two gauges. values of the wave speeds based on toe-to-toe and half-max
The relative volumeV/V,, the only calculated param- measurements. The data point corresponding to the initial
eter shown in Table I, was obtained from the known initial relative volume of the powder and the calculated compress-
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7 e and a calculated Hugoniot relationsHigpproximated using
n o : " vEma the lower-velocity instrumented experiment®r the Mo
6 + 9907 9913 o toetoe ) - ) -
F o0 . veo +2Si powder mixture to determine the input stress at the
o A . .
5 : o son copper-powder interface. For experiment 9913, the calcula-
o) of st el Compressviy tion of the relative volume was performed using the mea-
g ! : — — Palpha sured wave speeds, calculated pressure at the copper-powder
s e 2% b (Crush Strength) interface, and the equations for the conservation of mass and
H . \\ s momentum. Because no input gauge signal was measured for
di y . . .
£24 e ’\ P fit experiment 9907, the time of arrival of the shock wave was
i [ | . . .
Doty 9806 . also calculated. Since the impact velocity was known along
1 S ~J Initial Volume . . . . .
, S~ \ with the trigger pin standoff heiglthominally 6.35 mmj, the
0 ‘ ‘ Tl time of impact at the tungsten flyer and copper driver inter-
06 08 1 16 1.8 2

face could be easily calculated. Utilizing the pressure in the
copper plate and the measured plate thickness, the travel
FIG. 5. Plot of measured input stress versus calculated relative volume fofime through the copper plate was then calculated which
Mo+ 2Si powder mixture based on instrumented experiments wittPtle ielded a calculated shock wave arrival time at the copper-
curve fit to the lower-pressure data points and isothermal compressibilit)y . L . .
curve. powder interface. The remaining calculation of relative vol-
ume for experiment 9907 was performed with the calculated
values for both the input stress and the shock-wave arrival

ibility curves (Hugonio} of solid-density Mot 2Si (dashed time. _ _
line) and MoS} solid (solid line) are also indicated on the It should be noted that in both plots, Figs. 5 and 6, two
plot. Data corresponding to the measured input stress versg§ts Of data points are indicated for each pressure, corre-
wave speed plotted in Fig. 6 are also based on wave Speé@ondlng to wave speeds measured on the basis of toe-to-toe
calculated using toe-to-toe and half-max values. and half-max values of stress profiles. Of the two measure-
Special considerations were made in plotting the datd"ents of the wave speed, the measurement based on half-
points for experiments 9907 and 9913, in both the stres§'@X values can be considered to be more representative due
versus volume and stress versus wave speed plots. In i@ the slow rise in the toe of the dispersed propagated wave.
case of experiment 9907, an input gauge record was not oD partlculqr, Io_w-amphtude propagated wave stress profiles
tained (due to gauge failude and for experiment 9913, a [as shown in Figs. @) and 4b)] have a very shallow toe that
gauge signal and impact velocity were recorded, but th&an add to the additional discrepancy in determination of the
gauge output signal did not allow a stress measurement afi2ve speed. The significance of the results based on input
provided only shock-wave time of arrival information. The SIress versus relative volunigig. 5 and input stress versus
impact velocity was, however, correctly measured in bothVave speedFlg. 6) will be discussed in detail in the follow-
experiments. Therefore, the input stress at the copper-powd&td Section.
interface was calculated for both experiments using two

steps. First, the stress in the copper plate was calculated udl ANALYSIS OF SHOCK-COMPRESSION
ing the known impact velocity and the Hugoniot relation- CHARACTERISTICS BASED ON TIME-RESOLVED

ships for the tungsten flyer and copper driver plates. Next,EXPER"\AEN-I_S

this pressure was utilized along with the Hugoniot of copper  In the present work, time-resolved experiments employ-
ing PVDF stress gauges were performed on+\&Si pow-
der mixtures, to record the “input” stress-wave profiles and

1.2 1.4
Relative Volume (VIV,)

25

the “propagated” stress-wave profiles, as illustrated in the
PVDF Timing +- 0.2% - experimental setup shown in Fig. 2. The recorded input
7 2y n 9902 = so0y 9913 stress—wave profiles are shown in Fig. 3 and the propagated
s 3 stress wave forms are shown in Figga)4and 4b). Other
245 2806 than the effects of wave reverberation through the PVDF
‘§ gauge package, which appear to resemble vibration signals
% . Ve as the pressure equilibrates, no obvious signature is revealed
8 o 9307 by the “input” stress gauge profiles. The propagated stress
@ & o813 profiles, however, reveal a longer rise time, particularly in
5081 T e the stress profiles of lower magnitud€ig. 4@)]. The in-
—ﬂ \4— PVDF Pressure +/- 3% . . . . . . .
crease in rise time is due to dissipative processes responsible
o . ; . 3 . . . ; . for powder densification, which causes the wave to become

more dispersed. The effect of powder densification on wave
dispersion is most clearly observed in propagated wave pro-

