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Dynamic Constitutive and
Failure Behavior of a Two-Phase
Tungsten Composite

The constitutive response and failure behavior of a W-Ni-Fe alloy over the strain
rate range of 107 to 5 X 10° 57" is experimentally investigated. Experiments con-
ducted are pressure-shear plate impact, torsional Kolsky bar, and quasi-static torsion.
The material has a microstructure of hard tungsten grains embedded in a soft alloy
matrix. Nominal shear stress-strain relations are obtained for deformations through-
out the experiments and until after the initiation of localization. Shear bands form
when the plastic strain becomes sufficiently large, involving both the grains and the
matrix. The critical shear strain for shear band development under the high rate,
high pressure conditions of pressure-shear is approximately 1-1.5 or 6=8 times that
obtained in torsional Kolsky bar experiments which involve lower strain rates and
zero pressure. Shear bands observed in the impact experiments show significantly
more intensely localized deformation. Eventual failure through the shear band is a
combination of grain-matrix separation, ductile matrix rupture, and grain fracture.
In order to understand the effect of the composite microstructure and material inho-
mogeneity on deformation, two other materials are also used in the study. One is a
pure tungsten and the other is an alloy of W, Ni, and Fe with the same composition
as that of the matrix phase in the overall composite. The results show that the overall
two-phase composite is more susceptible to the formation of shear bands than either

of its constituents.

1 Introduction

Tungsten heavy alloys (WHA or tungsten composites) are
characterized by high density, high strength, and high toughness
resulting from their composite microstructures of hard tungsten
grains embedded in a ductile matrix. Because of these properties
and such qualities as good machinability, low cost, and nonra-
dioactivity, they are candidate materials for kinetic energy pene-
trators. Traditionally, the mechanical properties of these materi-
als have been studied by means of tensile and compressive tests
under quasi-static or low strain rate conditions, Churn et al.
(1984), O’Donnell et al. (1990), Rabin et al. (1988), Krock
etal. (1963), and Krock (1964). However, WHA with different
properties as characterized by such tests have demonstrated
similar penetrating capabilities which are worse than that of
depleted Uranium (see e.g., Magness (1992)), suggesting that
the behavior of these materials under impact conditions are
dominated by deformation and failure mechanisms not ac-
counted for by such material properties as tensile strengths and
ductility. Magness (1992) also reported that the performance
of penetrator materials depends strongly on the formation of
shear bands. Specifically, the localization of plastic deformation
associated with the development of shear bands and the eventual
material failure significantly improve the performance of these
penetrators by allowing deformed materials to be discarded.
Zurek et al. (1995) compared the behavior of a tungsten com-
posite with that of a depleted Uranium over the strain rate
range of 107 to 6000 s~' and suggested that the enhanced
susceptibility to shear localization of the Uranium is due to the
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existence of a soft high-temperature phase. Indeed, the dynamic
process involves material deformation at high strain rates and
high hydrostatic pressures. Under such conditions, more defor-
mation and failure mechanisms are operative than those found
in the quasi-static tests, including rate sensitivity, thermal soft-
ening, and the effect of inertia.

Investigations have indicated that WHA demonstrate signifi-
cant rate sensitivity between low and moderate strain rates.
Woodward et al. (1985) studied the effect of strain rate on the
flow stress of three WHA over the range of 107° to 10° s~
and reported an increase of flow stress with increasing strain
rate. Thermal softening was observed for strain rates greater
than 2 s™'. Coates et al. (1990a, 1990b, 1992) found a 25
percent increase in flow stress at a strain of 8 percent over the
strain rate range of 107 to 7 X 10° s in alloys containing 90
percent to 97 percent W. Increasing strength and decreasing
ductility with increasing strain rates in tensile and compression
tests have also been reported by Meyer et al. (1983). Andrews
et al. (1992) and Weerasooriya et al. (1992) studied the forma-
tion of shear bands in WHA using torsional Kolsky bar experi-
ments. Shear bands observed under their test conditions have
an average width of 50— 100 pm and the critical strain at which
shear bands form is approximately 0.15-0.25. Andrews et al.
(1992) also found that the peak temperature in the shear bands
is about 580°C and axial pressures delay the process of shear
band formation. The behavior of tungsten composites at strain
rates up to 8 X 10 s has also been analyzed by Baek et al.
(1994), Belk et al. (1994 ), Weerasooriya (1994 ), Weerasoor-
iyaetal (1994), Woodward et al. (1994 ), Tham et al. (1995),
Yadav et al. (1995), and Zhao et al. (1995).

