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Mixtures of flake-shaped nickel and spherical aluminum powders have been subjected to
shock-loading up to 6 GPa to investigate the occurrence of shock-induced chemical reactions. The
high-pressure Hugoniot state is determined through time-resolved measurements of the input stress
and shock transit time through the specimen. An increase in shock velocity is observed above stress
levels of 3.5 GPa, suggesting the initiation of an ultrafast shock-induced chemical reaction and
formation of Ni-Al compound(s) occurring in the time scale of the high-pressure shock state.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2396797]

I. INTRODUCTION

The initiation of chemical reactions within or shortly be-
hind the shock front in intermetallic-forming mixtures has
been the subject of investigations employing instrumented
experiments for nearly 20 years.k14 These aptly named
“shock-induced” reactions represent a unique class of chemi-
cal behavior, whereby intrinsic and extrinsic component
properties play a significant role in controlling reaction ini-
tiation. Intrinsic properties are material-inherent properties
such as density, flow strength, and elastic properties, and are
determined by component selection. Extrinsic properties, on
the other hand, are descriptions of particle condition and
powder configuration, which serve to modify the
mechanical/chemical response.15 Examples of extrinsic prop-
erties include particle size and morphology, powder mixture
packing density, component distribution, and particle pre-
treatment.

It is proposed that the initiation of shock-induced chemi-
cal reactions is linked to mechanochemical phenomena, such
as the degree of short time-scale mixing. Prior work has
demonstrated that the highest degree of mixing can be
achieved through matched intrinsic properties, i.e., compa-
rable yield strength and densities. Systems comprised of
highly mechanically differing constituents exhibit heteroge-
neous deformation or fragmentation, and consequently lim-
ited mixing and lack of shock-induced reaction.''#!%!7 The
nickel-aluminum powder system represents a mixture of hard
and soft phases, where the static yield strength and densities
differ by more than 200%. With such intrinsically influenc-
ing variables, and in the case of spherically-shaped micron-
scale particles at 60% TMD (theoretical maximum density),
no evidence of shock-initiated reaction has been observed in
our prior work, albeit at shock input stresses up to 6 GPa.'8"?
However, it is believed that enhanced interparticle mixing
and reaction initiation can be facilitated through adjustment
of extrinsic properties. The influence of extrinsic properties,
and in particular particle morphology, on deformation and
mixing in the nickel-aluminum system has thus far only been
investigated through recovery experiments.'(”l7 Post-mortem
microstructural analysis of recovered samples in these ex-
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periments has revealed compound formation in flake-shaped
Ni+3Al powders at higher packing densities than in spheri-
cal powder mixtures subjected to similar peak shock pres-
sures, indicating a lower shock energy required for com-
pound formation with the flaky morphology powders.
Results of recovery experiments however, do not provide any
evidence of reaction occurrence and compound formation
during or following the high pressure shock state.

The work presented in this paper describes the first time-
resolved instrumented Hugoniot measurements performed on
the nickel-aluminum system incorporating flake-shaped Ni
particles to investigate the effect of component extrinsic
properties on the shock-initiation of chemical reactions.

Il. EXPERIMENTAL PROCEDURE

Time-resolved Hugoniot measurements were performed
using the parallel-plate impact experiment configuration
(Fig. 1), in which the impact of a Cu or W flyer against a Cu
driver plate (nominally 57.2 mm diameter, 5.6 mm thick)
produces a well-defined shock pulse that propagates unat-
tenuated through a thin (~2.5 mm thick) powder layer sand-
wiched between two polyvinylidene difluoride (PVDF) stress
gauges. Table I lists the experimental conditions and dimen-
sions of the flyer-sample configuration. The complete details
of experimental configuration and the measurement system
are presented in earlier publications.”’18 The specimens con-
sisted of —325 mesh Ni flakes (~0.3 um thick), mixed with
—325 mesh Al rounded particles at a ratio of 1:1 by volume.
The initial packing density was 45+2% TMD. Micrographs
showing the starting and pressed powder configurations are
shown in Fig. 2. The Hugoniot state was determined through
PVDF gauge measurements of the input stress P and travel-
time through the powder thickness to obtain a measure of the
shock speed Uj,. Inference of the reaction product Hugoniot
was made based upon the inert Hugoniot calculated through
mixture theory,20 and the Ballotechnic model®' for the limits
of complete reaction. The Ballotechnic model performs a
constant pressure adjustment of the mixture Hugoniot in pro-
portion to the heat of reaction of the product phase. The heats
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FIG. 1. Illustration of the parallel-plate impact experiment, showing (a)
flyer-target assembly and (b) exploded view of the sample assembly. The
input and propagated PVDF stress gauges are in direct contact with the
powder layer of nominal thicknesses listed in Table I for each experiment.

of reaction used in the Ballotechnic model for the phases
considered NiAl, NiAl;, and NijAl, are respectively 1.38,
1.08, and 0.753 kl/g.

