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Abstract
Nearly fully dense (>96% theoretical maximum density) powder mixture compacts with combinations of Nb, Ni, Mo, W, and Ta, with
Al, were produced by explosive consolidation. The quasi-static and dynamic behavior and failure mechanisms were investigated experimentally and computationally. For two mixtures (Ni + Al, W + Al) the Al phase was continuous, while for the other three mixtures
(Nb + Al, Ta + Al, Mo + Al), the Al phase was discontinuous. It was found that the continuous phase signiﬁcantly inﬂuenced the
mechanical response (in compression) and determined the fracture morphology of the compacts. Accordingly, the mixtures with continuous Al phases had the lowest compressive strength. Two distinct failure mechanisms, axial splitting and shear failure, were observed.
Axial splitting occurred when the Al phase was continuous (Ni + Al, W + Al); shear failure was primarily associated with extensive
deformation of the Nb, Ta and Mo continuous phases. Finite element simulations provide valuable help in interpreting the experimental
results and predicting mechanical strength and failure mechanisms akin to those observed. The interfacial bonding strength is shown to
be an important parameter in determining the mechanical response of the compacts.
Ó 2011 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction
Reactive powder mixtures have been extensively investigated due to their utilization in the synthesis of compounds
that are diﬃcult to obtain by traditional methods [1–6],
tailoring the mechanical and/or chemical properties by
combining diﬀerent elements [7], and in providing a means
to deliver energy associated with their high heat of reaction.
Compacts of reactive mixtures can be manufactured by
shock synthesis, combustion synthesis followed by densiﬁcation, and a variety of other techniques [4–12]. These
manufacturing processes generate signiﬁcant strains, void
collapse, shear deformation and friction between either par⇑ Corresponding author. Tel.: +1 858 534 4719.

E-mail address: mameyers@ucsd.edu (M.A. Meyers).

ticles or reaction products, thereby facilitating the bonding
of diﬀerent materials and increasing the density of the ﬁnal
product. There is a large variety of combinations of materials amenable to producing powder-consolidated reactive
mixtures, the requirement being that the reactions have to
be suﬃciently exothermic. The mechanical and chemical
properties of the diﬀerent components in powder-consolidated reactive mixtures signiﬁcantly inﬂuence the mechanical performance and structure of the mixtures [6]. By using
diﬀerent manufacturing processes such as shock compaction [13–15], self-propagating high-temperature synthesis
(SHS) (including thermite-base SHS) [3,6,16–18], and
mechanical alloying [19], a number of intermetallic compounds can be produced from the reactive mixtures [6].
The schematic sequence illustrated in Fig. 1 shows the
initiation and propagation of an exothermic intermetallic
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2. Experimental methods

Fig. 1. Schematic showing consolidated reactive powder mixture in
cylindrical conﬁguration subjected to dynamic deformation which initiates
exothermic reaction. Top: cylindrical projectile in ﬂight; middle: impact,
deformation, and initiation of reaction; bottom: propagation of reaction.

reaction caused by high-strain-rate deformation of a reactive powder mixture compact, upon its impact against a
high-strength, high-rigidity anvil. This is in applications
where it may be desirable for the dynamic event to trigger
the sudden release of energy. There are three sequential
steps in the reaction. In the initial state, the original material consisting of a densiﬁed mixture of A and B impacts
the anvil at a certain velocity (Fig. 1, top). The second step
shows the initiation of reaction due to impact pressure,
severe lateral strain, void collapse, and friction between
components (Fig. 1, middle). This can result in exothermic
reactions, which release thermal energy (third step), consequently inducing sequential intermetallic reactions (Fig. 1,
bottom), and delivering additional energy to the projectile–
target interface.
The objective of this study was to investigate the
mechanical response and failure mechanisms in powder
mixture compacts produced by shock compaction, prior
to their undergoing reaction. The densiﬁcation pressure
during explosive compaction was kept intentionally low,
avoiding any signiﬁcant shock-induced melting and reaction [20], while ensuring almost full densiﬁcation.

