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Abstract

Liquid sintered tungsten (W) heavy alloy with a 92.5W-5.25Ni-2.25Fe composition was examined using a compression
split-Hopkinson bar to realize the effects of strain rate and temperature on dynamic impact deformation behaviour. Both stress
and strain were measured for specimens tested at temperatures ranging from 25 to 1100°C and strain rates ranging from 8 x 10>
to 4 x 10°> s—!. The relationship between flow stress, strain rate and temperature was determined and the results have been
successfully modeled by a proposed constitutive equation incorporating the effect of strain, strain rate and temperature. Our
results show that flow stress increases with increasing strain rate. Alternatively, high temperature reduces flow stress significantly
and improves the degree of thermal softening. During impact, initial cracking occurs preferentially either at tungsten—tungsten
grain boundaries or at the tungsten—matrix interface, and failure is dominated principally by a mixture fracture model.
Metallographic examinations show a dramatic increase in microcrack density and deformation of tungsten grains as strain rate
and temperature are increased. Additionally, changes in microhardness are also found to correlate with changes in strain rate and
temperature. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Tungsten (W) heavy alloy is a particle composite
which contains a very large percentage of nearly spher-
ical tungsten particles embedded in a ductile matrix of
nickel-iron. This composite structure results in a high
density material with a useful combination of mechani-
cal properties: high strength, moderate ductility and
outstanding thermal conductivity. These properties
make this class of materials an attractive candidate for
many military and civil applications [1,2]. Therefore,
there have been a large number of reports on the effect
of composition, interphase interface structure, sintering
conditions and thermomechanical processing on the
material’s mechanical properties [3—9]. However, the
most demanding uses of tungsten composite are depen-
dent on the material’s high strain rate properties, espe-
cially for penetrator applications. From the structural
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design point of view, the high strain rate and high
temperature strength of tungsten composite appear of
particular importance in obtaining the best penetration
behaviour of armor-piercing projectiles and the best
fabrication behaviour from the warm swaging process.
It seems desirable, then, to study composite tungsten’s
dynamic impact response in terms of microstructural
variations caused by large strains developed at both
high rates and high temperatures.

It is probable that plastic deformation behaviour and
the fracture mode of tungsten composite under impact
loading are significantly complex and may be assumed
to depend on a rather complicated combination of
deformation rate, loading temperature, tungsten grain
volume fraction and the composition of the interface
matrix [10—14]. Several studies have attempted to cor-
relate observed mechanical properties with these defor-
mation variables and microstructural parameters. For
example, Woodward et al. [15] reported room tempera-
ture strain rate effects on the compression flow stress of
three heavy tungsten alloys. Their results showed that
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softening often occurs at the higher strain rates, which
can be attributed to cracking and self-heating of the
specimens. Lee and Chiou [16] recently presented re-
sults for low and high rate shear deformation behaviour
of tungsten composites at room temperature. Their
results indicated that a strong increase in strain rate
sensitivity is observed at strain rates exceeding 10° s~ !,
and that grain deformation and microcrack density
depend strongly on strain rate levels. In terms of the
effects of test temperature, various studies have re-
ported that a major ductility loss occurs at tempera-
tures below 100°C [14,17-19]. O’Donnell and
Woodward [20] tested a tungsten alloy and found that,
in the range of — 100 to 300°C, under strain rates of
2x10~%and 7 s~ ! for both tension and torsion tests,
a decrease in temperature resulted in an increase in flow
stress. German et al. [21] presented the variation of
toughness with test temperature and cooling rate for a
two-phase heavy alloy composite at temperatures of
— 100, 22 and 300°C, and suggested different fracture
path possibilities in the liquid phase sintered alloy.

On the basis of these previous investigations, it is
clear that the effects of strain rate and temperature are
substantial in the deformation and fracture behaviour
of tungsten composite. However, systematic studies
combining high strain rate and high temperature effects
for tungsten composites are few, leaving unclear many
aspects of the composite’s deformation, strain harden-
ing and rate mechanisms under high temperature condi-
tions. Thus, this paper focuses particularly on the
dynamic impact response of tungsten composite in the
temperature range of 25-1100°C, thereby allowing
evaluation of the influence of high rate and high tem-
perature on the composite’s impact properties and frac-
ture characteristics and filling a gap in the literature
data for the elevated temperature range.