FIG. 6. Plot of input stress as a function of powder wave speed. Data fOf”es for which the input stress is less than the “crush
Experiment 9907 based on calculated values of wave speed and input stre,

and those for Experiment 9913 based on calculated value of input stress ar%srengt_h of the powde-r mixture, O,r the stress requwgd to
measured wave speed. Note mixture curve and silicon behaRjigrir(di- consolidate the Me 2Si powder mixtures to full density.

cates melting point of silicon for-58% dense powder mixture Consequently, the higher-amplitude “propagated” stress-

Input Stress (GPa)
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wave profiles shown in Fig.(#) (corresponding to experi- the three low-pressure data points on tReV curve for
ments 9910, 9908, and 99L& veal minimal effects of wave Mo+ 2Si. The value ofP¢ was found to be 0.05 GPayp
dispersion. was 1.75, andPg (full densification was determined to be
Experimental measurements of the “input” and “propa- 3.0 GPa for the best fit of the-« densification curve to the
gated” stress-wave profiles also provides a measure of thdata points. The second cluster of data poistarting at 3.1
wave speed, by noting the time of travel of the wave throughGPa, for experiments 9902, 9910, and 9908Fig. 5 fol-
a given thickness of the powder layer. Since, in shock comlows the Hugoniot line of the solid-density mixture, repre-
pression, the input stred®r shock pressujeentering the senting full densification of the powder. However, in the case
powder and the speed of the waghock velocity propagat-  of the 3.1 GPa data point, the toe-to-toe and half-max values
ing through the powder layer are inter-dependent, a suddetio not fully coincide, while the points at 4.3 and 5.4 GPa are
change in their interdependence could be conceived as a siggual in both cases. Because the toe-to-toe values will be
nature of a “shock-induced” physical or chemical change.slightly different from half-max values if wave-dispersion
Furthermore, assuming steady-state propagation of a shoelfects dominate the shock-compression response, the true
wave through the powder mixture, jump conditions correlat-crush strength can be considered to be slightly greater than
ing the state variables ahead of and behind the shock frorg.1 GPa. It should be noted that the experimental points in
can be used to determine pressure versus specific voluntbis region lie slightly to the left of both the calculated iso-
(compressibility behavior to identify discontinuities thermal and 58% dense powder compressibility curves. It is
corresponding to physical or chemical changes. Evidencancertain if this discrepancy is due to slight systematic ex-
of shock-induced chemical reactions based on observatioperimental errors(error bars slightly larger than plotting
of expanded pressure-volume state and increased shoskmbolg, incorrect assumptions to some extent in the calcu-
wave velocity has been demonstrated in previoudation of the mixture rule based compressibility curves, or
investigations-~1%27 both. In any case, these errors appear to be small. The final
cluster of points(for experiments 9907, 9913, and 9919
above 6 GPa in Fig. 5 indicates an even more compressed
A. Pressure-volume compressibility behavior state than that of the solid-density curve. The deviation from
ut_he solid density to a more compressed state is a clear indi-
cation of a “shock-induced” change that needs to be further
explored.

The measured input stress plotted as a function of calc
lated relative volume for the Me2Si powder mixture in
Fig. 5 shows the general Hugoni@ompressibility behav-
ior of the un-reacted powder mixture and solid MgSilus- .

. . . . B. Shock-wave speed versus input stress
trating the manner in which the powder mixture compresses
to the solid-density state. The stress at which the powder While the input stresgpressurg versus volume com-
mixture constituents compress to solid density is defined apressibility behavior is based on the use of jump conditions,
the “crush strength.” It is during this process of powder which may be argued to represent first-order effects of shock
crush up to full density that a configuration of extensivelycompression, the correlation between measured shock-wave
deformed, intimately mixed, and highly activated state ofspeed versus measured input stress provides a behavior that
reactants is generated. Consequently, at pressures approathindependent of assumptions. The calculated curve corre-
ing the crush strength, reactive powder mixtures can underggponding to the 58% dense inert M@Si powder mixture is
“shock-induced” chemical reactions. The compressibility re-also illustrated as a dashed line in Fig. 6. It can be seen that
sponse of Me&-2Si powder mixtures studied in the presentthe experimental data points appear to follow the inert Hugo-
work, illustrates that the data points are clustered in thre@iot curve, except at stresses greater than 6 GPa.
different regiongas shown in Fig. § hence, a single curve Prior work on time-resolved measurements in Ti-Si pow-
cannot be used to fit the data and describe the overall congler mixture$’ has shown deviation of the experimentally
pressibility behavior of this powder mixture. Each cluster ofdetermined data points from the calculated Ti-Si inert pow-
data points thus needs to be discussed separately. der mixture curve at input stresses exceeding the 1.5 GPa