The reactive mixtures (Ni + Al, W + Al, Mo + Al,
Nb + Al, Ta + Al) with an equivolumetric ratio, were
explosively shock-consolidated to obtain near full-density
compacts. The as-produced compacts were characterized
experimentally and computationally in order to further
our understanding of the deformation and fracture
response (under quasi-static and dynamic loading) of the
consolidated powder mixtures with diﬀerent elemental
combinations and distinct microstructures.
Commercially available elemental powders (purity
higher than 98%) of Al, Ni, Nb, W, Mo, Ta, were
employed to produce shock-consolidated powder mixture
compacts. The distinct particle morphology and size distribution of each powder type are shown in Figs. 2 and 3. The
Ni, Al, and W powders (Fig. 2a–c) have relatively homogeneous shapes and particle sizes while the Mo, Nb, and Ta
(Fig. 3a–c) have arbitrary shapes and a large variety of particle sizes (from less than 1 lm diameter to 50 lm diameter). The particle sizes of Ni, W, Al powders are in the
range 30–80 lm. It should be noted that the powders with
relatively small particle sizes, Nb, Ta, and Mo, are clustered due in part to the large increases of the surface area,
which enhance the eﬀect of the van der Waals attraction
forces that become progressively more relevant as the grain
size is decreased [21]. Thus, the particles have a spongy
conﬁguration. It will be shown later that this ultimately
aﬀects the microscopic structure of the shock-consolidated
compacts.
The powders were blended in equivolumetric ratios
using a V-blender, then placed into the inner tube of the
double tube explosive consolidation system (Fig. 4), similar
to the setup developed by Meyers and Wang [13]. This
setup has a cylindrical geometry with two co-axial tubes.
The detailed dimensions are shown in Fig. 4. The Al mandrel helps to prevent Mach stem eﬀect (Fig. 4) [13]. The
outer tube was surrounded by a mixture of ANFO (ammonium nitrate–fuel oil mixture) and perlite, which gave a detonation velocity of 2.6 km s1, yielding a calculated peak
pressure in the range of 4–7 GPa [14,22]. The pressure
was below the threshold for extensive interparticle melting,
since the goal was not necessarily to obtain compacts with
strong interparticle fusion bonding, but rather to achieve
close to full densiﬁcation and none or minimized reactions
between the constituents. The compaction geometry was
designed based on two-dimensional (2-D) computations
performed using AUTODYN, which showed uniform pressure distribution at least along 70-80% of the length of the
compact. After consolidation, cylindrical rods with diameter of 3 mm were machined from the middle part of compacts, parallel to the tube axis. The ﬁnal microstructure
in terms of particle distribution and volume fractions was
determined by the cross-sectional distribution of the
pressure during explosive shock consolidation, and the viscosity of each elemental particle. Observation was made in
the central portion of the cross-section. The discrepancy
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Fig. 2. SEM micrographs of the larger starting powders: (a) Ni, (b) Al,
(c) W.

Fig. 3. SEM micrographs of the smaller (agglomerated) starting powders:
(a) Mo, (b) Nb, (c) Ta.

between the initial (in the green body) and the ﬁnal volume
fractions (in the consolidated cylinders) is currently uncertain; however, the consistency among speciﬁc mixtures was
ensured. A reasonable postulation is that the ﬂow rate of
the two particles in the mixture was diﬀerentiated, leading
to a non-uniform distribution in the compact. The molar
ratio, the measured Archimedean density (q) and the percentage of theoretical maximum density (TMD) for each
powder mixture compact are listed in Table 1 [14]. Optical
microscopy conﬁrms that variations in microstructure
(including intermetallic formation) and densities along
the radius were restricted [14] in the as-produced samples.
The compacts were mechanically tested in a universal
testing machine (Model Instron 3370) and split Hopkinson
pressure bar. In dynamic testing, an aluminum pulse-sha-

per with high-work-hardening rate was applied in order
to generate a long rise time and a nearly square strain rate
pulse [23], which helped to ensure the equilibration of stress
in the specimen and maintain a constant strain rate. Constant strain rates of 103 and 2.5  103 s1 were achieved
by using this technique at diﬀerent impact velocities.
A high-speed camera (Vision Research Phantom V710)
was employed for obtaining high-resolution, time-resolvable images to study the evolution of fracture. Vickers
indentation experiments were conducted for characterizing
the microhardness of elemental phases within the compacts. The computational simulation code RAVEN was
used for analyzing the evolution of plasticity and damage,
and for comparison with experimental results. Scanning
electron microscopy was conducted using a Phillips XL30
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of the mixtures are in the range of 60-65% TMD. The compacts have over 96% TMD and a molar ratio close to 1:1
after explosive consolidation, which is close to the fully
dense materials (Table 1). The Ni + Al compact had spheroidal Ni particles surrounded by a continuous dark-contrast Al matrix (Fig. 5a). The W + Al compact has a
similar morphology to Ni + Al (Fig. 5a and b), with Al
forming the continuous phase; the W particles (Fig. 5b)
are more irregular and have more angular shapes, as shown
in Fig. 2c. For the other compacts, the Mo, Nb or Ta particles plastically deformed and became interconnected as a
continuous phase. The explanation for this diﬀerence in the
compact microstructure is due to the morphology of the
initial powders. The Mo, Nb, and Ta powders were
agglomerated and thus surrounded and enveloped the Al
powders during mixing and subsequent explosive compaction (Fig. 5c–e). In some cases the compacts might have
limited intermetallic phases formed due to localized reaction during explosive shock consolidation, although no
obvious reacted regions were identiﬁed in SEM images.
3.2. Mechanical properties

Fig. 4. Double tube explosive setup [13] for the explosive shock
consolidation of powder mixtures.