2. Experimental procedure
2.1. Material and specimen preparation

A 92.5W-5.25Ni-2.25Fe¢ (weight percentages) heavy
alloy fabricated by liquid-phase sintering of the blended
elemental powders was used in this study. The material
has a density of 17.5 g cm ~3, a total impurity content
of less than 450 ppm by weight, and mean tungsten
grain size of 24+9 um. Fig. 1 presents a typical
microstructure of this tungsten composite, showing a
section perpendicular to the axis of the swaged rod. The
microstructure consists of spherical b.c.c. grains of al-
most pure tungsten embedded within an f.c.c. W—Ni—
Fe matrix. The specimens, having a simple
right-cylindrical geometry 10 mm in diameter and 5
mm in height, were cut from a sintered bar of 12 mm
diameter in such a way that the compression axis was

along the swaged direction. The surface of the two end
faces were parallel within 0.05 mm. After polishing the
specimens down with 1200 grit emery paper, the surface
of each end was lubricated with two different kinds of
lubricant: molybdenum disulfide (molykote) was used
for lubrication at temperatures below 300°C, and glass
paste was used in the higher temperature range of
500-1100°C.

2.2. Experimental techniques

Mechanical testing was performed using a split-Hop-
kinson bar at strain rates ranging from 8 x 10? to
4 x 10° s—! and at temperatures of 25, 300, 500, 700,
900 and 1100°C. Fig. 2 shows a schematic drawing of
the test set-up used in this study. This apparatus con-
sisted of incident and transmitter pressure bars on
which SR-4 gages monitored the incident and transmit-
ted pulses. The projectile, incident bar and transmitter
bar were made from DCS53 die steel with a diameter of
12.5 mm. The length of the incident and transmitted
pressure bars was 1 m, while the striker bar was 317
mm. Some mechanical characteristics of the DC53 die
steel bar are presented in Table 1. The lubricated
specimen was mounted between the incident and trans-
mitted bars, and impact was provided by a striker bar
propelled by a horizontal pressure system acting as a
gun to fire the striker bar. To ensure the occurrence of
fracture in the material by the first pulse during com-
pression testing, an interrupting collar was placed
around the specimen. For temperature tests, the speci-
men was heated by an in situ induction coil with a
ceramic tube, and the temperature was regulated to an
accuracy of =+ 2°C by a Eurotherm 211 programmer/
controller connected to a Inconel sheathed chromel—
alumel thermocouple, 1.5 mm in diameter, placed as
close as possible to the surface of the specimen. The
measurement of temperature distribution shows that
the temperature, at 40 cm from the center is only

Fig. 1. Microstructure of the W—-Ni—Fe composite, containing (wt.%)
92.25W, 5.25Ni and 2.25Fe.
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Fig. 2. Schematic presentation of the compression split-Hopkinson bar apparatus.

slightly above room temperature and therefore has a
neglible effect on the nearest strain gage at 50 cm from
the center, as shown in Fig. 3.

During dynamic testing, the passage of the pulse was
measured by strain gages placed on the incident and
transmitted bars. Strain gage 1 (Fig. 2) recorded the
incident pulse (e;), while strain gage 2 recorded the
transmitted pulse (€,). Based on one-dimensional elastic
wave propagation theory and on the records of inci-
dent, reflected and transmitted pulses (¢, €,, €), the
average compression strain e, strain rate é and stress o
in the specimen can be obtained by:

~2G, J
€= e dt (1)
Ly Jo
—2C,
é% = — €, (2)
S L()
EA
g = 70 € (3)

where C, is the longitudinal wave velocity in the
split-Hopkinson bar, L, the effective gage length of the
specimen, E the Young’s modulus of the split bar, while
A and A, are the cross-sectional areas of the split bar
and the specimen, respectively.

It should be noted that, for those tests performed at
temperatures higher than 300°C, especially near the
upper end of our temperature range, because the ends

Table 1
Some mechanical characteristics of DCS53 die steel bars

Density (p) 7.87 g cm—3
Young’s modulus (E) 212.8 GPa
Shear modulus (G) 83.16 GPa

Poisson’s ratio (v) 0.28
Wave velocity (Cp) 5200 m s~!
Yield stress (ay) 2880 MPa

of the pressure bar extend into the furnace and are also
heated, there is a thermal gradient distributed along the
bars as shown in Fig. 3. Thus, Egs. (1)—(3) for deter-
mining the strain, strain rate and stress of specimen
under room temperature condition must be modified.
By considering the effect of the thermal gradient on the
bars, specimen strain is calculated by:

