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Abstract

Nb-Si and Mo-Si elemental powder mixtures contained within cylindrical capsules were subjected to co-axial shock-wave
loading at varying pressures (2.8—-70 GPa). Shock-induced or shock-assisted chemical reactions were observed in these powder
mixtures along the capsule axis. Three concentric regions with the capsules were observed: (1) fully reacted (Mach stem region);
(2) partially reacted; and (3) unreacted. These results confirm the Krueger—Vreeland concept of threshold energy for shock-in-
duced chemical reactions. Analysis of partially reacted regions enabled the identification of the reaction micromechanisms in
accordance with the model proposed by Meyers, Yu and Vecchio (Acta Metall. Mater., 42 (1994) 715). Asymmetric shock-wave
loading experiments on the above powder mixtures were also conducted. Significant macroscopic plastic deformation (i.e.
€ =0.2-0.5) along with consolidation were achieved by modifying the explosive loading configuration. Because of the asymmetric
loading, regions of shear localization were produced. These regions were also characterized by the onset of the chemical reaction
resulting from the local thermal excursion due to both the frictional dissipation of kinetic energy and plastic deformation. The
results obtained in this investigation confirm the earlier hypothesis that the shock energy dissipated by plastic deformation does
play an important role in the initiation of the chemical reaction. It is proposed that the Krueger—Vreeland threshold energy be
modified to take into account the plastic deformation energy.
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1. Introduction

Shock waves have been known to initiate chemical
reactions in solids for a long time. The detonation of
explosives is the classic example of this phenomenon. In
more recent years, displacive phase transformations,
decompositions, and chemical reactions have been in-
duced by the propagation of shock waves. The first
report of chemical changes occurring due to the appli-
cation of shock compression is due to Ryabinin [1]. At
the same time, Bancroft et al. [2] described the alpha—
epsilon phase transition undergone by iron at 13 GPa
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shock pressure. The synthesis of diamond from
graphite, or directly from the detonation products of
explosives, is a direct application of this concept. De
Carli and Jamieson [3,4] in the early 1960s were the
pioneers in this field, having demonstrated that dia-
mond particles (<10 mm) could be produced from
graphite. The early work by Nomura [5,6] and
Horiguchi [7] in Japan, Adadurov et al. [8] and Bat-
sanov and Deribas [9] and co-workers in Russia
demonstrated that new compounds can be synthesized
from powder mixtures through the propagation of a
shock wave. A number of studies ensued, leading to the
synthesis of numerous ceramic and intermetallic com-
pounds via shock-induced chemical reactions between
powders: silicides, aluminides, carbides, and other com-
pounds. In the U.S., Graham [10], Horie [11-13] and
co-workers played a key role in shock synthesis. Lange
and Ahrens [14] studied the decomposition of CaCO,
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into CO, and CaO induced by shock waves; this study
has important geological implications. Three books
were recently published with strong emphasis on shock-
induced reactions: Graham [15], Horie and Sawaoka
[16], and Batsanov [17]. Additionally, the monograph
by Thadhani [18] is a comprehensive review. In 1984,
the National Materials Advisory Board concluded a
study on shock compression chemistry (Duvall [19]).

Batsanov and co-workers [20,21] reported anomalies
in the pressure—volume Hugoniot curves produced by
reactions. The pressure—volume curve for a reacting
mixture shifted to the right, in analogy with explosives.
This shift leads to alterations in pressure, particle veloc-
ity, and shock velocity, since a new thermodynamic
state is accessed. Similar results were predicted by
Boslough [22] and Yu and Meyers [23]; they simply
added the energy of reaction, Ey, to the conservation-
of-energy equation:

1
E_Eoo=§(P+P0)(I/oo—m+ER )]

There are essentially two schools of thought regard-
ing the omset of shock-induced chemical reactions:
solid—solid vs. solid—liquid reactions. Graham [15] and
Batsanov [17] provide substantial evidence in favor of
the former mechanism whereas Krueger et al. [24-26],
Vecchio et al. [27], and Meyers et al. [28] obtained
results that substantiate a solid-liquid reaction.