ESEM and X-ray diﬀractometry using a Rigaku MiniFlex
II. Diﬀerential thermal analysis was employed for determining the reaction temperatures upon heating the compacts at a constant rate. The recovered samples were
embedded in Buehler low viscosity epoxy mixed with a
hardener in order to ensure that the fracture morphologies
were preserved during the polishing process.
3. Results and discussion
3.1. Compact microstructure
Fig. 5 shows scanning electron microscopy (SEM) backscattered electron images revealing the cross-sectional
microstructure of the various shock-consolidated compacts. For all mixtures, the darker phase is aluminum, by
virtue of its lower atomic number. The starting densities

Due to the imperfections such as cracks and voids, and
the varied morphologies of the initial powders in the explosively shock-consolidated compacts, the elastic, plastic and
dynamic behavior of these powder-consolidated compacts
show signiﬁcant variation [6,24] in comparison with monolithic alloys.
The quasi-static compression test results, shown in
Fig. 6a, reveal that these powder-consolidated compacts
have Young’s moduli varying from 37 to 91 GPa. These
cylindrical samples have dimensions of 4 mm
(length)  3 mm (diameter). No extensometer was used
and the results were corrected from load–displacement
plots by subtracting machine eﬀects. These values are
somewhat lower than those calculated from linear interpolations, proposed by Hashin [25], based on the Young’s
moduli of the components.
The microindentation Vickers hardness (VHN) of each
phase in the explosive shock-consolidated compacts are
shown in Table 2. This enables an approximate estimate
of the yield stress (ry) of the material through the Tabor
equation: ry ¼ VHN =3 [26]. By using a simple rule of mixtures for the composites [7,27], estimates of the yield stress,
rc, can be obtained through Eq. (1):
rc ¼ rm V m þ rs V s

ð1Þ

where rm and rs are respectively the yield stress of the
matrix and second phase which are estimated from the

Table 1
Properties of explosively shock-consolidated compacts [6].
Compacts

Ni + Al

Nb + Al

W + Al

Mo + Al

Ta + Al

Molar ratio
TMD (%)
q (kg m3) (sample)

1.483:1 (Ni:Al)
97.4%
5649

0.908:1 (Nb:Al)
99.1%
5528

1.026:1 (W:Al)
99.1%
10,903

1.044:1 (Mo:Al)
96.5%
6222

0.903:1 (Ta:Al)
98.3%
9181
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Fig. 5. Cross-sectional SEM micrographs of consolidated mixtures: (a) Ni + Al, (b) W + Al, (c) Mo + Al, (d) Nb + Al, (e) Ta + Al (the darker areas
represent aluminum (BSE)). Compact densities over 96% TMD.

hardness, and Vm and Vs are the corresponding volume
fractions shown in Table 3.
Interestingly, from the experimental measurements, the
compact with hardest second phase, tungsten, has the lowest yield stress, 240 MPa obtained from the measured
quasi-static stress–strain curves (Fig. 6a). The compact
with relatively softer second phase, Ta, has the highest
yield stress, which is 450 MPa. These experimental results
are in contrast to the estimates from the rule of mixtures
(Table 3). This inconsistency suggests that the yield stress
of the explosively shock-consolidated compacts is not
directly determined by the mechanical properties of the
two components through Eq. (1). This will be discussed
further below.
The microstructural characterization in Fig. 5 provides
the possible strengthening mechanisms. It shows that the
high yield strength compacts, Mo + Al, Nb + Al and
Ta + Al (Fig. 5c–e), have continuous second phases composed of Mo, Nb and Ta, respectively. In contrast, the
low yield strength compacts, Ni + Al and W + Al, have
Al as the continuous phase. This suggests that the continuous phase in the compact determines the yield strength
of the explosively consolidated powder mixture compacts.
Similar results were obtained by Williamson and coworkers
[28], who studied polymer-bonded composites in which
crystalline polymer bonded explosives were embedded in
a continuous matrix. The mechanical strength was determined primarily by the continuous phase, which acted as
the binder for the explosive crystals. The dynamic stress–
strain curves in compression are shown in Fig. 6b. The high