2 t
e, =< C“) f (61— €xp — €,) dt 4@
LO 0

where €;, and ey, are obtained from strain pulses €
and er, which are recorded at the incident and trans-
mitter bar gage stations but corrected in amplitude
according to the following relations. These relations
compensate for pulse changes caused by transmission
through the thermal gradient:

€r 2E,

-~ 5
€1 (E,+ E\E,)'? )

where E, and E, are the modulii of elasticity on the
two sides of the thermal gradient area of the bars and
are dependent of temperature. €/, is a reflection pulse
which can be determined from €, and e, Eq. (4) is
used to calculate specimen strain in the high tempera-
ture ranges. The time in Eq. (4) is measured at the
instant that the incident strain pulse reaches the speci-
men. It can be seen that to determine the specimen
strain does not require a record of the reflected pulse at
the incident gage station.

The stress in the specimen is obtained from the strain
at the face of the transmitter bar in contact with the
specimen, i.e. €r; + €. Since this bar remains elastic,
we have:

0s= Ep(GT/? + 6,/)’/) (6)

where €}’ is a pulse that can be determined from ¢,
and er;. This high temperature testing technique has
been described in detail in our earlier investigation [22].
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Fig. 3. Temperature distribution and strain gage stations of bars.

2.3. Metallography

After impact testing, metallographic examinations
were conducted of the variations of tungsten grain
deformation and microcrack density as well as the
changes of fracture characteristics in terms of tested
temperature and strain rates. For optical metallo-
graphic observations, deformed specimens were
mounted and polished with diamond paste of a mean
particle size of 1.0 pum; final polishing was performed
with 0.05-um alumina. The specimens were then ob-
served with an MeF3 optical microscope. The changes
in degree of tungsten particle deformation were deter-
mined using a shape factor K, based on the relation
between the longest and shortest particle diameter.
Microcrack densities were measured by linear analysis
of optical photographs (magnification 220 x ). At least
ten measurements were taken on the observation sur-
face of each specimen. Microhardness measurements
were performed on individual tungsten grains and ma-
trix regions by means of a Matsuzawa MXT 70 micro-
hardness tester with a load of 25 g. Ten Vickers
indentations were made per phase in each of the de-
formed specimens. The reported hardness values are
averages of these ten readings. Fractured specimens
were examined by a JXA-840 scanning electron micro-
scope operating at an acceleration potential of 20 kV.

3. Results and discussion

3.1. Flow stress—strain behaviour

Typical flow stress—strain curves for the W—Ni—Fe
composite deformed at different strain rates are shown
in Fig. 4(a)—(d). For each strain rate, the temperature
was varied from 25°C up to 1100°C, except for the
strain rate of 8 x 10> s—! (Fig. 4(a)), where the tests
were performed at temperatures ranging from 25 to
700°C. In comparing these curves, it is evident that the
flow stress—strain behaviour of the W-Ni—Fe com-
posite is fairly sensitive to the strain rate and tempera-
ture. As deformation occurs at constant temperature
under a fixed strain, the flow stress increases with an

increase of strain rate. However, at any specific strain
rate, an increase of temperature results in a decrease of
flow stress. Another interesting observation that can be
made from Fig. 4(d) is that, at the highest tested strain
rate, 4 x 10> s~ !, the flow stress increases with strain
up to a true strain of 0.2, then decreases considerably
with increasing true strain for all temperatures. This
decrease in flow stress may be attributed to two factors.
First, under very high deformation rates and high strain
values, the rate of thermal softening is greater than that
of work hardening, because, during deformation, the
plastic work done may be converted to heat, which
produces a rise of temperature in the specimen. The
second factor that may lead to a drastic reduction in
the flow stress is the formation and coalescence of
microcracks in the internal structure. In fact, as pre-
sented in Fig. 4(d), the point of maximum stress is
important inasmuch as it represents the strain at which
damage of the material begins to occur. This phe-
nomenon can also be verified from our microstructural
observations.

