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Abstract - A micromechanics study is made of the rate-dependent thermal softening behavior of a
tungsten matrix composite containing glassy particles. Under adiabatic compression of the
composite. the elastic glassy particles thermally soften at relatively high strains, enhancing the
thermal softening of the tungsten-based compositc. thus reducing the strain rate sensitivity and
fostering shear localization. To guide the microstructural design of the particle-modified tungsten-
based composite in penetration applications, systematic predictions are made for the stress-strain
behavior of the composite under overall adiabatic compression with different temperature-dependent
behaviors. sizes. volume fractions of the particle and different applied strain rares. The temperature-
dependent behavior of the particles is characterized by a set of exponential functions using two non-
dimensional parameters and a reference temperature. The plastic behavior of tungsten is taken to
be power-law strain and strain rate hardening. it is found that the radius r of the particles has very
little influence on the composite behavior if r < 10 um. It is also found that both the onset and the
rate of thermal softening of the composite depend critically on the apolied strain rate. Owing to
thermal softening of the glassy particles, the strain-rate sensitivity of the composite is reduced.
(¢ 1997 Elsevier Science Ltd.

1. INTRODUCTION

Dual-phase metal alloys such as depleted uranium (DU) and tungsten heavy alloys (WHA)
are used or being developed as penetrator materials in advanced anti-armor systems owing
to their attractive mechanical properties : high density. high strength and moderate ductility
(Magness and Farrand, 1990: Magness, 1992a: German. 1993). Under impact loading
conditions, both the penetrator and the armor materials undergo ultra-high-strain-rate
plastic deformation (Hohler and Stilp, 1990 Chin er «/.. 1993; Magness, 1994). High
hydrostatic pressure builds up on either side of the penetrator-armor interface. The defor-
mation process is very complex—the heat generated due to plastic work causes thermal
softening, perhaps leading to a dramatic change of material behavior within the head of
the penetrator (Magness. 1994). As illustrated schematically in Fig. 1, two quite different
deformation and failure modes have been observed. A penetrator made of U-3/4 Ti can
keep its “nose” sharp during penetration, apparently due to shear localization : this “self-
sharpening” mechanism results in a superior ballistic performance (Magness and Farrand,
1990). However, the application of DU as a penetrator material is very expensive. since the
material is toxic and thus requires a major clean-up effort, both during manufacturing and
after fielding. Considered as a possible alternative to the DU penetrator, WHASs consisting
of tungsten particles in a relatively softer matrix have densities and quasistatic strengths
similar to the DU alloys (Magness and Farrand. 1990: Magness. 1994). However, their
mechanical behavior at high strain rates is known to be different from that of DU (Magness.
1992b : Dunn and Baker, 1993). The tungsten heavy alloy penetrator often forms a “‘mush-
room” head during the penetration process (Fig. 1), resulting in an inefficient dissipation
of the kinetic energy and a loss of penetration depth (Magness, 1994).

There is some evidence suggesting that, for DU-alloy penetrators, shear localization
dictates the self-sharpening of the penetrator head (Magness, 1994). During penetration,
the DU alloy near the penetrator/armor interface undergoes thermal softening under shear ;
it then fails at relatively small strains. forming “chips’™ that flow back along the walls of
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Fig. 1. Schematic of deformation of the depleted uranium (DU) and tungsten heavy alloy (WHA)
penetrators during penetration.

the penetration tunnel and allow the projectile to penetrate more effectively. It appears that
low strain rate sensitivity, low thermal conductivity, high heat capacity and a high rate of
thermal softening contribute to the localized shear failure of DU alloys.