strain rate of 2.5  103 s1 is fairly constant, as demonstrated in Fig. 6c. This was ensured by the use of the pulse
shaper. The dynamic yield stresses varied from 350 to
750 MPa and are somewhat higher than the quasi-static
values. The compacts with continuous Al phase, W + Al
and Ni + Al, have lower dynamic yield stresses, consistent
with the quasi-static test results. These quasi-static and
dynamic yield stresses are plotted as a function of strain
rate in Fig. 7. The nonlinear tendency shown in the
dynamic regime (from 103 to 2.5  103 s1) for the compacts with Ta, Mo and Nb, showing higher strain rate sensitivities, are a clear consequence of the continuous phase
determining the strain rate sensitivity as well as the yield
stress. Body-centered cubic (bcc) metals (Mo, Nb, Ta) have
a higher strain rate sensitivity at higher strain rates because
the ﬂow stress is determined by short-range obstacles (P–N
stresses) rather than long range stresses in face-centered
cubic (fcc) metals (dislocation forests). The activation volumes for obstacles in bcc crystals are 1b3 (b is the Burgers
vector), whereas they are much higher (10–100b3) in fcc
crystals. These nonlinear mechanical properties can be
quantitatively characterized using the strain rate sensitivity
parameter, m:
m¼

@ ln ry
@ ln e_

ð2Þ

where ry is the yield stress, and e_ is the strain rate. The
strain rate sensitivity of Ta + Al changes from 4.4  102
to 2  101 in the high strain rate regime (about 103 s1);
however, for the compacts with continuous Al phase there
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Table 3
Volumetric fractions of micrographs shown in Fig. 4 measured by ImageJ,
Hashin–Strikman estimated elastic moduli and estimated yield stress using
rule of mixtures of the powder-consolidated compacts.
Compact

Al
phase
(vol.%)

Second
phase
(vol.%)

Hashin–Strikman
estimated E (GPa)
[25]

Estimated
yield stress
(MPa)

Ni + Al
W + Al
Mo + Al
Nb + Al
Ta + Al

51
61
48
33
40

49
39
52
67
60

109.4
87.6
87.5
72.3
78.6

534.3
653.7
470.6
712.3
520.8

Fig. 7. Maximum stress (ﬂow stress) vs. strain rate of compacts; high
strain rate experiments conducted at 103 and 2.5  103 s1.

3.3. Characterization of fracture morphology

Fig. 6. (a) Quasi-static tests (strain rates  103 s1); (b) split Hopkinson
pressure bar tests (strain rates  2.5  103 s1); and (c) strain rate vs.
strain from Hopkinson bar experiments.

is no obvious change of the m value. Hence, the character
of the continuous phase is manifested in the mechanical response of the explosively consolidated compacts.

The sequential images in Fig. 8 show the evolution of
damage in the cylindrical specimens subjected to dynamic
compression. There are two distinct fracture types: one is
the axial splitting fracture parallel to the loading direction
on the compacts (Fig. 8a and b); the other is the shear fracture with cracks propagating diagonally at an angle of
45° to the compression direction through the entire sample thickness, as shown in Fig. 8c–e. The axial splitting
mode corresponds to the specimens with continuous Al
phase: Ni + Al, and W + Al. The shear mode corresponds
to the other specimens: Mo + Al, Nb + Al, and Ta + Al,
with the continuous bcc metal phase. The cross-sectional
SEM images corresponding to the two failures are shown
in Fig. 9a–c. The Ni + Al cross-section (Fig. 9a) shows
axial splitting failure. However, for the compacts Nb + Al

Table 2
Micro-hardness results for diﬀerent phases in compacts.
Compacts

Ni + Al

Ta + Al

W + Al

Mo + Al

Nb + Al

Hardness (Al) (GPa)
Element
Hardness (Ni, Ta, W, Mo, Nb) (GPa)

0.53 ± 0.06
Ni
2.7 ± 0.32

0.49 ± 0.04
Ta
2.24 ± 0.89

0.55 ± 0.07
W
4.17 ± 0.24

0.5 ± 0.06
Mo
2.21 ± 0.8

0.67 ± 0.16
Nb
2.92 ± 0.27
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Fig. 8. Snapshots from high-speed cinematography during dynamic compression showing that (a) Ni + Al and (b) W + Al exhibit axial splitting failure,
and (c) Mo + Al, (d) Nb + Al and (e) Ta + Al have only shear failure (loading direction horizontal).

