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ABSTRACT A microstructure model of tungsten heavy alloys has been developed. On the basis of the
model and several assumptions , the macro- mechanical properties of 90 W heavy alloy under quaststatic tensile
deformation and the effects of microstructural parameters ( mechanical properties of the matrix phase and tung-
sten content) on them have been analyzed by computer numerical simulation. The mechanical properties of the
alloy have been found to be dependent on the mechanical parameters of the matrix phase . As the elastic modu-
lus and yield strength of the matrix phase increase, the tensile strength of the alloy increases ,while the elonga-
tion decreases . If the mechanical parameters except the tensile strength of the matrix phase are constant, both
the tensile strength and the elongation of the alloy increase linearly with the increase of tensile strength of the
matrix phase. The properties of the alloy are very sensitive to the hardening modulus of the matrix phase. As
the hardening modulus increases, both the tensile strength and the elongation of the alloy exponentially de-
crease . The elongation of the alloys monotonically decreases with the increase of tungsten content, while the
decrease of tensile strength is not monotonic. When the tungsten content <85 %, the strength of tungsten
heavy alloys increases with the increase of tungsten content, while decreases when the tungsten content >
85 % . The maximum of tensile strength of the alloys appears at the tungsten content of 85 % . The results
showed that the binder phase with a higher strength and a lower hardening modulus is advantageous to obtain-

ing an optimum combination of mechanical properties of tungsten heavy alloys .
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1 INTRODUCTION

Tungsten heavy alloys are dual phase com-
posites produced by liquid phase sintering of a
mixture of 80 % ~ 97 % tungsten and a small
amount of transition metal (as the binder phase)
such as Ni, Fe powders, which have a unique
combination of mechanical and thermal proper
ties , high density, high strength , moderate duc-
tility , good machineability and outstanding ther
mal conductivity . These properties allow the
tungsten heavy alloys can be used for many ap-
plications as radiation shields, counterbalances,
kinetic energy penetrators, etc. The application
of tungsten heavy alloys in kinetic energy pene-

trators indicates that the penetrating power goes
up with the increase of density and slenderness
ratio of the penetrators, while the slenderness
ratio in turn is governed by the strength and
ductility of the material used for penetrators .
Recently, strong attention has been focused on
strengthening and toughening tungsten heavy al-
loys under the condition of not reducing the den-
sity of the alloys .

A great many means, including process op-
timizing , work strengthening , strain age hard-
ening , alloying additions and various pre-sinter-
ing or post-sintering treatment, have been em-
ployed to obtain high-strength tungsten heavy
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means can give the alloys in present compositions
the optimum properties. However, the still
higher properties need a new design for composi-
tions of the alloys .

Generally , the tungsten grains in heavy al-
loys are little short of being pure , therefore , un-
der definite technological conditions and given
tungsten content, the properties of tungsten
heavy alloys are governed by binder phase.
There are two effects of binder phase on the
properties of the alloys: (1) the mechanical
properties of the binder phase determine the de-
formation and fracture behavior of the alloys ;
(2) the thermodynamic properties of the binder
phase influence the structure of tungstem matrix
interface and the growth behavior of the tung-
sten grains in the course of sintering , as a result,
also on the micro- mechanical behavior and the
fracture behavior of the alloys . Accordingly , it is
considered to be possible that tungsten heavy al-
loys are optimized by the optimum property
matching between the matrix and tungsten,
which can be obtained by analyzing the micro
mechanical behavior and its effect on the me-
chanical properties of the alloys. This paper re-
ports a study of computer numerical simulation
for the macromechanical properties of tungsten
heavy alloys and effects of microstructural factors
on them .