The lack of shear localization is believed to be responsible for the formation of a stable
mushroom-head in tungsten heavy alloys (Magness, 1994). During dynamic deformations,
the alloys demonstrate both strain hardening and strain rate hardening which, in com-
bination with the large strains and high strain rates associated with penetration, result in a
stabilizing mechanism with respect to shear localization (Rabin and German, 1988 ; Coates
and Ramesh, 1991 ; Zurek er al. 1992). Specifically, at high strain rates, the flow stress of
the alloy can be much higher than the quasi-static flow stress, thus the material becomes
much harder to flow in a large shear deformation zone which would otherwise form a
localized shear band. Further, a high hydrostatic pressure builds up during the penetration
process, shutting down failure mechanisms such as microcracking and voiding that may
also serve as initiators for localization. Consequently, a stable mushroom head is formed,
and the penetrator material flows back only after large plastic strain has occurred. leading
to a loss of penetration efficiency. In energy terms, this hypothesis is based on the premise
that (assuming frictional terms remain of the same order of magnitude) a KE penetrator
that undergoes localized deformations absorbs less of its kinetic energy in the plastic
deformation of the penetrator material, since the plastic work is localized within a smaller
volume. Thus more of the kinetic energy is available for processes that defeat the armor,
leading to improved ballistic performance.
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Fig. 2. Schematic of a tungsten-based composite composed of particle-modified tungsten grains
embedded in a relatively soft matrix.

To significantly enhance the thermal softening and reduce the strain rate hardening of
the tungsten heavy alloys. it is necessary to modify the pure tungsten phase. as it forms the
dominant fraction of a WHA. As proposed recently by Ramesh (1995}, a viable approach
is to develop a tungsten-based composite (WBC) system comprised of particle modified
tungsten grains embedded in a relatively soft matrix, as shown schematically in Fig. 2. The
particle phase, be it metal or ceramic. thermally softens and melts at a relatively low
temperature. Upon dynamic loading, both the tungsten phase and the matrix undergo large
plastic deformation. Most of the work done (~90%) by such a deformation is converted
to heat, elevating the temperature in the composite. causing thermal softening of the
particles. Consequently, the overall composite flow stress decreases with strain at large
strain rates, thus fostering the shear localization (Ramesh, 1995).

In order to realize the scenario just described for particle modified WBC, a number of
issues must be addressed. The first issue concerns the selection of the proper particle material
with desired thermal softening behavior. The second issue is the determination of optimal
size and volume fraction of the particles. The third pertains to whether the particle modified
WBC is indeed more susceptible to shear localization. The fourth issue is how to fabricate
the particle modified WBC that has good chemical bonding at the particle/tungsten inter-
face. Since the development of particle modified WBCs is still at its very early stage, the
design of the microstructural features of the WBC is critically important.

To address the above-mentioned issues and to guide the design of the advanced WBCs
for penetration applications, in this study, the rate-dependent stress-strain behavior of the
particle modified tungsten-based composite is predicted systematically using a micro-
mechanics approach. A survey is conducted first of the temperature-dependent elastic
behavior of a wide range of materials, including ceramics. metals and intermetallics. The
temperature-dependent elastic moduli of the particles are characterized by a set of exponent-
ial functions containing two non-dimensional parameters and a reference temperature.
Identified as a candidate particle material, the behavior of soda-lime glass is used as a
prototype in the modelling of the particles. Thermal softening of the composite under
overall adiabatic compression are quantified using an axisymmetric finite element cell model
with different temperature-dependent behaviors. sizes, volume fractions of the particle
phase and different applied strain rates. Trends in the composite rate-dependent thermal
softening behavior as determined by the controlling parameters are uncovered. The model
developed and the results generated can provide guidance to the microstructural design of
the particle modified tungsten-based composite in penetration applications.

2. THERMAL SOFTENING OF THE PARTICLE PHASE

The penetration application of the advanced WBC dictates the desired properties of
the particle phase. Ideally, the particle material should have high density, low melting



1566 P. R. LeDuc and G. Bao
400 —m—m——m——fF—r—Tr—7—+7rT—T—T— T

/(F L -
o 300 ~ Molybdenum I
G} ! ]
o [ NbgA) ]
2 ol -
o] 206 I Tantalum ]
= i ]
-U) i i
2 | CoSi, ]
3 100 F -
> I Niobium L
0 ] N n PRV | " n P n L " 1 L i N n ]
C 500 1000 1500 2000
Temperature (°K)
Fig. 3. Young's modulus vs temperature tor various materials.

temperature, low thermal conductivity and diffusivity, and sufficiently high stiffness at room
temperature. Thermal softening of the composite requires that the particle stiffness decays
at relatively low temperature. To identify such a material. the temperature-dependent
Young's moduli of several types of materials are investigated. including ceramics, heavy
metals, and intermetallics. Some of the results are suinmarized in Fig. 3.