Higher strain rates and higher pressures exist in penetration.
In order to improve the performance through revisions in mate-
rial design and processing, it is necessary to characterize the
material behavior under high-rate and high-pressure conditions
similar to those in actual applications. This need calls for experi-
ments that involve strain rates up to 10° s~ and pressures up
to 8—10 GPa. Pressure-shear plate impact, as described by Clif-

SEPTEMBER 1997, Vol. 64 / 487



(©

Fig. 1 Microstructures of materials used; (2) tungsten composite, (b)
pure tungsten, and (c¢) matrix alloy
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ton et al. (1985), provides an attractive means for achieving
such strain rates and pressures under well-characterized plane-
strain conditions. In this investigation, controlled shear band
formation is studied using the pressure-shear configuration. In
addition, constitutive responses at intermediate and quasi-static
strain rates are studied using a torsional Kolsky bar apparatus.
The combined pressure-shear impact, torsional Kolsky bar, and
quasi-static torsion experiments allow material responses over
the strain rate range of 10~ to 10® s™! to be characterized.

2 Materials

Figure 1(a) shows the microstructure of the tungsten heavy
alloy used in the study. This microstructure consists of tungsten
grains embedded in a matrix phase of nickel, iron, and tungsten.
This material contains 93wt%-W, 4.9wt%—Ni and 2.1wt%—
Fe. In order to understand the effects of the two-phase micro-
structure and material inhomogeneities on the behavior of the
alloy, a pure tungsten and a Ni-W-Fe alloy are used to determine
the responses of the two constituent phases in the composite.
The matrix alloy, having a composition of 50wt%—Ni, 25wt%—
Fe, and 25wt%—-W, is custom made to match the the composi-
tion of the matrix phase (Ekbom, 1981; O’Donnell et al., 1990;
Hofmann et al., 1984) in the composite. All materials are sin-
tered and cross-rolled along two perpendicular directions in the
rolling plane to a thickness reduction of eight percent in each
direction to obtain comparable dislocation structures so that
direct comparisons could be made between the response of
the WHA and its constituents. The microstructures of the pure
tungsten and the matrix alloy are shown in Figs. 1 () and 1(c),
respectively.

3 [Experiments

In the pressure-shear plate impact experiment, the specimen
is a disk 50 pm to 200 ym in thickness. The specimen material
is subjected to simple shear for 2 ps at nominal shear strain
rates between 10° and 10° s~', under pressures on the order
of 8—10 GPa. Because of its well-characterized plane-strain
conditions, this experiment is an excellent configuration for
studying material constitutive response at very high strain rates
when uniform deformation is sustained in the specimen. This
experiment also allows the onset of shear localization and the
development of a shear band to be interpreted from the stress-
time and stress-strain profiles. Since the specimen has no free
surface, shear band initiation and development are insensitive
to macroscopic geometrical defects, which may significantly
influence the initiation and development of shear bands in other
experimental configurations, such as torsional Kolsky bar (Mol-
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Fig.2 Shear stress-strain curves of WHA obtained from pressure-shear
plate impact, torsional Kolsky bar, and quasi-static torsion experiments
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Table 1 Pressure-shear experiment on WHA, W, and matrix alloy

Shot | Specimen | Projectile | Skew Normal Shear Shear Specimen | Shear
# Material Velocity | Angle | Pressure | Stress te Thickness | Band
mm/ s & MPa MPz | x10%s7% [m
9109 WHA 0.181 21.5 8981 1100 0.14 1973 No
9201 WHA 0.188 22.0 9326 1300 1.2 201 No
9205 WHA 0.205 21.5 10689 1350 3.9 78 Yes
9206 WHA 0.202 26.6 9629 1300 5.4 - 87 Yes
9207 WHA 0.213 22.0 10555 1350 4.0 89 Yes
9209 WHA 0.205 18.0 10430 1290 3.5 61 No
9211 WHA 0.205 21.5 10174 1250 6.5 57 Yes
9303 WHA 0.198 22.9 9748 1320 4,2 79 Yes
9301 w 0.198 22.9 9733 1250 4.2 91 No
9302 w 0.206 22.9 10142 1320 2.5 151 No
9208 Matrix 0.200 18.0 10146 680 3.0 129 No
9212 Matrix 0.199 21.5 9910 780 9.0 55 No

inari et al., 1987). Table 1 summarizes the pressure-shear plate
impact experiments conducted on the WHA, the pure tungsten,
and the matrix alloy.