and Ta + Al, the propagation direction of the cracks is
altered and results in primarily shear failures, as shown
in Fig. 9b and c.
The two failure mechanisms and their distinctive microstructures are shown schematically in Fig. 10. Fig. 10a
illustrates how the axial splitting failure forms in the compact with the continuous Al phase. The discontinuously
distributed second phase particles dispersed in the continuous Al phase can be considered as rigid during plastic
deformation in uniaxial compressive loading because their

hardness signiﬁcantly exceeds that of Al. The separation is
initiated at the interface between these “rigid” Ni or W particles and the Al matrix. During compression loading, the
rigid particles move and cluster in the Al matrix. As the
compact continues to be compressed (vertically), these clustered particles are crowded out and move laterally (horizontally), creating gaps. The low bonding strength
between particle and matrix enables the creation of cracks
with longitudinal axis parallel to the loading direction, as
shown in Fig. 10a (right). Eventually, these micro-cracks
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mechanical strength of these compacts. Cai et al. [29–31]
and Herbold et al. [32–33] found that in the consolidated
powder composites, the metallic powder granules with ﬁne
particle sizes can tailor the dynamic fracture and enhance
the mechanical properties due to the meso-scale force chain
formation. This is consistent with our experimental results.
3.4. Qualitative analysis

Fig. 9. SEM (BSE) images: (a) Ni + Al, (b) Nb + Al, and (c) Ta + Al
samples after dynamic testing corresponding to the diﬀerent fracture
failures, axial splitting (a) and primary shear fracture (b, c), respectively
(loading direction vertical).

link and become macro-cracks, propagating through the
entire sample as axial splitting. This is shown in the corresponding experimental result of Fig. 10c, for Ni + Al.
Fig. 10b illustrates the shear failure mechanism. In this
case, the continuous phase has a higher yield strength than
the discontinuous phase (Al). Table 2 shows that the
microhardness of Mo, Nb, and Ta is 3–4 times that of aluminum. Thus, as the compact is deformed in compression,
the “hard” matrix and the “soft” discontinuous phase combine to enhance shear failure. (Fig. 10b, right inset). The
discontinuous phase no longer restricts the shear of the
continuous phase, but actually assists it because it has a
lower strength. This results in the diagonal shear crack
propagation (shown in Fig. 10d) and enhances the

The intermetallic phases are known to be a signiﬁcant
factor for determining the mechanical properties of the
composites due to their high strength and low density. In
this study, the explosive shock-consolidation process provided low energies, but limited intermetallic formation is
a possibility. A qualitative evaluation was conducted using
X-ray diﬀractometry (XRD) and diﬀerential thermal analysis (DTA). The XRD analysis (Fig. 11) shows the elements contained in each compact. Except for the
Nb + Al compact, these as-produced powder compacts
had no intermetallic phases after explosive shock consolidation. The intermetallic phase found in the Nb + Al compact was the Al3Nb, which is the intermetallic that can be
formed by SHS from powder mixtures [18]. However, the
intermetallic phase in Nb + Al compact did not show any
solid evidence of strengthening on the mechanical properties and the XRD peaks showed that this intermetallic
phase was in a minor amount.
Diﬀerential thermal analysis (DTA) is an important
probe for identifying the reaction temperatures in the powder mixtures [16]. Only the Ni + Al and Nb + Al compacts
were analyzed because of their low reaction temperatures
and stable intermetallic phases, which can be easily
detected by DTA analysis [16,35]. Other mixtures were
not tested by DTA in this study. DTA was conducted on
the original (as-produced), quasi-statically and dynamically
compressed samples of the Ni + Al and Nb + Al compacts
with a temperature ramping rate 10 °C min1, as shown in
Fig. 12. The results for Ni + Al samples show a primary
heat exotherm at 650 °C, representing the formation of
the intermetallic NiAl3 according to Ref. [16], which is also
commonly seen as the ﬁrst intermetallic phase formed in
Ni/Al self-sustaining reactions [34]. There is a convex
region at |620 °C, prior to the primarily exothermic point,
which might indicate that there is an intermixing phase in
the as-produced Ni + Al compact. This reactive intermixing phase generates NiAl3 intermetallic before the primary
exothermic reaction. After quasi-static and dynamic compression, more defects are produced and the Ni/Al interfaces are drastically decreased, which signiﬁcantly delays
and smoothes the ﬁrst exothermic peak as shown in
Fig. 12a.
The Nb + Al original and recovered samples only show
strong endothermic reaction corresponding to Al melting,
as shown in Fig. 12b. This means that there is practically
no intermixing/reaction produced by the compression tests
and the explosive shock consolidation. Indeed, DTA (or
diﬀerential scanning calorimetry) is used to identify the
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Fig. 10. Schematic of the two failure mechanisms: (a) axial splitting, (b) shear failure, (c) recovered Ni + Al (axial splitting) and (d) Nb + Al (shear
failure).