The temperature at which the particle phase should be sufficiently soft can be estimated
as follows. Assume that 90% of the work done due to piastic deformation of tungsten is
converted to heai. Under adiabatic compression, the temperature change AT in tungsten
can be estimated using

0.9a¢
AT =% (1)

c.p

where o and ¢ are true stress and strain, respectively. p = 19250 kg m ™" is the density and
¢, = 132.5Jkg™" K 'is specific heat of tungsten. If the tungsten phase experiences a 70%
true strain during adiabatic compression with strain rate ¢ = 10° I/s, then the flow stress of
tungsten is approximately ¢ = 4 GPa. We thus have AT = 988 K. This implies that the
particle phase should be sufficient soft or melt at about 77~ 1000 K.

Most of the materials surveyed are found to be not suitable as the particle material to
modify tungsten (Syre, 1965 Parker, 1967; Rall et al.. 1976 ; Fukuhara and Abe, 1993;
Anton and Shah. 1994: Shackelford, 1995). As can be seen from Fig. 3, silicon carbide
(SiC) has Young’s modulus that does not drop much as the temperature increases up to
1606 K. Some other carbide and oxide ceramics exhibit a similar trend. Metals similar to
tungsten in the periodic table such as Molybdenum, Tantalum and Niobium have Young's
moduli decreasing with temperature in a significant fashion but their melting temperatures
are too high. Inter-metallics such as Nb;Al looks promising in that its Young's modulus
drops rapidly with temperature. However, even at 1500 K. it is still too stiff to significantly
reduce the flow behavior of tungsten at high strains.

Asa candidate particle matenal, soda-lime glass exhibits a significant decay in Young’s
modulus £ when temperature 7 is above 730 K : its melting temperature is at around
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Fig. 4. Young's modulus vs temperature for soda-lime glass.

1000 “K (Syre, 1965), as shown in Fig. 4. When embedded in tungsten, this remarkable
feature allows glass particles to thermally soften at relatively low strains and strain rates.
Although only about 1/6 of that of tungsten, the stiffness E, of soda-lime glass at room
temperature ( ~ 69 GPa) is acceptable. Further, the brittleness of glass at room temperature
may not be a concern in modifying tungsten due to the high hydrostatic pressure in the
WBC during penetration. The fabrication of a tungsten-based composite having uniformly
distributed glass particles in the tungsten grains is feasible ; the size and volume fraction of
the particles can be controlled (Nagle. 1995). Attention in this paper is thus restricted to
giassy particle materials such as soda-lime glass.

To mimic the thermal softening behavior of glass particles. a mathematical model is
developed to characterize the temperature-dependent elastic properties of the glass phase.
As a first-order approximation, the glass particles are taken to be homogeneous, isotropic
linear elastic: viscosity and nonlinearity of the glass at high temperatures are neglected.
Based on the behaviour of soda-lime glass shown in Fig. 4. the following exponential
formulae are employed to represent respectively Young's modulus and Poisson’s ratio of
the particle phase as a function of temperature 7 (in K)

X ST—TV
E(T) = E, eXp[_ka) } (2)

3)

; T— T\
\'(T):0.5—(0.5—\'(,)exp[—[f\< L }

r.)

where E, and v, are, respectively, Young’s modulus and Poisson’s ratio of the particles at
room temperature 7, =298 K, 7, is a reference temperature, and a, f§, a,, f, are non-
dimensional parameters. For any given glassy material, #, f and T, can be determined from
the £ vs T curve. For example, the behavior of soda-lime glass shown in Fig. 4 gives
a="T747, =372 T,=707 K. The determination of the parameters z, and 8, in (3) is
difficult since not much data is available for v(T). In general. %, > a. 8, > f should be taken
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to ensure that the particle phase becomes incompressible as it melts. This implies that
Poisson’s ratio v approaches 0.5 faster than the stiffness E approaches zero. Since thermal
softening of the particles is largely controlled by its stiffness E, in this study, we assume
that a, = «, i, = . Consequently, the bulk modulus remains finite as temperature T
becomes large. However, the effect of the resulting compressibility of the particles is very
small, as will become clear later. To further limit the number of variables, in all the
calculations performed, 7} in (2) and (3) was taken to be 707 “K.