3.2. Strain rate effect

The stress—strain curves plotted in Fig. 4(a)—(d)
show an obvious effect of strain rate on flow stress for
all testing temperatures. This strain rate effect can be
more clearly seen by plotting flow stress as a function
of logarithmic strain rate. Fig. 5(a) Fig. 5(b) represent
the relationship between flow stress and the logarithm
of strain rate for constant plastic strains of 10% and
20%, respectively, at various temperatures. As may be
seen, flow stress increases with strain rate for all testing
temperatures, with an approximately linear relation-
ship. This linear dependence has been obtained by a
number of investigators for many other materials [23-
25]. It is important to note that as the strain rate goes
higher than 2.5 x 10* s~! and the deformation pro-
gresses above 20%, as shown in Fig. 5(b), there is an
abrupt change in strain rate sensitivity from positive to
negative due to thermal softening and internal struc-
tural damage. This strong dependence of flow stress on
the logarithm of strain rate and temperature suggests
that the deformation mechanism associated with high
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Fig. 4. Temperature dependence of true stress—strain curves compression at: (a) 8 x 102s = (b) 1.6 x 10> s~ '; (¢) 2.5 x 103 s~ 1; (d) 4 x 103 s~ 1.

rate compression loading is a thermally activated pro-
cess. A deformation of this type can be described by the
Arrhenius rate controlling equation, €, = ¢,exp(—
AG,, +/KT), and the total applied stress can be divided
into two components: an athermal component and a
thermally activated component. The former is influ-
enced only by the material’s structure, while the latter
depends extensively upon the temperature and strain
rate.

3.3. Temperature effect

As mentioned previously, test temperature has a very
strong effect on flow stress, particularly in the high
temperature regime: the higher the temperature, the
lower the flow stress. In order to better represent quan-
titatively this dependence, a temperature sensitivity is
introduced and expressed as:

. In(a,/a,)

"= (7o Ty) @

where 7, > T, and T, =25°C. Using this definition
and the data depicted in Fig. 4(a)—(d), the value of

temperature sensitivity is calculated over the tested
range of strain rates and temperatures. Fig. 6 shows the
relationship between the temperature sensitivity, n,,
with true strain for specimens deformed at 1.6 x 103
s~ ! under different temperature ranges. As can be seen,
an increase in true strain results in a slight increase in
temperature sensitivity for each temperature range.
However, at a fixed true strain, the temperature sensi-
tivity increases rapidly with temperature increment. The
effect of true strain on temperature sensitivity com-
pared with the effect of temperature increment on
temperature sensitivity shows that the degree of thermal
softening caused by the temperature increment is dis-
tinctly greater than that caused by straining. The results
also indicate that, under high rate and high temperature
loading, deformation behaviour is dominated by the
thermal softening process, which represents the effect of
thermal activation overcoming dislocation flow barriers
as the temperature is raised.

Since temperature sensitivity is relatively independent
of true strain levels, for comparison purposes, we can
neglect the effect of plastic strain and take an average
temperature sensitivity value for each temperature
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strain of (a) 10% and (b) 20%, as a function of temperature.

range under different strain rate conditions. The plot of
Fig. 7 shows the variation of average temperature
sensitivity with temperature for four tested strain rates.
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The average temperature sensitivity is also temperature
dependent. It increases with temperature for each strain
rate, but decreases with increasing strain rate for a given
temperature. This can be explained as a competition
process between the rate of work hardening caused by
high rate plastic deformation and the rate of thermal
softening resulting from the rise of temperature. Obvi-
ously, the rate of thermal softening dominates the rate
of work hardening in controlling flow resistance be-
haviour and thus plays the leading role in the tempera-
ture sensitivity characteristics. Therefore, in order to
describe flow stress as a function of strain, strain rate and
temperature, thermal softening which results from ther-
mally activated processes should be taken into consider-
ation when rationalizing the flow behaviour. This can be
done expressing the flow stress as a function of disloca-
tion density and the rate of dislocation annihilation.

3.4. Deformation constitutive equation

As pointed out in Section 3.1, the plastic deformation
characteristics of W-Ni—Fe composite are strongly
dependent on strain, strain rate and temperature. Be-
cause the influences of these three factors are independent
of each other, it is important to combine the effect of
these variables in a constitutive equation that can be used
in computer code to model the deformation response of
this material for high rate and high temperature condi-
tions. There are currently many different constitutive
models available that describe the behaviour of specific
materials [26—29]. In this study, a dislocation mechanics-
based model for rate-dependent behaviour, proposed by
Zerilli and Armstrong [29], is used to describe observed
dynamic flow behaviour. This model is attractive because
it distinguishes between the response of b.c.c. and f.c.c.
metals. For the b.c.c. case, the model is represented by
the following relation:
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Table 2