the mechanical properties of the explosive shock-consolidated compacts, which was evident in Fig. 6. The mixture
without pre-existing intermetallics such as Ta + Al had
the highest yield stress, and the one with intermixing phase
such as Ni + Al had the lowest yield stress.
3.5. Finite element modeling
Finite element (FE) modeling numerical simulations are
utilized in order to build a reliable computational model
for investigating and predicting the mechanical properties
corresponding to failure mechanisms of the explosive consolidated powder mixture compacts. The 2-D simulation
code “RAVEN” was used to acquire computational information during dynamic compressing [37]. The yield stress
was modeled by using the Johnson–Cook equation:
Fig. 11. XRD analysis of as-compacted mixtures.

n

ry ¼ ½A þ Bðep Þ ½1 þ C ln e_  ½1  T m 

ð3Þ

where A, B, n, C and m for nickel, aluminum and tantalum
are presented in Table 4 [38–43], and
intermixing layers or pre-existing intermetallics in shockconsolidated or roll-bonded materials [6,35,36].
As the aforementioned qualitative analysis shows, it can
be concluded that some intermetallics and intermixing
phase pre-existed in the as-produced compacts. However,
these heterogeneous phases did not signiﬁcantly inﬂuence

e_  ¼

e_
e_ 0

for e_ 0 ¼ 1 s1

and T  ¼

DT
T Melt-Room

ð4Þ

where e_ is the strain rate, DT is the temperature change,
and TMelt-Room is the diﬀerence between the room temperature and the melting temperature of the materials.
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Table 4
Parameters for Johnson–Cook yield and damage models.
Parameters
A (Mbar)
B (Mbar)
n
C
m
Tmelt-room
(K)
D1

D2
D3
D4
D5
a
b
c
d
e
f

Al

Ni
3a

Ta
3a

1.76  10
4.26  103
[42]
0.1b
0.01b
1b
650b

9  10
2.4  103c

7.4  103a
2.84  103d

0.34c
0.006b
1.44b
1433b

0.41d
0.015e
0.251e
2957e

0.13f

0f

Assuming those are the same as
the J–C failure parameters of
Ni

0.13f
1.5f
0.011f
0f

4.04f
1.84f
0f
0f

Converted from micro-hardness measurements in Table 2.
Obtained from Ref. [37].
Calculated from Ref. [39].
Calculated from Ref. [40].
Obtained from Ref. [38].
Obtained from Ref. [41].

Table 5
Parameters of Grüneisen EOS [42].

Fig. 12. Diﬀerential thermal analysis (DTA) heating curves: (a) original,
quasi-statically, and dynamically tested Ni + Al reactive mixtures showing
exothermic reaction at 670 °C; (b) Nb + Al reactive mixtures with the
same test conditions as (a). No reaction is observed: endothermic peaks
correspond to Al melting.

The failure strain in Johnson–Cook failure model [43] is
speciﬁed by the equivalent equation:
ef ¼ bD1 þ D2 expðD3 r Þcb1 þ D4 ln e_  cb1 þ D5 T  c

ð5Þ

where the D1 through D5 are the damage factors which are
shown in Table 4, and r is the modiﬁed stress term deﬁned
by the Grüneisen equation of state,
2

P¼

q0 C 20 l½1 þ ð1  C20 Þl  a02l 
2

3

S2 l
S3 l
½1  ðS 1  1Þl  ðlþ1Þ
 ðlþ1Þ
2 

2

þ ðC0 þ a0 lÞE; for l P 0

ð6Þ

P¼

q0 C 20 l

ð7Þ

l¼

q
1
q0

þ ðC0 þ a0 lÞE; for l < 0

ð8Þ

where C0, S1, S2, S3, C0 and a0 are the materials properties
of Grüneisen EOS, and q0 and q are the initial and current
density, and E is the energy per reference volume. The
parameters of Grueisen EOS and the initial densities are
presented in Table 5. The simulation tool used here is em-

Grüneisen EOS

Al

Ni

Ta

Co (cm ls1)
q0 (g cm3)
S1
S2
S3
U0
a0

0.5328
2.768
1.338
0
0
2
0.48

0.465
8.902
1.445
0
0
1.93
0.5

0.341
16.65
1.2
0
0
1.67
0.42

ployed for investigating its capability to study the mechanical and fracture behaviors of compacts with several
diﬀerent boundary conditions. The parameters for the constitutive equations were obtained from the literature, by
converting the microhardness into yield stresses, and taking into consideration the work hardening during the
explosive consolidation process. This required the use of
work hardening parameters and estimates of the total
strain undergone in consolidation. It is important to recognize that the mechanical response of the consolidated components (metal and aluminum) is quite diﬀerent from the
annealed values reported in the literature. They are presented in Tables 4 and 5.
3.5.1. Ni + Al simulation
Care was taken to separate all the Ni particles in the
computation, even if they touched each other. This procedure eﬀectively assumes that there was no Ni–Ni bonding
due to the explosive densiﬁcation process. In Fig. 13, diﬀerent Ni particles are represented by diﬀerent colors, when
they touch each other. This initial conﬁguration of the
Ni + Al compact was obtained from the SEM observation
of the cross-section, shown in Fig. 5a. It contains a volume