The seminal paper by Dremin and Breusov [29] ad-
dresses the issue of shear deformation in shock process-
ing to a considerable detail. The early work by
Bridgman [30-33] showed that shear deformation, su-
perimposed on hydrostatic pressure, resulted in chemi-
cal reactions. Vereshchagin and co-workers [34]
confirmed the enhanced reactivity produced by shear
deformation, and Teller [35] supported the contention
that reaction rates could be accelerated by shear defor-
mation superimposed on high pressures. Enikolopyan
and co-workers [36—39] used a Bridgman cell and sub-
jected a large number of chemical substances and mix-
tures to pressures, and simultaneous pressure and shear
deformation. Their extensive studies confirmed the ear-
lier findings of explosive reactions by Bridgman.

It was serendipitously discovered that plastic defor-
mation, in addition to that normally occurring in the
shock compression of powders, can have a significant
effect on shock-induced chemical reactions. Shock den-
sification experiments conducted on powder mixtures
containing Mo and Si, or Nb and Si, revealed the
formation of localized reaction regions in narrow bands
produced by shear localization (Yu and Meyers [40]).
Experiments also showed that plastic deformation influ-
enced the reaction between elemental Nb and Si pow-
ders (Yu et al. [41]). Under shock (pressure) conditions
which would not ordinarily result in reaction, localized
regions in which the powder mixture had been intensely

deformed plastically underwent chemical reaction. The
powder mixture was extruded into the threaded regions
by pressure differentials in capsule. The powder being
deformed in the threaded regions reacted, because of
the high local plastic strains, Nesterenko et al. [42]
carried out controlled shear experiments, in the absence
of shock compression, and demonstrated that reaction
could take place.

The work whose results are presented herewith had
two-fold objectives: (a) to confirm the concept of a
threshold energy, below which no reaction is initiated;
(b) to establish, in a controlled manner, whether plastic
deformation can initiate reactions at shock pressures
below the threshold level. A cylindrical shock densify-
ing geometry was chosen because the Mach stem for-
mation, along the central axis, produces two clearly
distinguishable pressure levels. The pressure in the
Mach stem is approximately seven times that in the
periphery. The cylindrical geometry was modified by
the application of an asymmetrical explosive charge
which generates significant plastic deformation in addi-
tion to shock compression.

2. Experimental procedures

Elemental Nb, Mo, and Si were obtained from
CERAC in the form of powders of controlled size. All
powders had a size less than 325 mesh (44 xm). The
powders were mixed in the stoichometric proportions
NbSi, and MoSi, and were loaded into tubular steel
capsules. The powder mixture had an initial density of
70% of its theoretical value (30% porosity). These cap-
sules, with external diameters of 14 mm and lengths of
70-80 mm, had walls with thicknesses of 2 mm (lower
pressure experiments) and 3 mm (higher pressure exper-
iments). The capsules were placed in explosive contain-
ers as shown in Fig. 1. The explosive was initiated at
the top and the detonation wave traveled downwards,
generating high pressures in the capsules. Details of the
experimental setup are provided by Batsanov [17].
Three explosives were used with the characteristics
given in Table 1: a high (IIBB-4), a medium (RDX),
and a low detonation velocity explosive (Ammonit).
The Russian IIBB-4 explosive is a plastic RDX-TNT
mixture; RDX is used in powder form; the low detona-
tion explosive, Ammonit, is an (ammonium nitrate)—
(aromatic nitro compound) mixture. These explosives
are intended at generating three pressure levels within
the capsule. The cylindrical capsule geometry generates
a pattern of converging shock waves in the powders,
which is well described by Batsanov [17], Prummer
[43], and Meyers and Wang [44], among others.
The calculated pressures generated by the three
explosives are given in Table 1 and are 10.6 GPa
(IIBB-4), 6 GPa (RDX) and 2.8 GPa (Ammonit).
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Fig. 1. Experimental configurations used for creating shock-induced
chemical reactions: (a) symmetrical explosive configuration with
Mach stem generation (longitudinal sections); (b) symmetrical loading
configuration (cross-sections); and (c) asymmetrical loading configu-
ration (cross-sections).