Densification of the powder mixture from an initial to crush strength of the material. The deviation indicating an
final solid density was considered first, using ex pore increase in wave speed and likewise an expanded pressure-
collapse modet® The P-a model uses a distension param- volume compressibility state was considered to be an overt
eter o defined bya=V/V,, whereV is the specific volume indication of “shock-induced” chemical reaction. An ex-
of porous material an¥f is the specific volume of the solid. panded pressure-volume compressibility stéitst observed

Accordingly, theP-a model is expressed by the equa- by Batsanowet al*® in S+ S powder mixtureswith corre-
tion sponding increase in shock wave speed, is consistent with

the occurrence of “shock-inducedalso termed “ballotech-

=1+ (ap=D[(Ps—P)/(Ps—Pg)]. ©) nic”) chemical reactions proposed by Grahatral?* and

In this equation,ap is the density achieved during elastic modeled by Bennett and Hori@ However, in the case of the
compressionP¢ is the pressure where elastic compression igpresent work on Me- 2Si powder mixtures, the deviation in
observed, andP is the crush strength. Because tRea  the wave speed versus input stress curve actually shows a
model is rather empirical, the parameters, Pz, andPg  decreasing trend at stresses greater than 6 GPa. The decrease
were adjusted to best fit the experimentally obtained datan wave speed is possible only if there is a “shock-induced”
Figure 5 displays th&-« model results superimposed to fit change to a low-compressibility state such as from the solid
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3 crease in shock-wave speed and in fact fall onlthe-Up
curve of the silicon melt. The deviation from linearity in this
L case can again be associated with the melting of the silicon
points in . 2 reactant.
rap = Melting of silicon has also been observed in time-
R‘ . resolved experiments performed on 55% densetRBi
. powder mixtures in which the arrival of shock and rarefac-
e tion waves was recorded using a streak carfigha.fact, in
o — — SiMeiting experiments performed under identical shock compression
crush strength e conditions at shock pressures in the range of 5-20 GPa, it
was observed that in some cases the measured shock data
' " " ‘ ‘ ‘ showed a trend indicating melting of silicon and in some
0 0.2 04 06 0.8 1 1.2 14 . . . .
Us, Particle Velocity (kmis) other cases formathn of NbZSproduct: Melting of S|I|con_
and the corresponding lack of reaction product formation
FIG. 7. Plot of shock wave speed() as a function of particle velocity \as attributed to the detrimental effect of premature melting
(Up) for measured data points, M@ Si (~58% densgcalculated line, and ot silicon and its limited mixing with niobium, thereby in-
silicon behavior. o e o ; R ! .
hibiting the initiation of “shock-induced” chemical reaction.
For the present work or 58% dense Me- 2 Si powder mix-
tures, only melting of Si was observed with no evidence of

Using the experimentally determinéd,— U, Hugoniot shock-induced chemical reaction occurring in the range of
p

of melted silicon, obtained from Ref. 23, a curve correspond§_7TﬁPa Sh?Ck ;?rehssure. K Mo-Si q ,
ing to wave speed versus stress was calculated and plotted € Lesu FS oft 1€ prgsent .Vﬁor bog. 0- d ! F.)OSW er rr(11|x—
with the results of the present work, as shown in Fig. 6. ifures, taken in conjunction with Nb-Si and TI-Si powaer

can be seen that the curve for melted siliqolash-dotted mixtures, . lllustrate  clear differences n the .ShOCk'
line) intersects the Mo 2Si inert curve atP,, (~5 GPa) compression response of these three silicide-forming sys-

which represents the stress at which Si in th68% dense tems, with the melting pf silicon possibly influencing the
Mo+2Si powder mixture undergoes melting. The dataoverall shock-compression response of the respective sys-