2 MODEL AND CONDITI ONS

The typical microstructure of tungsten
heavy alloys consists of tungsten grains and a
small amount of binder phase. Because of the
regulating effect of interfacial energy between
tungsten(solid) and binder phase(liquid) on the
dissolution and separation of tungsten, the tung-
sten grains in heavy alloys are similar to sphere,
and well distributed in the binder phase with a
similar structure to closed packed hexagonal sys-
tem. Fig.l shows the microstructure model of
tungsten heavy alloys . In the model, the tung-
sten grains are assu med to be Spherical, in same
size, and well distributed in matrix with the
structure of closedpacked hexagonal system.
The relation between the model parameters and
the composition of the alloy can be expressed as

a = Tr*/(2ab) (1)

/e = (2./3/m)' 47 (2)
where , yol is the volume fraction of tungsten
grains in alloys, r is the radius of tungsten
grains, a ,b are the side length of the rectangle
ABCD.

There are two typical directions to be loaded
for the model, AD(z) and AB(y) . Whichever
direction is loaded , the rectangle ABCD in Fig.
1 can characterize the structure of the model,
and the four sides of the rectangle remain
straight in the course of deformation. According-
ly, a finite element model shown as Fig.2 has
been established for computer numerical simula-
tion. For whichever direction to be loaded, the
boundary conditions can be expressed as

Up =0, (%) =0
auBC
0z 0, (Z;z)Bc= 0
(3)
0 Up .
a]/ =0/(zy)CD=0
usp =0, (%) g =0

where u and Uare the displace ment component

in y and z direction, respectively .
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Fig.l Microstructure model of tungsten

heavy alloys
W —Tungsten grain; M — Matrix phase

By checking whether the stresses in tung-
sten grains and/ or matrix phase satisfy the frac-
ture criteria or not , the macromechanical proper-
ties of the tungsten heavy alloys under tensile de-
formation can be calculated. Furthermore, by
calculating the properties with different values of
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Fig .2 Finite ele ment model for calculation

a microstructural parameter, we can obtain the
relations between the properties and every mi-
crostructural parameter (such as properties of the
matrix phase, tungsten content, etc.) . In these
analyses, the interface of the tungstem matrix
phase is assumed to be firm, i.e. no crack ap-
pears in the interface during tensile deformation,
and the alloy before deformation is assumed to be
undamaged and have no defect. The same yield
criterion, Mises criterion, is e mployed for the
tungsten and matrix phase, that is

(G- %)+ (0- 3)’+(5- g)*=2q
(4)
where G, 9, 0 are the principal stresses, ¢
is the critical stress for plastic flow . In consider
ation of different fracture modes between the
tungsten grains and matrix phase, two different
fracture criteria are adopted for the tungsten
grains and matrix phase. For the cleavage frac-
ture of tungsten grains, the fracture criterion is
expressed as :

q 2 9] (5)
where ¢ is the major principal stress, [ 7] is
the critical stress to fracture . For ductile fracture
of the matrix phase, however, the following
fracture criterion is adopted, that is

(6)
where g, &, & are the principal stresses. In
the course of calculation, the alloy is considered
to be fractured, when one of the fracture criteria
is satisfied at a certain point of tungsten grains or
matrix phase. The mechanical parameters for

calculation are listed in Table 1 .
Table 1  Mechanical parameters for

calculation! '’ !¢}

Elastic Poisson Yield Tensile Modulus of

modulus ratio strength strength hardening

/10° GPa /10* MPa10> MPa /10> MPa
Tungsten 4.1 0.27 8.0 11.0 3.0

Matrix

phase ”

2.0 0.31 5.0 9.1 1.5

* When a parameter of matrix phase is looked on as an
influence factor to be analyzed, its value is varying