The calculational procedure is described by Batsanov
[17] and Meyers [40], among others. It should be noted
that these are only estimated values, and that the
pressure is calculated neglecting the effect of the steel

Table 1
Explosives used, their principal characteristics, and pressures generated
Property Explosive
I1BB-4 RDX Ammonit
Density (gem™2) 1.45 1 1.1
Det. Vel. (kms™!) 7.4 6.2 4.4
Isentropic gas 297 2.66 2.87
constant (y)
Pressure (GPa)
Nb + 2Si (70%)
Periphery 10.3 59 2.7
Mach stem 68.9 438 18.6
Pressure (GPa)
Mo + 28i (70%)
Periphery 10.5 6.0 2.8
Mach stem 70.4 44.9 19.3

capsule. The actual pressures are probably somewhat
lower. It is also important to note that the pressures are
not constant throughout the cylinder cross-section.
More accurate predictions, using hydrocode computa-
tion, have been developed by Reaugh [45]. Along the
capsule axis, the convergent waves reinforce themselves
and form a region in which the shock front is parallel
to the propagation direction of detonation. This is the
classical Mach stem, first observed in the propagation
of shock waves in fluids. In the Mach stem, the shock-
wave velocity, U, equals the detonation velocity, D.
From this equality, the pressure can be established. The
pressures in the Mach stem, listed in Table 1, are
approximately seven times the pressure in the periph-
ery. Only the IIBB-4 explosive generated a pressure
sufficiently high for Mach stem formation, and this
Mach stem, shown schematically in Fig. 1, is clearly
visible by observation of the polished cross-sections of
the recovered specimens.

The use of an asymmetrical explosive loading, shown
in Fig. 1(b), leads to a distortion of the capsule shape as
well as the reduction in overall diameter due to densifi-
cation. The macroscopic strains imparted by the three
loading conditions can be calculated in the reference
system defined in Fig. 1(a). The length of the capsules
remains unchanged, and therefore €, =10. The macro-
scopic plastic strain corresponding to the porosity col-
lapse is:

I+ e)l+€))1+¢€) =07
€. =¢€,= —0.16 (2)

The effective strain is e,;=0.2. In the asymmetric
capsules, an additional component of strain is present.
It can be calculated from the dimensions a and & in Fig,
I(c). Assuming an elliptical distortion, the strain is
given by:

ea=1n<g>
4

b
€= 1n<"c‘>

€, = —¢,=0.55 3)

The corresponding effective strain is e;=0.64. The
specimens were observed by scanning electron mi-
croscopy. The backscattering mode in all micrographs
was used to differentiate the phases formed; the light
phase is Mo or Nb, the dark phase is Si, and grey
phases are compounds.

3. Results and discussion

The results will be presented and discussed separately
for the two experimental configurations, starting with
the symmetrical one.
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Fig. 2. Low-magnification scanning electron micrographs of cross-sections of (a) Nb-Si and (b) Mo-Si powder mixtures, showing peripheral and

Mach stem regions.