1428

C.T. Wei et al. / Acta Materialia 60 (2012) 1418–1432

Fig. 13. Compressive deformation of Ni + Al compact: (a) zero bonding strength; (b) 1/2 Al strength (120 MPa) and 560 MPa. e_  2:5  103 s1 .

ratio Ni:Al = 56:44, comparable to the meso-scale observation in Table 3. The bonding strength between particles has
a deﬁnite eﬀect on the evolution of plastic deformation and
on the stress–strain response as shown in Fig. 13. Two scenarios are shown: zero bonding strength (Fig. 13a) and
bonding strength equal to one half the aluminum yield
stress (Fig. 13b). For zero bonding strength, particle separation occurs earlier. It should be noticed that the compressive loading was applied vertically in all simulations.
Fig. 13a shows the simulation results of Ni + Al compact without interfacial bonding strength. The cracks initiated at the interface between Ni particles and Al matrix
and are shown as small white areas in Fig. 13a at 18 ls.
At a simulation time of 24 ls, these cracks developed and
connected to each other, becoming long and narrow cracks
aligned parallel to the loading direction. This is the classic
process of axial splitting, which is fully developed at 34 ls.
On the other hand, if the Ni and Al particles are assumed
to be bonded, the mechanism of damage evolution is quite
diﬀerent. Fig. 13b shows the simulation with bonding
strengths of 120 and 560 MPa. There is essentially no difference between these two. The process reveals an absence
of interface separation at the initial stage as shown in
Fig. 13b, at 24 ls. The fracture is initiated in the Al matrix

due to the high localized shear strains, Fig. 13b, at 30 ls.
At the ﬁnal stage, Fig. 13b, 37 ls, a shear fracture forms
and the compact is completely failed.
The simulation results demonstrate a great consistency
in the axial splitting fracture. The interface separation in
the simulation result (Fig. 14a) is nearly identical to the
experimental observation in Fig. 14b. The stress–strain
behavior of the Ni + Al simulations is shown in Fig. 15.
Interfacial bonding plays n important role which results
in diﬀerent dynamic yield stresses: 640 MPa for 120 and
560 MPa bonding strength; 400 MPa for zero bonding
strength. The stress–strain behavior for zero bonding
strength Ni + Al compact is consistent with the experimental results in Fig. 6b, which is 350 MPa. This suggests
that the Ni + Al compact was densiﬁed by the explosive
consolidation without any signiﬁcant bonding between Ni
and Al. On the other hand, the Al-to-Al particles bonded,
as demonstrated by the signiﬁcant compressive strength.
3.5.2. Ta+Al simulation
The initial conﬁguration of the Ta + Al compact was
imported from the SEM micrograph of the cross-section
shown in Fig. 5e. It contains a volume ratio Ta:Al = 70:30,
comparable to the meso-scale observation reported in
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Fig. 14. Compressive deformation of Ni–Al compact. Rigid Ni particles act as barriers to shear and boundary separation leads to microcracks aligned
with compression direction: (a) RAVEN simulation; (b) SEM micrograph.

Fig. 15. Simulation results of compressive stress–strain responses for the
Ni + Al compact: zero strength, 120 MPa bonding strength (1/2 aluminum strength), and 560 MPa. e_  2:5  103 s1 .

Table 3. The situation for the Ta + Al compact is quite different, as shown by the deformation sequences in Fig. 16,
which shows Ta + Al compacts with zero, 120 and
560 MPa interfacial bonding strength. Interestingly, the
failure mode for diﬀerent bonding strengths is the same:
shear failures are observed for all three diﬀerent bonding
strengths. This implies that in the Ta + Al compacts, the
failure evolution is not determined by the interfacial bonding strength. Shear failure initiated from the localized shear
deformation of the Al islands surrounded by the Ta matrix,
as shown in Fig. 16 at 47 ls simulation time. The localized
shear deformation in Al is mainly due to the irregularities
of the bulk compressions of the Ta + Al compact, which
has the continuous Ta phase with bulk modulus 200 GPa
surrounding the Al phase with bulk modulus of 76 GPa.
This irregular deformation caused shear fractures that
developed into the diagonal shear cracks, as shown in