The expressions for the temperature-dependent Young’s modulus E(7T) and Poisson’s
ratio v(T) given in (2) and (3) respectively can be used to simulate a wide range of particle
materials especially glass. Shown in Fig. Sa is the normalized Young's modulus £(T)/E, as
a function of the nondimensional temperature (T7—17,)/T, for § =3.72, a =2, 4, 6, 7.42
and 10. Clearly, at room temperature, E = E,; at melting temperature, £ = 0. The transition
between these two limits depends on the value of xz: a low « leads to an early onset of
softening and a smooth transition, while a high « gives the opposite. The influence of § on
E(T) is shown in Fig. 5b where curves of E(T')/E,vs (T—T,)/T, are displayed for x = 7.42,
f=1,2,3.72 and 6. Evidently, when f is large (e.g.. = 6), the rapid decay in E occurs at
a lower temperature. Roughly speaking, when f decreases, the £ vs T curve shifts to the
right, but the onset of softening remains almost unchanged. Similar trends are true for
Poisson’s ratio v(T), as can be seen from the functional forms of E(7) and w(T) given in
eqns (2) and (3).

3. THE MICROMECHANICAL CELL MODEL

With glassy particles embedded in the tungsten grains, the stress-strain behavior of a
tungsten based composite is expected to exhibit thermal softening at large strains. To
quantify the effect of thermal softening of the particles on the composite behavior, a
micromechanical cell model is developed to solve the coupled stress-heat transfer problem.
To gain insight, only pure tungsten grains containing glassy particles are considered in the
modeling. For convenience, in the rest of this paper, we denote the tungsten phase by
“matrix”. It is assumed that the particles are spherical, equal-sized, and uniformly dis-
tributed in the matrix. Consequently, the dual-phase, tungsten matrix/glass particle com-
posite can be represented by a unit cell composed of a single spherical particle embedded
in the matrix, as depicted in Fig. 6. The hexagonal cell is further approximated by a
cylindrical cell in order to form an axisymmetric cell model, which is computationally
advantageous (Bao ef al., 1991 ; Bao and Ramesh, 1993 ; Bao and Lin, 1996). The aspect
ratio of the cell is taken to be unity. The volume fraction of the particles f is taken to be
the ratio of the particle volume to the cell volume. The axisymmetric cell in Fig. 6 is
constrained such that the cylindrical surface remains cylindrical and the ends remain planar.
Under overall uniaxial compression, the average normal stress on the ends is &, and the
average normal tractions on the cylindrical surface and the shear tractions on the cylindrical
sides and the ends are zero.

Following Bao and Ramesh (1993), the quasi-static uniaxial stress-strain behavior of
the tungsten matrix is characterized by a Ramberg-Osgood type power-law relationship
between the quasi-static flow stress ¢, and the axial strain ¢

£=$+%fj] @

where g, =1 GPa is a reference stress. n = 11.75 is the stress exponent, a, = 0.132,
& = 0o/ E,,, with E,, = 400 GPa being Young’s modulus of pure tungsten. The strain-rate
hardening of the tungsten matrix is assumed to obey an over-stress model (Bao and Lin,
1996).
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where & is the plastic strain rate, &, = 10° s~ ' is a reference strain rate, and m = 0.18 is the
strain-rate hardening exponent (Zhou et al., 1994). Under high strain rate deformation, the
tungsten phase can exhibit substantial thermal softening (Zhou et al., 1994). However, to
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ig. 6. The unit cell model for a particle-modified tungsten matrix composite.

show more clearly the effect of thermal softening of the particles on the behavior of the
composiie, in this study, the eftect of thermal softening of tungsten is excluded.

Equations (4) and (5) can be combined to give a rate dependent Ramberg-Osgood
type stress-strain relation

c-ga ] (60)

where 6, 1s a new reference stress

SP\
5’1)200[14—(?) } (6b)
&

Note that the form of the stress-strain relation in (6a) is identical to that of a rate-
independeni Ramberg-Osgood material Emphasis in this study is placed on the composite
behavior at large strains; the effect of elastic strain rate on the composite behavior is
negligible. Thus, for a homogeneous matrix material, & ~ & where ¢ is the overall applied

strain rate, and
) 8 H
G:):U[l[]+<é) :| (6¢)
&0

[

can be used as the rate-dependent reference stress for the matrix material.