3.1. Symmetrical configuration

Experiments were conducted using explosive TIBB-4,
with a detonation velocity of 7.4 km s~!. Both the
Mo + 2Si and Nb+ 2Si systems exhibited unreacted,
partially reacted, and fully reacted regions. Fig. 2 shows
a macroscopic view of the cross-sections. These regions
are marked U, P, R, respectively. There is a clear
boundary between them, and the central Mach stem
corresponds to the fully reacted region. The unreacted
and partially reacted regions are seen in greater detail in
Fig. 3 (Nb + 2Si) and Fig. 4 (Mo + 2Si). The unreacted
region corresponds to the periphery of the circular
section and was subjected to a calculated pressure of 10
GPa. There is no evidence of Si melting or reaction.
Vecchio et al. [27] observed the onset of reaction in
shock-compressed Nb + 2Si and Mo + 2Si powder mix-
tures with the same initial porosity as the present
investigation: the onset for reaction was 7—12 GPa. This
is consistent with the current results. It is probable that
the pressure calculated in Table 1 is an overestimation.
The partially reacted region is characterized by the
formation of NbSi, and MoSi, spherules, as observed
first by Yu and Meyers [47] and described in detail by
Vecchio et al. [27] and Meyers et al. [28]. These
spherules have diameters of 0.5-2 um and are larger in
the periphery of Mo particles, as seen in Fig. 4(b). As
the Mo particles are consumed, the diameters of the
spherules decrease. The gradation of spherule size is
seen in the totally consumed particles of Fig. 4(b).
Closer to the cylinder axis, a fully reacted region is seen
Fig. 5. The presence of profuse spheroidal voids is an
indication of complete melting of the reaction products.
Two phases are seen for the Nb + 2Si system. These are
probably NbSi, and Nb,Si;. Fig. 5(b) shows the
boundary between the partially reacted and the fully
reacted region for Mo +2Si. The size of the MoSi,

spherules increases gradually, as the Si (dark phase) is
consumed. These particles become gradually more
faceted. Their maximum size is approximately 10 um.
The right-hand side of Fig. 5(b) shows profuse pores,
complete reaction, and the separation of a second
lighter phase (and therefore, richer in Nb). Vecchio et al.
[27] identified the phase as Mo,Si,.

The detailed nature of reaction, “frozen in” the
partially reacted region, can be seen in Figs. 6 and 7. It
is very significant that a sharp interface between
(mostly) unreacted and partially reacted regions exists.
There has been considerable debate over the time at
which the shock-induced chemical reactions occur.
From Fig. 6 it is evident that the reaction was triggered
by the shock wave, and not by post-shock thermal
effects. The physical state of reactants has been ana-
lyzed by Vecchio et al. [27] and Meyers et al. [28]. They
proposed that silicon melts, whereas niobium (or
molybdenum) remains in the solid state. Thadhani [49]
recently carried out a systematic analysis of chemical
reactions produced by shock compression, classifying
them into shock-induced (reaching completion during
shock-wave passage) and shock-assisted (occurring pri-
marily after shock compression). From the present
results, it is not possible to establish clearly which of
these processes is taking place. If thermal (post shock)
effects were dominant, one would observe a gradual
reduction in the extent of reaction with distance from
the interface. Such is clearly not the case; Fig. 7 shows
details of the reaction for both the Nb+2Si and
Mo + 2Si cases. The reaction proceeds according to the
mechanism described by Meyers et al. [28]. The
exothermicity of the reaction is such that the product,
NbSi,, is formed at a temperature above its melting
point. Capillarity effects lead to the formation of
spheroids, which minimize the interfacial energy. Fig.
7(a) shows details of the separation of the NbSI, layer
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Fig. 5. Fully reacted regions from Mach stem from (a) Nb + 28i system; (b) Mo - 28i (symmetric shock compression).

from the Nb particles, these regions are marked by which is molten during reaction. The melting points of
arrows. As the NbSi, solidifies, stresses are set up which the three phases are: M.P. Si: 1685 K; M.P. Nb: 2740
lead to the separation of the spherules from the Nb K; M.P. NbSi,: 2420 K. The same mechanism is seen to
substrate. The spherules subsequently move into the Si, operate for MoSi,.
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Fig. 6. Interface between peripheral (P~ 10 GPa) and Mach stem
region (&30 GPa) in symmetric shock compression system (Mo + 281).