points corresponding to the higher-pressure experiments afgms- Th's leads to an |mport_ant questlo_n Whlch will be dis-
found to lie more closely on the silicon melt curve than on€USSed in the following section: What is the influence of
the curve of the Me- 2Si solid-density powder mixture. The Melting of silicon(during shock compressiomon the shock-
cluster of these data points is also the same as the group gpmpression response and reaction behavior of powder mix-
data points on the input stress versus relative volgcoen- tures?
pressibility) plot shown in Fig. 5 that were observed to de- . .
viate from the solid-density curve to a more compresse(fe';;fgjﬁ?rﬁact’{oﬂl'con melt on shock-induced
state. Hence, it can be concluded that the deviation of the
data points at stresses greater than 6 GPa, showing a higher- The results of time-resolved measurements performed on
compressibility state and correspondingly lower shock speethe three different silicide-forming systems indicate that
(consistent with the slope of the Rayleigh ljnedicate melt- melting of Si appears to inhibit shock-induced chemical re-
ing of silicon and not necessarily evidence of a “shock-action initiation as observed in both Nb-Si and Mo-Si pow-
induced” chemical reaction. der mixtures, while Ti-Si powder mixtures show occurrence
of shock-induced reaction evidenced by observation of ex-
panded pressure-volume state and increased shock speed as-
sociated with the reaction. These results are consistent with
The wave speed versus input stress data points in Mthe observations of a theoretical study conducted by Tamura
+2Si were converted to wave speed versus particle velocitgnd Horie®” They investigated reaction initiation in NtSi
(where particle velocityU,=P/poUg). Since the shock powder mixtures inside regions of an adiabatic shear band
wave speed is linearly related to the particle velocity, a deand observed that increasing shear rate resulted in greater
viation from linearity can be considered to be unambiguousiegree of thinning(deformation of reactants and conse-
evidence of chemical or physical change of state in the maguently both mixing and increased propensity for shear-
terial. Figure 7 shows & s—Up plot of Mo+2Si powder induced solid-state reaction. However, with increased shear-
mixture, along with calculated curves for the inert reactanting rate, if temperature of silicon was allowed to increase
powder mixture, as well as that of the silicon melt. It can be[due to its lower value of the product of density and heat
seen that the three experimental data points at lower particleapacity pCp)] above its melt temperature, then the degree
velocities show higher shock-wave speeds than that calcwef mixing between solid niobium and liquid silicon was re-
lated for the inert Me-2Si mix. This is because the calcu- duced, which in turn inhibited reaction initiation. In fact,
lated curve is based on the assumed crush strength beirtigey established a critical shear rate, above which melting of
zero. The next two data points betweblp=0.8 and 1.0 silicon was always observed, leading to a loss of its shear
closely approach the calculated curve of MBSi. With fur-  and tensile strength, and subsequently resulting in its behav-
ther increase in particle velocity, the data points show a deing more like a fluid and inhibiting reaction initiation. Hence,

g
o

N

Us, Shock Wave Speed (km/s)
- w

o
wn

to a liquid phase of possibly the silicon powder constituent.

C. Shock-wave speed versus particle velocity
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it appears that “shock-induced” chemical reactions in pow-~1.8 to 6.2 GPa magnitude and rise times o6 to

der mixtures can occur during the process of crush-up te-190 ns. The velocity of the shock wave propagating
solid density, similar to the trends observed in TESHow-  through the~58% dense Me- 2Si powder mixtures under
ever, premature melting of a constituent and its capillarythe above impact conditions were in the range of 1.3-2.2
flow around the particles of the other constituémig., Mo, km/s. Analysis of the time-resolved experiments performed
Nb) will result in insufficient deformation and plastic flow of on ~58% dense M& 2Si powder mixtures at input stresses
the latter, due to its being subjected to hydrostatic rather thaless than 4 GPa show characteristics of densification, based
deviatoric compression. Consequently, mixing between then the data points falling on the curve corresponding to pow-
reactants will be limited, resulting in inhibition of the initia- der crush-up represented by tRea densification behavior,
tion of “shock-induced” chemical reactions. and dispersed nature of propagated wave stress profiles with

The premature melting of silicon during the powder rise time greater thar-40 ns. In the time-resolved experi-
crush-up process, and its consequent effect on “shockments performed at input stress between 4 and 6 GPa, the
induced” chemical reaction initiation, is related to the powder mixtures showed characteristics of following the
mechanisrfs) responsible for such reactions. If thermal ini- fully densified mixture. For stresses between 6 and 7 GPa,
tiation of reactions based on melting of silicon is consideredhe data points indicate melting of silicon denoted by a de-
as a mechanism for “shock-induced” chemical reaction, thercrease in volume and wave speed, and no evidence of shock-
the reaction threshold for all Si-based powder mixture sysinduced chemical reactions in the range of the experiments
tems ought to be identical. Consequently, the shock pressuperformed in this study. Results of the present work on Mo-
that results in melting of silicon+5 GPa for 55% densijy  Si, taken in conjunction with prior work on Nb-Si and Ti-Si
would be considered as the threshold shock pressure for reystems, illustrate that premature melting of silicon and its
action initiation. However, shock-induced chemical reactionsapillary flow can limit the deformation and mixing between
have been observed to occur in55% dense Ti-Si reactants, thereby inhibiting the initiation of “shock-
powderé” at ~1.5 GPa shock pressure, which is signifi- induced” chemical reactions.
cantly lower than the-5 GPa pressure required for melting
of silicon. Likewise, no evidence of shock-induced chemical
reaction is observed in Mo-Si powders even at shock stress@ésCKNOWLEDGMENTS
in the 6—7 GPa range.
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