As described in more detail in the previous section, the particle matertal is taken to
be isotropic, linear elastic, with the temperature-dependent Young's modulus £(7) and
Poisson’s ratio v(7') given in (2) and (3). respectively. Since the possible debonding cracking
at the particle/matrix interface is likely to be suppressed by the high hydrostatic pressure
in the material during penetration, it is assumed that the interface is perfectly bonded.

To realize thermal softening of the particles during deformation, heat transfer from
the matrix to the particles must be considered in the analysis. For simplicity, the unit cell
shown in Fig. 6 1s assumed to be in an adiabatic state under uniaxial compression, although
heat conduction and temperature redistribution prevail both within and between the tung-
sten grains during penetration. Consequently, only heat transfer between the particle and
tungsten matrix is allowed ; the cylindrical surface and the two ends of the axisymmetric
unit cell are taken to be thermally insulated. This adiabatic assumption is reasonable since
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Table 1. Thermophysical properties ot tungsten and soda-lime glass

Density Specific heat Thermal conduct.
Material kgm Jkg K ! Wm 'K
Tungste 19250 132.5 178.0
Soda-lime glass 2470 754.0 §3.74

the time scale associated with the high rate of deformation only allows heat transfer to
occur locally, for example, from the matrix to the particles.

The heat transfer problem requires the specification of density p. specific heat ¢, and
thermal conductivity / for each phase ; the values of these material constants are compiled
in Table 1. In all the calculations performed, the inelastic heat fraction- - the fraction of the
plastic work that converted to heat—is taken to be 0.9.

The heat transfer problem defines an intrinsic length scale L,. To illustrate, consider
the equation of heat transfer

cT N
’7‘I\V’T: 0 (7)
&

where T(x, 1.z, 1) is the temperature distribution at time ¢, V* is the Laplace operator, and
K = £/pc, 1s the thermal diffusivity. The nondimensional form of eqn (7) introduces a
dimensionless parameter 5

/1
n= (8)
pc, Ly

which gives a thermal diffusion length scale L,

Ly= \// 9)

where # is taken to be unity. Note that in eqn (9). 1, is a time scale specific to the physical
process under study. Due to the existence of the intrinsic length scale L, the particle size
in the finite element cell model described above for the coupled stress-heat transfer problem
cannot be defined arbitrarily.

A finite element method was used to calculate the overall uniaxial stress-strain behavior
of the composite under adiabatic compression. The commercial finite element code
ABAQUS was employed to solve the nonlinear. coupled stress-heat transfer boundary
value problems for the axisymmetric cell, using 8-noded biquadratic elements. Due to
symmetry, only half of the unit cell needs to be discretized. A typical finite element mesh is
shown in Fig. 7. In calculating the stress-strain curve of the composite, the upper surface
of the unit cell is constrained to have the same displacement in the z-direction. A dis-
placement u. of the upper surface is then applied according to the desired overall strain and
strain rate. The overall stress of the composite is obtained by dividing the reaction force F
at the upper surface with the surface area 4. The stress-strain curves were computed
incrementaily with a fixed overall strain rate £/é, and a fixed strain increment Ag/e,. Typically,
at least 200 increments were taken to calculate each curve for true strains & up to 190%
(applied nominal strain up to 85%). For convenience, in the finite element analysis, the
units used for length, force. time and temperature are respectively micron (10~ % m), milli-
newton (10~ N). micresecond (10¢ <), and degree Felvin ( K).
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Fig. 7. A typical finite element mesh for the axisymmetric unit cell representing a particle-modified
tungsten matrix composite.