lll. RESULTS AND DISCUSSION

Figure 3 shows the input and propagated stress profiles
obtained by converting the current traces recorded by PVDF
stress gauges, using the Sandia software PlotData.” The
multiple wave reflections within the gauge package introduce
reverberations in the input traces. It should be noted that as
documented in previous works, %% the propagated waves
are quite dispersed with shock rise times of 30-80 ns. How-
ever, the flyer-driver-sample geometry (aspect ratio of 20:1)
ensured that the shock wave propagating through the powder
sample layer thickness remains unattenuated and is unaf-
fected by two-dimensional radial effects. Selection of the
input stress followed the method described previously by Xu
and Thadhani.'" This method accounts for the reverberations

TABLE I. Parallel-plate impact experiment data.
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(a) start.i-ng

FIG. 2. Scanning electron micrographs of the flake Ni and spherical Al
mixture in (a) starting, unmixed condition, and (b) after pressing to the
initial density of 45% TMD. Note that the flakes have aligned perpendicular
to the pressing direction.

caused by multiple reflections within the gauge package, and
requires that the input stress be taken beyond this reverbera-
tion interval. The end of the reverberation interval is identi-
fied in the current trace by the time (typically ~90-150 ns)
corresponding to a 90% decrease in the maximum reverbera-
tion height. Shock velocities were measured based on the
travel time between the two gauges, less the time through
the gauge package insulation. Table I lists the measured
impact velocity, input stress, and shock velocity obtained
from the stress gauge records, for each experiment. The mea-
sured shock velocity and the input stress data points are also
plotted in Fig. 4, along with the calculated Hugoniot of the
inert mixture of Ni+Al and that of reaction products
corresponding to each of the possible NizAl, NiAl, and
NiAl; compounds. Note that the data points plotted represent
lower limits, i.e., conservative estimates of the shock
velocity.

The data points measured at low stress (up to 3.5 GPa),
remain close to the calculated Hugoniot of the inert mixture.
Above 3.5 GPa, increases in shock velocity revealed by de-
viation from the inert trend are observed. As shown in the
inset in Fig. 4, the data lie entirely within the limits of com-
plete reaction product formation at input stresses of 5.3 and
5.4 GPa. These results indicating an increase in shock veloc-
ity suggest the occurrence of inert-deviant behavior, and in
particular, the “shock-induced” formation of intermetallic
phases in the vicinity of the shock front. Changes in shock
velocity associated with phase transformations such as

Sample thickness Impact velocity Input stress Shock velocity®

Shot No.  Flyer type™ (thickness, mm) (%TMD) (m/s) (GPa) (mm/us)
0532 Cu (9.2) 2.41 (45.7) 1004+4 3.5 1.566+0.005
0539 Cu (8.7) 2.42 (44.6) 669+3 1.9 1.190£0.005
0540 W (5.1) 2.50 (45.1) 951£5 5.4 2.136*0.12
0606 w (5.1) 2.40 (47.3) 912+4 49 1.892+0.038
0607 Cu 9.1) 2.47 (44.6) 430+3 07 0.753%0.007
0612 W (5.2) 2.27 (47.6) 1012+8 5.5 2.146+0.085

Cu, nominally 57.2 mm diameter, 9 mm thick.
bW, nominally 50.8 mm diameter, 5.1 mm thick.

“Error range in shock velocity due to measurements of sample thickness and arrival time.
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FIG. 3. Stress profiles obtained from PVDF gauges mounted on the front
and rear specimen surface. The input gauge records (a) exhibit low rise
times (<10 ns), and reverberations arising from the many reflections
through the low impedance gauge package sandwiched between the copper
driver and the powder mixture. These reverberations are absent from the
propagated gauge stress profiles (b), due to the much longer rise times
(30-80 ns) caused by dispersion of the shock front as it traverses through
the thickness of the powder layer.

melting, have been shown to produce a decrease in shock
velocity, as reported in the Mo-Si and Nb-Si systems.lz’23
Inference of shock-induced reaction initiation based on
shock velocity increases associated with compound forma-
tion in binary powder mixtures, has also been reported in our
prior work,'™"" as well as more recently by Gur’ev and
co-workers.' >

The degree of reaction and product phases formed due to
shock-induced reactions cannot be determined directly
through the instrumented experiments performed in this
work. Based upon the apparent increase in shock velocity
however, an initial attempt was made to construct a reaction-
composition surface, corresponding to the concentrations and
extent of possible product phases. By assuming that the ob-
served shock velocity is a combination of the shock veloci-
ties through inert and reacted phases (see Appendix), the
overall degree of reaction X" can be deduced from the fol-
lowing equation:
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FIG. 4. Plot of shock velocity and input stress for the flake mixtures up to 6
GPa. The experimental data (closed circles) follow the calculated inert re-
sponse (solid line) up to 3.5 GPa. The data at higher stresses (inset) indicate
a deviation toward the calculated reaction product curves (dashed lines)
suggesting the occurrence of shock-induced reaction.
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where U?bs is the shock velocity observed experimentally, U?
is the shock velocity of an inert mixture at the observed
pressure, and U;" the combined shock velocity from the
reaction product phases B, J, and v, is defined by

8
rxXn = UYE : UX i US"y
* O XPU U+ XOUP - UY+ XU U

()

where X?, X%, and X are the relative volume fractions of the
phases present in the reacted product X™. Figure 5 shows
such a reaction-composition diagram, derived from the data
points above 3.5 GPa. The horizontal surface is a ternary
composition space for the NiAl, Ni3;Al, and NiAl; phases,
whereas the vertical axis represents the reaction extent (es-
sentially a composition balance between unreacted and re-
acted material).