Torsional Kolsky bar experiments are conducted on the ma-
trix alloy. In addition, data from similar experiments conducted
by Andrews et al. (1992) on the same WHA are used in the
discussions. This experiment has been described in, e. g.. Hartley
et al. (1985), Duffy et al. (1971), and Costin et al. (1979).
Quasi-static torsion experiments are conducted on the torsional
Kolsky bar apparatus with minor modifications. Table 2 summa-
rizes the torsional Kolsky bar and quasistatic torsion experi-
ments conducted on the matrix alloy. Tests at elevated tempera-
tures of 200°C and 250°C were conducted to gain information
on the temperature dependence of the stress-strain curves.

4 Experimental Results

4.1 Shear Band Formation and Strain-Rate Effect. Fig-
ure 2 shows the shear stress-strain curves of the WHA at differ-
ent strain rates obtained by pressure-shear impact, torsional Kol-
sky bar, and quasi-static torsion. Over the strain rate range of
107 to 1.2 X 10° s™' shown, the flow stress level increases
2.5 times (from 570 to 1360 MPa), suggesting a strong rate
sensitivity of the stress-strain relation. The alloy shows strain
hardening under the quasi-static strain rate. The curves at the
higher strain rates indicate strain softening of the material. This
decrease in stress with increasing strain is attributed to thermal
softening due to heat generated by the plastic deformation and
the lack of time for the heat to be diffused out of the specimen.

The precipitous drops in stress shown by the Kolsky bar curves
indicate the onset of shear localization. The critical strains at
which shear bands form are between 0.12-0.25. The defect
parameter ¢, defined as the maximum wall thickness variation
in the gauge section of the specimen divided by the average
wall thickness, has a strong influence on the critical strain for
shear localization. No sharp downturn in stress is seen in the
curve obtained by pressure-shear impact although the overall
rate of strain softening and the amount of accumulated shear
strain are comparable to those in the Kolsky bar curves. This
lack of quick loss of stress-carrying capability signifies that
no localization has occurred, as confirmed by the deformed
microstructure of the specimen (see the next section). The con-
tinuation of uniform deformation beyond the critical shear
strains of the torsional experiments suggests that the formation
of shear bands have been delayed under conditions of the impact
experiment.

Shear localization is observed in impact experiments as the
total amount of shear strain is increased by decreasing the speci-
men thickness and increasing impact velocity and impact angle.
Figure 3 shows the stress-strain curves from three shots involv-
ing specimens 57-87 um in thickness and impact angles of
18-26.6°. The sharp downturns in the curves of the two higher
angle shots (9206 and 9211) signify the loss of stress-carrying
capability associated with the onset-of shear localization. The
critical shear strains at the onset of localization are between 1-
1.5. These values are six to eight times those obtained in the
torsional Kolsky bar experiments (Fig. 2). Several factors may
contribute to delaying shear band formation in pressure-shear

Table 2 Torsional experiments on matrix alloy

Specimen Test Nominal Shear Flow Defect Shear
# Temperature Strain Rate Stress | Parameter | Band
°c (K) s71 MPa €
M1 250 (523) 1.3 x 10% 430 0.118 No
M2 20 (293) 0.5 x 10° 570 0.147 No
M3 200 (£73) 1.5 x 10° 490 0.123 No
M4 20 (293) 1.4 x 10° 580 0.095 No
Ms 20 (293) 2.7 x 103 590 0.054 No
M7 20 (293) 2.6 x 10° 590 0.062 No
Ms 250 (523) 2.7 x 10° 400 0.130 No
M3 20 (293) ~1.0x107% | 320 0.086 No
M1 20 (203) | ~1.0x107% | 350 0.120 No
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Fig. 3 Dynamic shear stress-strain curves of WHA obtained by pres-
sure-shear plate impact

impact. Higher strain rates cause the material to flow at higher
levels of stress. This increase in stress tends to stabilize the
localization of deformation through higher flow stresses inside
emerging shear bands where strain rates are higher. Normal
pressures applied to the specimen during impact suppress the
development of microvoids which would develop in the absence
of pressure. This retardation reduces the additional softening
caused by progressive microrupture. The normal pressure on
the specimen makes the pressure-shear configuration insensitive
t0 macroscopic geometric variations of the specimen. Such vari-
ations expedite the initiation and development of shear bands
in the torsional Kolsky bar configuration (Molinari et al., 1987).
Material inertia effect at high rates of deformation may also
delay the development of shear bands.