Temperature increase values (AT) for specimens deformed at a strain rate of 2.5 x 10> s~! and strains (¢) ranging from 0.05 to 0.3 under six initial

test temperatures

Initial temperature tested (°C) AT (°C)
€=0.05 €e=0.1 €e=0.15 €e=0.2 €=0.25 €e=03
25 20.892 44.137 68.441 93.53 119.26 145.53
300 19.695 41.529 64.295 87.744 111.75 136.22
500 18.467 38.909 60.193 82.087 104.47 127.27
700 17.933 37.716 58.254 79.333 100.84 122.21
900 16.153 33.979 52.513 71.503 90.869 110.55
1100 13.93 29.321 45.284 61.649 78.33 95.273
o=Cy+ C|lexp(— C3T+ C,T In é)] + Cse” 8) strain rate of 1.6 x 103 s —!. The agreement between the

where C,, C,, C;, C,, Cs and n are the parameters
determined by the regression analysis procedure, € is
the imposed strain rate, T is the test temperature, o is
stress and € is strain.

The data in the plots of Fig. 4 is used to determine
the coefficients and exponents of the constitutive equa-
tion by a regression analysis technique. Ideally, these
parameters must be obtained from the stress—strain
curves obtained in constant strain rate and constant
temperature tests. However, during high strain rate
deformation, because there is simply not enough time
to conduct away the heat generated by the plastic work,
it is impossible to keep the specimen under isothermal
conditions. Thus the temperature rise in the specimen
must be reckoned and a current temperature used to
calculate flow stress in our simulation. Since a speci-
men’s temperature rise is difficult to measure explicitly
during high velocity impact, the magnitude of tempera-
ture rise is instead calculated by an integral equation:

AT = <1 )Jveade
pCp 0

where AT is the temperature rise, p is the density
(19.3 g em ), C, is the heat capacity (0.038 cal g~'
per °C), o is the stress and de is the interval of strain.
This calculation has been made for each of the tested
temperature—strain rate conditions. Table 2 lists the
increase in values of the temperature for specimens
deformed at a strain rate of 2.5 x 10°> s—! and strains
from 0.05 to 0.3 under six initial tested temperatures.
Assuming that the form of the Zerilli-Armstrong
model remains valid for our composite (which contains
92.5W) and replacing the initial temperature with the
current temperature for each interval of strain in the
regression process, we obtain best-fit parameters for
describing our experimental results on the W-Ni—Fe
composite (assuming that C,=0) as follows: C, =
1286.9 MPa, C;=1.9 x 10~%, C5=825.5 MPa and n=
0.287. An example of the comparison between the
predictions of the proposed model and experimental
results are shown in Fig. 8, which corresponds to a

measured and predicted curves is good for each testing
temperature, with a maximum error of 5%, which is
sufficient for engineering purposes.

3.5. Fracture feature observations

The fracture features of deformed specimens were
examined using optical and scanning electron mi-
croscopy. Our observations found that catastrophic
failure at strain rates above 4 x 10° s~ !, for all tested
temperatures, occurs by the mechanism of matrix mi-
crocrack formation associated with transgranular cleav-
age of tungsten grains. In general, the nickel—iron
matrix fails predominantly in a ductile manner, while in
the tungsten grains, brittle cleavage features are ob-
served. Fig. 9(a) shows a fracture surface example
obtained from a specimen deformed at 900°C and a
strain rate of 4 x 10° s~'. There are four possible
fracture paths: tungsten—tungsten grain boundary sepa-
ration, tungsten—matrix interfacial separation, tungsten
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Fig. 8. Comparison between predicted and measured stress—strain
curves for a strain rate of 1.6 x 103 s~
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Fig. 9. Fracture features of specimens deformed at (a) 900°C (scanning electron micrograph) and (b) 25°C (optical micrograph) under a constant

strain rate of 4 x 103 s~ 1,
cleavage and matrix rupture. All four of these features
can be observed on the fracture surface in all of our
samples. If we focus on the fracture aspects of the
Fe—Ni matrix, it appears that the matrix surface is
characterized either by ductile shearing and localized
tapering of the matrix as it is ‘pulled out’ from between
tungsten particles, or by a dimpled appearance as the
matrix fails by a form of void coalescence. By contrast,
the tungsten grains fail predominately by transgranular
cleavage, and a flat facet can be seen in the surface.
These flat areas are frequently the result of cleavage of
localized groups of tungsten grains.