Considering the deviation observed from experiment
0606 at 4.9 GPa, any combination of the phases may have
existed as illustrated in Fig. 5, though no more than 43% of
the material could have undergone reaction. The experiments
conducted at 5.4 (0540) and 5.5 GPa (0612) indicate a
greater extent of reaction, however as revealed by the dimin-
ishing surfaces, it now seems unlikely that only NiAl; or
Ni;Al are present. Furthermore, if the reaction mechanism(s)
is continuous for each of the three reacted samples, then the
product phases formed are predominantly NiAl in composi-
tion. Mesoscale discrete particle simulations of shock com-
pression of powder mixtures, is currently being performed in
our group to determine the extent of reaction and reaction
products, and further refine this analysis.
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FIG. 6. Schematic used to derive the (a) extent of reaction, and (b) concen-
tration of reaction products phases. The net influence of reaction on shock
velocity is approximated by considering parallel layers of inert and reacted
material.

IV. CONCLUSIONS

Parallel-plate impact experiments have been performed
on micron-scale flake-shaped nickel and spherical aluminum
powder mixtures up to 6 GPa to investigate the role of par-
ticle morphology as an extrinsic property on shock-induced
chemical reactions based on time-resolved input stress and
shock velocity measurements. Deviations between the calcu-
lated Hugoniot of inert reactants and data reduced from
PVDF gauge records were observed above 3.5 GPa, indicat-
ing shock velocity increase associated with shock-induced
chemical reaction. Based on the limits of complete reaction
calculated using the Ballotechnic model, and a preliminary
reaction-composition analysis, the results suggest shock-
induced formation of the intermetallic compound with the
predominant phase being equiatomic NiAl. With the appar-
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FIG. 5. Ternary reaction-composition diagram showing the possible concen-
trations and reaction extent based upon the deviations in Hugoniot data
observed experimentally. The diminishing surfaces at 5.4 and 5.5 GPa sug-
gest the predominant formation of the NiAl intermetallic.
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ent lack of reaction signatures in similar spherical-shaped
powders, these results suggest that the initiation of shock-
induced reactions, or their inhibition, can be controlled
through choice of extrinsic properties, such as the morpho-
logical configuration of reactants.
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APPENDIX: ESTIMATION OF REACTION EXTENT

Consider a powder layer of total thickness D subjected
to a one-dimensional shock load, which has reacted incom-
pletely, Fig. 6. The powder layer consists of a reacted zone,
of thickness d;, and unreacted zone, of thickness d,. It is
assumed that the behavior of the shock wave through the
distributions of inert, and various reaction product phases is
commutative, and can be equivalently represented by a series
of parallel layers. Assuming also that the reacted zone de-
notes a region of increased shock velocity, but unaffected
pressure (Ballotechnic modelﬁ’m), the shock velocities in the
reacted and unreacted zone (U,"and U?, respectively) will
be distinct. The shock velocity observed experimentally will
be given by

U(S)bs — 2 ,
t

where ¢ is the shock wave travel time through the powder
layer. Since the total transit time is the sum of the time
through the reacted zone #*" and unreacted zone #° such that

f=1"" 4 to’

d 4
1= Urxn + ; ’
K K

it follows:

bs= D

’ d dy’
—_— =
TN
w_ DWWV
AU+ LU
or
. U
s X UZI + (1 _ ern) U;xn ’

(A1)

where the fraction of the total powder layer thickness that
has undergone reaction (d;/D) is given by X". Solving for
X" gives Eq. (1) in the main text.

It is also considered that the reacted zone contains mul-
tiple reaction product phases (Fig. 6), and that the shock
velocity through the reacted zone U.™ is a combination of
the shock velocities through those respective phases (Uf ,
Uf, U?, etc.). This combination is performed in the same
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manner as shown above for Eq. (Al). For three phases, of
thicknesses dP, d°, and d?, the shock transit time through the
reacted region is

=P 4 04 17,

4’ d

trxn —_— +
UP U‘9 ur
where %, 1%, and " are the shock travel times through the

phases B, J, and 1y, respectively. The apparent shock velocity
through the reacted zone is then given by

rxn _ dl
vi'= dﬁ d° d’
UB U‘S Uy
vPUoUY
Urxn = 5 S S (A2)

) 6 ) 5’
* XPUOUY + XPUPUY + X UPUS

where X8, X%, and X7, are the respective fractions of the three
phases relative to the reacted zone, i.e.,

XP+ X2+ X7=1.
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