4.2 Microscopic Observations. A series of scanning
electron micrographs are obtained to show the deformation of
the phases, the morphology of the shear bands, and the damage
mechanisms that are responsible for eventual failure of the mate-
rial inside the shear bands. The deformed microstructure of the
specimen corresponding to the stress-strain curve in Fig. 2 that
is obtained from pressure-shear impact is shown in Fig. 4. The
elliptical grain shapes demonstrate the direction of the shear
deformation. The deformation appears to be uniform across the

(©)
Fig. 5 Shear band morphologies in specimens after pressure-shear
SHEAR DIRECTION  plate impact; (a) Vo = 205 ms™, 8 = 21.5 deg, and h = 78 pm, sheared

s for 1.44 ps, (b) Vo = 205 ms™", 6 = 21.5 deg, and h = 57 um, sheared
for 2 us, and (¢) Vo = 202 ms™, 6 = 26.6 deg, and h = 87 um, sheared

for 2 us

thickness and no shear band is observed. This observation is
consistent with the shape of the stress-stress curve in Fig. 2
which does not show a sharp drop in stress.

Figure 5 shows shear band morphologies at different stages
of development. The specimens are subjected to successively
more intense shear loading. All three shots have similar impact
velocities between 202-205 ms™" and the specimens are 57—
87 um in thickness. Figure 5(a) shows the deformed micro-
structure of a specimen sheared for approximately 1.44 us. The
micrograph shows a nucleating band at the center of the speci-
men. A neck has formed in the tear-drop-shaped grain. Further
development of the band would involve shearing of this grain
and propagation on both sides of the nucleating band. Figure
5(b) shows the morphology of a developing shear band in a
specimen sheared for 2 ps. The impact angle and the impact
Fig. 4 Deformed microstructure of WHA after pressure-shear impact, VElOCty are the same as those for Fig. 5(a). Heavily clongated
Vo= 188 ms™", 8 = 22 deg, and h = 201 um grains in the middle of the specimen indicate the developing
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Fig. 6 A shear band that has led to fracture of a WHA specimen, V, =
213 ms™!, 8 = 22 deg, and h = 89 um

shear band. The intensely sheared region involves both the W
gains and the matrix. In Fig. 5(¢), a shear band with more
intensely localized deformation is seen. The micrograph shows
deep etching of the grains so that the structure of the deformed
matrix and grains is clearly revealed. The grains form tear-drop
shapes near the middle of the band. The different distributions
of deformation across the shear bands in Figs. 5(b) and 5(c)
suggest that after the onset of shear localization further deforma-
tion occurs primarily in the center of the bands.

The shear bands in Fig. 5(b-c¢) have widths of approximately
5-10 pm. This is in sharp contrast to the widths of approxi-
mately 100 um reported for torsional Kolsky bar experiments
(Andrews et al., 1992). Although many factors may influence
the width of shear bands, heat conduction over the time duration
of the experiments sets one of the length scales for the localiza-
tion of deformation. In the pressure-shear impact experiment,
the specimen is sheared for 2 ps. The torsional Kolsky bar
experiment subjects specimens to torsional loading of up to 600
s in duration. At higher strain rates, shear bands develop over
a shorter time. Consequently, heat conduction occurs over a
shorter distance. The more localized high temperatures contrib-
ute to the formation of narrower shear bands. The shear bands
in Fig. 5 also show more intense shear than what has been
observed in the torsional Kolsky bar experiments (see Andrews
et al. (1992) and Weerasooriya et al. (1992)). Prolonged shear
band development occurs in pressure-shear impact partly be-
cause high pressures (9.62 GPa and 10.17 GPa for the two
specimens in Figs. 5(b—¢)) delay failure due to microvoids
and microcracks. During the torsional Kolsky bar experiments,
rupture occurs at relatively early stages of localized deformation
in the absence of pressure.