Cracking of the tungsten grain by cleavage needs
good transmission of stresses from the matrix to the
spherical or ellipsoidal grains through the interface. If

the matrix phase has a high strength associated with
good ductility, during high rate deformation, a signifi-
cant amount of applied stress will be induced and
contributed to the deformation of tungsten grains.
Therefore the enhancement of stress due to strain rate
increase can lead to a rapid increase of transgranular
fragmentation of tungsten grains. The fracture charac-
teristics of the W—-Ni—Fe composite can also be ob-
served by optical micrographs taken from the specimen
section perpendicular to the impact direction, as shown
in Fig. 9(b), which corresponds to a specimen deformed
at 25°C at 4 x 10° s~ '. In this instance, fracture occurs
mainly by macrocracks propagating within the Fe—Ni
matrix, microcracks at the interface between tungsten
grains and matrix and, finally, microcrack formation
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between contiguous tungsten grains. The combination
of fracture features seen in Fig. 9(b) provides a good
example for our explanation for the drop of flow stress
observed in the stress—strain curves presented in Fig.
4(d). To the left of the true stress maximum in this
figure, one finds few cracks of any sort in specimens. To
the right, the cracking behaviour increases dramatically,
leaving little doubt that the magnitude of flow stress
drop follows the density of micro- and macrocracks.

3.6. Measurement of tungsten grain deformation and
microcrack density

To measure the deformation of tungsten grains as a
function of strain rate and temperature, photomicro-
graphs were digitized by scanner and loaded into a PC.
The shapes of 150-200 tungsten grains per sample were
used for image analysis. Different methods were tested
for transforming the shapes of the particles to a value
representing the degree of average plastic deformation.
The best result obtained in this study was found using
a shape factor K, =4nA4/U? where A represents the
area in mm® and U the circumference of the grain
section. This shape factor is normalized in a way that
the shape factor value of an undeformed grain is K, =
1, corresponding to 0% strain; 100% strain results in a
shape factor of K, =0. Using this technique, the defor-
mations of tungsten grains were measured and are
shown in Fig. 10. As expected, grain deformation de-
pends strongly on the strain rate and temperature. An
increase in both strain rate and temperature resulted in
a marked increase in tungsten grain deformation. In the
case of extremely dynamic plastic deformation (i.e.
strain rate of 4 x 10*> s ! and temperature of 1100°C),
a maximum deformation of 73% is observed. Although
grain deformation correlates directly with strain rate
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Fig. 10. Variation of tungsten grain deformation as a function of
strain rate and temperature.

Fig. 11. Optical micrographs taken from the specimens deformed at
(a) 300°C and (b) 1100°C under a fixed strain rate of 4 x 10° s~ !,

for each tested temperature, the slope of the curve is
steeper as the temperature rises above 900°C. This
means that deformation hardening of tungsten grains at
very high temperatures is less than that obtained at
temperatures below 700°C. Optical micrographic as-
pects of grain deformation taken from specimens de-
formed at 300 and 1100°C under a fixed strain rate of
4 x 10° s~ ! are shown in Fig. 11(a)Fig. 11(b), respec-
tively. Comparison of these two figures shows clearly
an increase in tungsten grain deformation as tempera-
ture is increased. After heavy deformation, the shape of
tungsten grains becomes an elongated ellipse all ori-
ented in the same direction.

After carefully choosing the location of the indenta-
tion, in order to avoid interference from boundaries,
the results from the microhardness tests for matrix and
tungsten grain are shown in Fig. 12(a)Fig. 12(b), re-
spectively. It is clear that the microhardness in both
matrix and tungsten grain increases with increasing
strain rate for all the temperatures. With regard to the
temperature effect on the variation of microhardness, it
is found that, at a fixed strain rate, the matrix micro-
hardness decreases systematically as the temperature
increases. A similar tendency can also be found in the
tungsten grains, but there seems to be a scatter in the
tungsten grain microhardness measurement (Fig. 12(b))
due to the effect of grain orientation. It has been
reported that the rate of work hardening is very depen-
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dent on the orientation of the load relative to the
crystal orientation. This anisotropic hardening may be
the cause of some of the scatter in the hardness mea-
surements of the randomly oriented single-crystal tung-
sten grains found in the heavy alloy. Moreover, the
data presented in Fig. 12(a)Fig. 12(b) indicate a greater
degree of work hardening of the matrix in comparison
with that of the tungsten grains during deformation
occurring under our present test conditions.