3.2. Asymmetrical configurations

Experiments were conducted at two detonation ve-
locities, 4.4 and 6.2 km s~!, yielding pressures of
approximately 2.8 and 6 GPa (see Table 1). These
pressure levels are below the critical level for shock
induced chemical reactions, defined by Krueger et al.
[25,26] and determined for Nb and Mo silicides by
Vecchio et al. [27]. The macroscopic deformation ac-
complished through asymmetric loading is given in
Section 2; the effective strain is 0.64. The deformation
energy per unit mass can be estimated from the simple
expression:

Oefi€efr
Eq ; 4)
where o is the flow stress of the material under the
imposed conditions and p is the density. It is possible to
estimate the flow stress of the densified Nb-Si or
Mo-Si mixture from a constitutive equation, such as
the Johnson-Cook equation [48]

é T* m
o=(0o+ Be"){ 1 4+ Clog— || 1 + — ®)
€o Ty,
g¢, B, C, m and n are parameters and 7* and T% are
normalized reference and melting temperatures. Ignor-
ing work hardening and thermal softening, Eq. 5 is
reduced to:

o= o‘0<1 + aog,i) ©6)
€o
It is possible to estimate the strain rate from the
collapse velocity of the capsule containing the powder.
It has been estimated to be equal to 800 m s~!, by
Ferreira et al. [49]. Thus, the strain rate is (2r is the
diameter of the capsule):

v 800
2 10x10-3

The compressive strength of Nb, under quasi-static
conditions, is & 300 MPa [50]; for Si, it is estimated to
be 90 MPa. The value of C, the strain-rate sensitivity,
can be estimated from data collected by Johnson and
Cook [48]. From an average value for a number of
materials (C=1), and applying Eq. 6, the flow stress
can be estimated as:

o, = S00MPa

The application of Eq. 4 leads to the estimate of the
deformation energy (p =~ 4.3 x 10*> kg m~3)

Ey=120Jg~!

This value is quite low in comparison with the shock
energy in experiments by Meyers et al. [27] to initiate
the reaction based on experimental observations: 700-
1200 J g~ !, The Krueger—Vreeland threshold energy
expression has the form:

1
En=E=5P(Voy=7) ®

¢= ~0.8 x 105! 0

Fig. 7. (a) Niobium and (b) molybdenum particles surrounded by reaction products.
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where E,, and E, are the threshold and shock energies
(equal), P is the shock pressure, and V;, and V are the
initial and shock specific volumes, respectively. The
Krueger—Vreeland threshold energy includes, at the
micro-mechanical level, the energy necessary to collapse
the voids (geometrically-necessary plastic deformation),
microkinetic energy (proposed by Nesterenko [51]) and
a frictional energy. The various energetic terms are
described by Meyers et al. [52]. The microkinetic energy
represents, to a first approximation, the difference be-
tween the PV triangle and the “quasi-static” densifica-
tion energy, which is reasonably well represented by the
Carroll-Holt expression. Yu et al. [41] proposed a
modified expression for the minimum energy which
incorporates the plastic deformation energy. The total
energy is the sum of the shock energy (which incorpo-
rates plastic deformation) and the deformation energy,
E,, due to non-shock processes:

é

1
E=E+E;= EP(VOO -+ <1 + Clog )er ®)

€o
The condition for initiation is, then:
Et 2 Eth

The asymmetric experiments yielded shock energies
(Eq. 8) of 190 J g~' and 300 J g~! for ammonit and
RDX, respectively; the energy due to macroscopic plas-
tic deformation (120 J g=*'). Applying Eq. 9:
(Et)ammonit = 310Jg_1

(E)rpx = 420Jg~!

These values are still insufficient to initiate the reaction.