The shear band in Fig. 5(c) indicates that more intense shear
deformation occurs in the matrix. Parts of the grains that are
involved in the shear band form thin tails. As the deformation
continues, grain-matrix separation and matrix rupture may occur
due to strain incompatibility. A shear band that has led to the
failure of the composite is shown in Figure 6. Note that the
original thickness of this specimen is approximately twice of
that shown in the picture. Only one half is shown because
fracture occurred through the shear band, in the middle of the
specimen. The top surface of the piece shown is the center
line of the shear band through which fracture occurred. Ductile
rupture of the matrix, grain-matrix separation, and grain fracture
can be seen. A fractograph of the ruptured shear band surface
is shown in Fig. 7. The dark areas are the matrix and the light
regions are the grains. The surface morphology indicates intense
shearing at the center of the shear band. Note the fractured grain
at A. Dark strips on the grain surfaces indicate grain-matrix
contact before separation. Because of the high percentage of
the fracture surface that carries the grain-matrix shear marks,
grain-matrix separation appears to be the dominant failure
mechanism. A group of light grains with no dark contact marks

Journal of Appiied Mechanics

Fig-7 Fractograph of the shear band surface, V, = 198 ms™, 8 = 22.9
deg,and h = 79 um

appear near the center of the fractograph. These grains are the
remaining halves of fractured grains. It is not known whether
the fracture surfaces represent certain crystallographic cleavage
planes. A combination of ductile rupture of matrix, grain-matrix
separations, and grain fracture appears to be responsible for the
failure inside the shear band.

4.3 Role of Material Inhomogeneities in Shear Band
Formation. The deformed microstructure of a tungsten speci-
men is shown in Fig. 8. This specimen shows intense shear
deformation. The material near the top and lower faces experi-
ences less severe shear because the conduction of heat into the

fiyer and anvil reduces the temperature increases and the amount

of thermal softening near the surfaces. No shear band is ob-
served for this material although the impact condition is compa-
rable to those for the WHA specimen in Fig. 5(c). This result
is in contrast to the shear band observed in Fig. 5(c) for the
composite. Similarly, no shear bands were observed in the ma-
trix alloy under similar impact conditions (see Table 1).

The stress-strain curves of pure tungsten, matrix alloy, and
the composite obtained from impact experiments are summa-
rized in Fig. 9. Similar stress levels are observed for the tungsten
and the composite. The matrix, on the other hand, has lower
flow stresses which are approximately one half of those for the
tungsten and the composite. Neither the tungsten curve nor the

SHEAR DIRECTION

Fig. 8 Deformed microstructure of pure tungsten, Vo, = 198 ms™, 8 =
229 deg, and h = 91 um, sheared for 2 us
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Fig. 9 Dynamic shear stress-strain curves of WHA, pure tungsten, and
matrix alloy obtained from pressure-shear plate impact

matrix curve shows a sharp downturn that indicates the loss of
stress-carrying capability associated with the onset of localized
deformation. The matrix shows strong strain hardening through-
out the deformation. These curves, along with the results of
microscopic examinations, suggest that material inhomogene-
ities inherit in the composite microstructure of WHA enhance
the tendency for localization. The heterogeneous material distri-
bution provides conditions under which nonuniform deforma-
tion develops more easily. This nonuniformity in turn expedites
the initiation of shear bands in the composite, causing the com-
posite to be more susceptible to shear localization than either
of its constituent phases when they are tested separately. Numer-
ical simulations of the pressure-shear impact experiments car-
ried out in Zhou et al. (1994 ) showed that the material inhomo-
geneities inherit in the composite microstructure indeed domi-
nate the course of shear band formation in WHA. The
calculations also confirmed that the two constituent phases are
more resistant to shear banding than the composite WHA.,
Torsional Kolsky bar and quasistatic torsion experiments con-
ducted on the matrix alloy demonstrate that deformation is es-
sentially uniform in the specimen and no localization is ob-
served. This result is in contrast to the observation of shear
band formation in WHA in torsional Kolsky bar experiments
reported by Andrews et al. (1992). These results are consistent
with the results of pressure-shear plate impact, confirming the
higher susceptibility to shear banding of the composite. Tor-
sional experiments on pure tungsten were not successful due to
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Fig. 10 Shear stress-strain curves of matrix alloy obtained from pres-
sure-shear plate impact, torsional Kolsky bar, and quasi-static torsion
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Fig. 11 Strain-rate sensitivities of WHA, pure tungsten, and matrix alloy

its brittle response. The specimen fractured immediately upon
loading. Substantial plastic deformation is achieved in pure
tungsten only during pressure-shear plate impact. The presence
of pressure is necessary to facilitate plastic deformation in brittle
tungsten.