Fig. 13 plots the microcrack density against the
tested strain rate as a function of temperature, in which
the influences of strain rate and temperature are obvi-
ous. For all temperatures, a significant augmentation in
the microcrack density as a result of strain rate is
observed. Moreover, at a given strain rate, the microc-
rack density seems to be greater for higher tempera-
tures. Microstructural examinations of sectioned
specimens reveal that initial cracking occurs preferen-
tially either at tungsten—tungsten grain boundaries or
at the tungsten—matrix interface. These can be seen in
Fig. 14(a) and 14(b), which correspond to strain rates
of 8 x 10> s~ ! and 2.5 x 10° s~ !, at temperatures of 25
and 1100°C, respectively. Since liquid-sintered tung-
sten—base alloys are a particle composite consisting of
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Fig. 12. Variations of microhardness as a function of strain rate and
temperature in (a) matrix and (b) tungsten grains.
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Fig. 13. Effect of strain rate and temperature on microcrack density
of W-Ni-Fe composite.

rounded tungsten grains in a binder phase of nickel-
iron solid solution, the stress configuration around the
tungsten grains is very complex. The stress configura-
tion depends on the tungsten grain volume fraction, the
matrix composition and the flow strength of the tung-
sten phase. The flow strength of the tungsten phase
depends on temperature, deformation rate and tungsten

l | :
/ &
5 4 ¢ Vg

Fig. 14. Microcrack features obtained from specimens deformed at
(a) 25°C with strain rate of 4 x 10> s~ ! and (b) 1100°C with strain
rate of 2.5 x 103 s~ 1,

(b)



266 W.-S. Lee et al. / Materials Science and Engineering A257 (1998) 256267

purity. Thus, during deformation, as critical fracture
stress is reached, microcracks nucleate firstly at the
interface of grain and matrix as well as at the grain—
grain boundaries, because the resistance along an inter-
face or a boundary is weaker than through the matrix
or grain body. With increasing loading stress, initiated
microcracks began to propagate with a mixture crack
path, as described in the section on fracture feature
observations, according to the local loading/material
conditions. It must be noted, however, that even under
conditions of heavy deformation, separation along the
grain—matrix interface and grain—grain boundaries re-
mains the major modes of failure. Exposed interface as
opposed to transgranular cleavage sites constitutes the
major characteristic of catastrophic fracture in our
samples.

4. Conclusions

The deformation characteristics of W—Ni—Fe alloy
by impact loading have been determined over a practi-
cal range of temperatures and strain rates. The results
can be summarized as follows:

(1) The experimental results have demonstrated
quantitatively that the major factors contributing to the
strength of our tungsten composite during dynamic
compressive deformation are the strain rate and tem-
perature. The flow stress of the W—Ni—Fe composite
increases with the strain rate, but an increase in the test
temperature has an opposite effect. Moreover, work
hardening decreases considerably as both the testing
temperature and strain rate increase.

(2) For all testing temperatures, the linear depen-
dence of flow stress on the logarithm of strain rate
suggests that the deformation behaviour of W—-Ni—Fe
composite is dominated by the thermal activation
mechanism. For an increase in temperature, strain rate
sensitivity is found to increase. However, a decrease in
strain rate sensitivity is observed when the temperature
goes above 700°C. Temperature sensitivity also depends
strongly on strain rate and temperature, and is slightly
influenced by true strain.

(3) Based on our experimental results, a deformation
constitutive equation incorporating strain rate and tem-
perature effects is proposed to describe the observed
flow stress—strain behaviour. By using our experimen-
tally determined five parameters in our proposed consti-
tutive equation, excellent agreement between the
predicted data and the experimental measurement is
found.

(4) Fracture surface observations indicate that our
tungsten composite fails by a mixed fracture mode
involving intergranular tungsten fractures, interfacial
matrix—tungsten decohesion, tungsten cleavage and
ductile rupture of the matrix. Microstructure observa-

tions reveal that microcrack density and grain deforma-
tion increase with strain rate and temperature until
catastrophic crack propagation occurs. Initial microc-
racks nucleate preferentially at tungsten grain
boundaries and tungsten—matrix interface. A strong
dependence of microhardeness on strain rate and tem-
perature is also found.
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