Localization of plastic deformation in narrow shear
bands was observed in the system shock compressed
with RDX (detonation velocity of 6.2 km s~! and
pressure of 6 GPa). Within the shear localization region
high plastic strains are set up. Recent experiments by

Nesterenko et al. [42] revealed shear localization in
Nb-Si powder mixtures subjected to compression in a
cylindrical geometry (thick walled cylinder method).
They were able to estimate the shear strains within the
bands, which exceeded 10. Fig. 8 shows two such areas
for Nb+2Si and Mo + 28i, respectively. The shear-
band areas are characterized by fracturing of the Nb
particles. The energy of deformation, for a shear strain
of 10, ignoring thermal softening, is equal to 1000 J
g~ L This value is of the same order of magnitude as
the threshold energy and can indeed be sufficient to
trigger the reaction. Indeed, selected areas within the
shear localization regions exhibited clear evidence of
reaction; this is shown in Fig. 9. The reacted areas are
marked by arrows A in Fig. 9(a). The deformed Nb
particles and flaky splinters, produced by the intense
plastic deformation, are surrounded by reacted mate-
rial. The mechanism for reaction seems to be the same
as that under shock compression, but the diameter of
the spherules is considerably smaller; 0.1-0.4 um, as
seen in Fig. 9(b). The silicon in Fig. 9(a) shows
spheroidal voids (marked by arrow B) and this is
strongly suggestive of melting and resolidification.

4. Conclusions

Shock compression (using an explosive with detona-
tion velocity of 7.4 km s~!) of Nb-Si and Mo-Si
elemental powder mixtures in cylindrical capsules
yielded two regimes of pressure: a central Mach stem
with a pressure of ~70 GPa, and a peripheral area
with P~ 10 GPa. The pressure was sufficient produce
full reaction with complete melting. Although the ex-
periments do not directly allow to establish whether the
reaction is shock-assisted or shock-induced (completion
after and during shock process, respectively) the sharp
reacted—unreacted interface strongly suggests a shock-

(b)

Fig. 8. Shear localization in (a) Nb+ Si and (b) Mo + 28i systems subjected to asymmetric compression.
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Fig. 9. Reaction between Mo and Si in region subjected to intense shear localization: (a) overall view with spheroidal pores in Si (see arrows); (b)

details of reaction products.

induced reaction; the peripheral region did not exhibit
reaction. At the boundary between the two regions, a
partially reacted region was observed, and the mecha-
nism of reaction was by the formation of a liquid
reacted Nb-Si or Mo-Si layer surrounding the solid
Nb and Mo particles, respectively; this was followed by
their spheroidization by interfacial energy minimiza-
tion, solidification, and detachment from the interface.
The mechanism is the same as that proposed by Meyers
et al. [27]. It was demonstrated that intense localized
shear deformation can trigger the exothermic reaction
between Nb and Si, and Mo and Si particles at shock
compression pressures below the threshold value for
shock-induced reactions. It is proposed that plastic
deformation provides the added driving energy for the
reaction. Krueger and Vreeland [26] proposed that a
threshold energy level exists for shock-induced (or
shock-assisted) chemical reaction based on calculated
homogeneous temperature being in excess of that re-
quired to initiate reactions in unshocked powder mix-
tures. Meyers et al. [28] provided a physical
interpretation for this threshold energy by equating it
to the energy required to form a melt pool of critical
size; smaller melt pools would quench due to heat
extraction by the surroundings whereas larger pool
sizes would act as reaction initiation sites. This criterion
has been modified to incorporate the plastic deforma-
tion energy as a component of the total energy. The
results are in qualitative agreement with this modified
criterion. Regions of intense shear localization were
observed to initiate chemical reactions, in accordance
with earlier observations by Bridgman [31-33], and
Enikolopyan and co-workers [36—39]. Dremin and
Breusov [29] emphasized the importance of shear
strains in chemical processes during shock compression,
and the current results are in full accordance with their
proposal.
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