4.4 Material Response Characterization. Figure 10
summaries the stress-strain curves for the matrix alloy obtained
from quasi-static torsion, torsional Kolsky bar and pressure-
shear plate impact. Unlike the composite, the matrix alloy shows
strain hardening under both quasistatic and dynamic conditions.
This lack of strain softening can be explained as follows. The
matrix alloy has a specific heat three times that of the WHA.
Its fiow stress and density are only approximately one half of
those of the WHA. For the same amount of plastic strain, the
temperature change would likely be only one third of that for

‘the composite. In addition, the FCC lattice structure of the

matrix gives it a higher rate of strain hardening due to its larger
number of slip systems and the resulting higher rate of disloca-
tion entanglement. In contract, pure tungsten has a BCC lattice
structure and a relatively lower rate of strain hardening.

The strain-rate sensitivities of the WHA, the tungsten and
the matrix alloy are shown in Fig. 11. The flow stresses plotted
correspond to a shear strain of (.45, It is noted that the matrix
alloy exhibits a relatively weaker strain-rate dependence of flow
stress at strain rates above 10° s ~'. The composite, on the other
hand, shows a strong strain-rate sensitivity at high strain rates.
The flow stress levels of pure tungsten are slightly higher than
those of the composite.
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Fig. 12 Shear stress-strain curves of matrix alloy at room temperature,
200°C, and 250°C cbtained from torsional Kolsky bar

Transactions of the ASME



] — —— :
& 1200F A ]
E L A 4
= A -
o ]
m -
@ [
o 800~ i
'— L -
)
=
5 |
T 400 -
= MATRIX w ]
0 MR PR PR " sl
0 500 1000 1500 2000 2500 3000
TEMPERATURE, [K]

Fig. 13 Temperature dependence of flow stress for WHA, W, and matrix
alloy

Figure 12 shows the shear stress-strain curves of the matrix
alloy obtained from torsional Kolsky bar experiments at room
temperature, 200°C and 250°C. Significant thermal softening is
seen in this temperature range. The temperature dependence of
flow stresses for the composite, pure tungsten, and the matrix
alloy are sumunarized in Fig. 13. The data for WHA are reported
by Andrews et al. (1992), Bose et al. (1988), and O’Donnell
et al. (1990). Based on the data presented here, Zhou et al.
(1994 ) used a characterization which accounts for viscoplastic-
ity, strain hardening, and thermal softening for the responses
of the tungsten and the matrix. This model characterization is
indicated by the solid lines. There is a lack of data at high
temperatures for all the materials studied. It is assumed that the
materials lose all stress-carrying capabilities when the tempera-
ture reaches their corresponding melting points. Tungsten shows
a much lower rate of thermal softening than the matrix partly
because of its high melting temperature (approximately 3300 K
versus 1750 K). Simulations of the pressure-shear plate impact
experiments on WHA using this characterization of the constit-
uents gave good predictions for the behavior of WHA.

5 Conclusions

1 The formation of shear bands in a tungsten heavy alloy
is studied using pressure-shear plate impact. In the experiment,
the material is subjected to simple shear at shear strain rates up
to 7 X 10° s™'. The experiment provides an opportunity to
relate the shear band development to stress-strain profiles. Dy-
namic stress-strain relations obtained from the pressure-shear
plate impact and torsional Kolsky bar experiments show that
the alloy exhibits significant rate sensitivity and thermal soften-
ing due to plastic dissipation. Shear bands form when the plastic
strain becomes sufficiently large. Significantly more intensely
formed shear bands are observed in the pressure-shear impact
experiments than those reported for torsional Kolsky bar experi-
ments. The critical shear strain for shear band development is
approximately 1-1.5 or 6-8 times that obtained in torsional
Kolsky bar experiments.

2 Failure inside the shear bands during pressure-shear im-
pact is a combination of grain-matrix separation, ductile matrix
rupture, and grain fracture. Grain-matrix separation seems to be
the dominant mechanism through which material failure occurs.

3 Impact experiments show that the flow strength of the
WHA follows closely that of the tungsten grains. The matrix has
a flow strength approximately one-half that of the WHA. Pure
tungsten and the composite show stronger rate sensitivities than
the matrix. Pure tungsten and WHA also show thermal softening
during pressure-shear impact experiments while the matrix exhib-

its strain hardening for strain rates up to 3.0 x 10° s},

Journal of Applied Mechanics

4 The presence of different phases serves as a perturbation
to deformation that enhances the initiation and development of
shear bands. The composite microstructure causes the WHA to
be more susceptible to shear banding than either of its constit-
uents when tested separately.
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