Fig. 16 at 58 ls. Details of the evolution of damage,
expressed by the damage parameter (varying from 0 to 1)
are shown in Fig. 17.
The stress–strain curves of the three Ta + Al simulations
(Fig. 18), conﬁrm that the interfacial bonding strength has
no inﬂuence on the failure of Ta + Al compacts. Independent of the bonding strength between particles, 0, 120 or
560 MPa, the deformation proceeds by shear localization
at 45° to the compression axis. The process is analogous
to the experimentally observed damage evaluations shown
in Fig. 8d and e. The Al particles have a much lower
strength than Ta (176 vs. 740 MPa). The detail in Fig. 17
shows that this region is quite narrow.
Interestingly, the bonding strength has no eﬀect on the
stress–strain response, which shows a ﬂow stress of
600 MPa comparable with the experimentally observed
value at the same strain rate of 2.5  103 s1, which is
shown in Fig. 6b. It should be pointed out that the compressive strains withstood by the simulations are much
lower than the experimental values. The stress drops significantly for e = 0.05. The experimental maximum strains are
on the order of 101. This diﬀerence is, at least partially,
due to the size of the specimen, which is about ﬁve times
larger than the simulation setup. The region modeled by
RAVEN has dimensions of 850  600 lm, whereas the
actual specimens have dimensions of 4  3 mm. Thus,
much longer cracks and shear bands can develop prior to
failure.
The simulations for Ta + Al are also consistent with the
experimental observation. The mechanism of failure is
shearing at 45° to the compressive axis. These shear localization bands eventually cross each other, as seen in Fig. 9b
and c. The stress–strain response of the Ta + Al compression simulation is shown in Fig. 18. The stress plateau at
600 MPa is close to the experimental path shown in
Fig. 6b.
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Fig. 16. Compressive deformation of Ta + Al compact: (a) zero bonding strength; (b) 1/2 Al strength (120 MPa) and 560 MPa. e_  2:5  103 s1 .

The constitutive response of the compressive properties
of these composites leaves one unknown that cannot be
experimentally determined: the strength at the interface.

Fig. 17. Damage distribution at 47 ls of TaAl reactive mixture (color bar
corresponding to the damage level from zero damage, corresponding to 0,
to complete failure corresponding to 1). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

Fig. 18. Simulation results of compressive stress–strain responses for the
Ta + Al compact: zero strength, 120 MPa bonding strength (1/2 aluminum strength), and 560 MPa. e_  2:5  103 s1 .
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Explosive consolidation does not produce perfect bonding
between the phases [20]. Indeed, there are regions in which
limited melting occurs and thus strengthening the interface
bonding. In our experiments, we avoided melting in order
to reduce the possibility of shock-assisted reactions as
much as possible. Thus the pressure was kept as low as possible to avoid interparticle melting.
4. Conclusions
The following are the principal conclusions drawn from
the experimental and simulation work performed on explosively consolidated powder mixture compacts:
1. Explosive consolidation in the double-tube cylindrical
conﬁguration successfully yielded compacts with varying mechanical strength and a minimum or no reaction
between the constituents.
2. The consolidation of Ni and W with Al powder yielded
a continuous Al phase in which the other particles were
embedded. For Ta, Nb and Mo with Al, the former
formed the continuous phase. This is the consequence
of the small particle sizes of Ta, Nb and Mo that form
agglomerates 50–80 lm in size. These agglomerates
can break up and shear during deformation.
3. The mixtures having Al as a continuous phase exhibit a
lower strength than the ones with Ta, Mo or Nb as a
continuous phase. Hence, the strength is primarily determined by the mechanical properties of the continuous
phase.
4. Two mechanisms of failure are identiﬁed: shear localization in the continuous phase and tensile separation at
the particle–matrix interface. The weak boundary of
the interface in the Ni–Al compact leads to axial splitting as a primary failure mode.
5. The Ni + Al and Ta + Al mixtures are modeled by an
Eulerian FE modeling code RAVEN and the interfacial
strength is shown to have a strong eﬀect on the damage
evolution and the strength of the Ni + Al mixture. For
the Ta + Al mixture, the mechanical strength and damage evolution are independent of interfacial strength.
Failure by both axial splitting and shear localization
are predicted by computation, in agreement with
experiments.
6. The overall results demonstrate that the strength of the
interface between the discontinuous and continuous
phases and composition of the continuous phase determine the mechanical properties and failure modes of
explosively consolidated compacts of Ni, W, Mo, Nb,
and Ta powders with Al.
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