3 RESULTS AND DISCUSSION

Under the above conditions , the macro me-
chanical properties of 90 W heavy alloy under
quasi-static tensile deformation and the effects of
microstructural parameters ( the mechanical
properties of the matrix phase and the tungsten
content) on them have been analyzed by comput-
er numerical simulation . Figs.3 ~ 6 show the imr

fluences of the mechanical parameters (elastic
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Fig.3 Mechanical properties of 90 W alloy

vs elastic modulus of matrix phase
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Fig .5 Mechanical properties of 90 W alloy

vs tensile strength of matrix phase

modulus , yield strength , tensile strength, mod-
ulus of hardening) of the matrix phase on the
macro- mechanical properties ( tensile strength
and elongation ) of the alloy. Fig.7 is the rela-
tion curves between the macro mechanical prop-
erties and the tungsten content. The tensile
strength of the alloy increases with the increase
of elastic modulus of the matrix phase , while the
clongation decreases . As the yield strength of the
matrix phase increases , the elongation of the al-
loy decreases linearly, however, the tensile
strength varies with a complicated pattern. The

vs hardening modulus of matrix phase
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Fig .7 Mechanical properties of tungsten

heavy alloys vs tungsten content

tensile strength of the alloy has a maximum at
the yield strength of the matrix phase 800 MPa .
When the yield strength of the matrix phase <
800 MPa, the tensile strength of the alloy goes
up with its increase, but an opposite variation
occurs when the yield strength of the matrix
phase >800 MPa. Both the tensile strength and
the elongation of 90 W alloy are found to increase
linearly with the increase of tensile strength of
the matrix phase , as shown in Fig.5 . It is gen-
erally believed that an increase in strength signi-
fies a decrease in ductility for com mon materials .
However, both the tensile strength and elonga-
tion in Fig .5 increase with the increase of tensile
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strength of the matrix phase. Because under the
conditions of definite yield strength , elastic mod-
ulus and modulus of hardening, the ductility of
the matrix increases with the increase of tensile
strength . In Fig .6, the tensile strength and e-
longation of 90 W alloy are found to be sensitive
about the hardening modulus of the
phase . When the hardening modulus of the ma-
trix phase <150 MPa, the tensile strength of the
alloy notably decreases with the increase of hard-
ening modulus, and the first fracture appears in
tungsten grains ; when the hardening modulus of
the matrix phase > 150 MPa, the tensile
strength of the alloy decreases slowly, and the

matrix

first fracture appears in the matrix phase in this
case. As the hardening modulus of the matrix
phase increases , the elongation of the alloy expo-
nentially decreases . In this case, the ductility of
the matrix phase decreases with the increase of
hardening modulus. The dependences of tensile
strength and elongation of the tungsten heavy al-
loys on the tungsten content are shown in Fig.7 .
The elongation of the alloys monotonically de-
creases with the increase of tungsten content,
while the decrease of tensile strength is not
monotonic. When the tungsten content <85 %,
the strength of tungsten heavy alloys increases
with the increase of tungsten content, while de-
creases when the tungsten content >85 % . The
maximum of tensile strength of the alloys ap-
pears at the tungsten content of 85 % . The
above results show that the binder phase with a
higher strength and a lower hardening modulus
is advantageous toobtaining an optimum combi-
nation of mechanical properties of tungsten heavy
alloys .

4 CONCLUSIONS

(1) As the elastic
strength of the matrix phase increase , the tensile
strength of the alloy increases , while the elonga-
tion decreases .

(2) Under the conditions of fixed mechani-
cal parameters except the tensile strength of ma-
trix phase , both the tensile strength and elonga-

modulus and yield

tion of the alloy increase linearly with the in-
crease of tensile strength of the matrix phase .

(3) The mechanical properties of the alloy
have a great sensitivity to the hardening modulus
of the matrix phase. As the hardening modulus
increases, both the tensile strength and elonga-
tion of the alloy exponentially decrease .

(4) When tungsten content > 85 %, the
tensile strength of tungsten heavy alloys decreas-
es obviously with the increase of the tungsten
content, while increases when tungsten content
<85 % . The tensile strength of the alloys has a
maximum at a tungsten content 85 % . The elon-
gation of the alloys monotonically decreases with
the increase of tungsten content .

(5) The binder phase
strength and a lower hardening modulus is ad

with a higher

vantageous to obtaining an optimum combination
of mechanical properties of tungsten heavy al-
loys .
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