4. THERMAL SOFTENING OF COMPOSITE

To aid the microstructural design of particle-modified tungsten-based composites,
predictions are made for the overall stress-strain behavior of the composite under adiabatic
compression. Shown in Fig. 8 is the overall flow stress as a function of true strain under
applied strain rate ¢/¢, = 1.0 for pure tungsten, and tungsten matrix composites containing
respectively non-softening particles, glassy particles and incompressible pores. The volume
fraction and radius of the particles are taken to be /= 0.1 and » = 0.5 um, respectively.
The parameters characterizing thermal softening of the particles are taken as o = 7.47,
f = 3.72. As demonstrated in Fig. 8, the deformation of the composite has three stages. (1)
When the overall strains g are small, the temperature increase AT in the tungsten phase is
not high enough to cause particle softening; the glass particles behave elastically. The
composite stress-strain behavior is identical to that of a tungsten matrix composite
reinforced with elastic particles. (2) When Z is large, the heat generated in tungsten is
transferred to the glass particles, causing them to soften ; the composite overall flow stress
decreases with strain until the particles are completely melted. (3) With further increase of
the overall strain, the stress-strain behavior is identical to that of a tungsten matrix com-
posite containing incompressible pores (Bao, 1996). Obviously, due to plastic deformation,
temperature in the glass particle modified tungsten matrix composite increases with the
overall strain &, as illustrated by Fig. 9.

The stress-strain behavior of glass-particle modified tungsten composite (WBC) shown
in Fig. 8 has important implications. Compared with pure tungsten, the WBC can have a
much lower flow stress at large strains and strain rates, thus fostering the shear localization.
Further, the higher flow stress at low strains may reduce the overall deformation of the
penetrator head, giving rise to a smaller head and leaving more kinetic energy to defeat the
armor. Finally, the molten glass particles may also serve as the initiation sites for localized
shear bands.

When the particles are fully melted, they can be taken as incompressible fluid with no
resistance to shear deformation. As uncovered recently by Bao (1996) in studying the rate
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Fig. 9. Temperature in the glass particle modified tungsten matrix composite as a function of true
strain. The temperature increase is due to plastic deformation in tungsten; 90% of the plastic work
is converted to heat.

dependent behavior of metal matrix composites containing incompressible spherical pores,
within a few percent error, the stress & vs strain & curve of the composite under uniaxial
tension or compression can be described by
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z G E+ <(7 I)” (10)
R R i
& G’(‘] Bm ’ O‘:‘) d)
where
¢ = exp(— 1.5634f) (11)

represents the reduction in composite flow stress due to the pores,

(-

= (12)
1+(1-1) b, z’_""\”
‘ Em ) 1+"()/

is the composite Young's modulus £ normalized by that of the matrix E,, (Christensen,
1991), f'is the volume fraction of the particles (pores). Poisson’s ratio of the matrix is taken
to be that of the particles at room-temperature. v,. The parameters %, & and » in (10) are
the same as those of the matrix material given in (6a) : the reference stress g}, is that defined
in (6c). As demonstrated by the curves in Fig. 8, the stress-strain behavior given by the
analytical formula in (10) is almost identical to the finite element results at large strains.
This implies that the effect of the compressibility of the particles at high temperatures as a
result of taking o, = «, ., = f in (3) is negligible. since the formula given in (10) is based
on the behavior of a composite containing incompressible pores. In the rest of this paper,
the composite behavior characterized by (10) is referred to as the “limiting behavior™.

The thermai softening behavior of the tungsten-based composite depends on the
applied strain rate &, and the softening behavior (in terms of x and f). volume fraction f
and radius r of the glass particles. To uncover the relative roles of each of these five
parameters, their values are varied systematically in the finite element calculations. Dis-
played in Fig. 10 are curves of the normalized composite flow stress 7/gj vs true strain for
f=01,r=05um, x =747, = 3.72 for applied strain rates &¢, = 0.001, 0.01. 0.1, 1.0
and 5.0. It is seen that thermal softening occurs early and develops fast when the strain rate
is high; the opposite is true when the strain rate is low. The applied strain & at which the
particles become completely “melted” (i.e.. become incompressible pores) increases with
decreasing strain rate. Note that for strains & > .., all the §/07, versus true strain curves with
different strain rates follow the same limiting curve.

As mentioned earlier. the heat-transfer problem defines an intrinsic length scale L,
given in (9). Thus, in general, the composite thermal softening behavior changes with
particle size. If the time scale for the formation of localized shear band during penetration
is taken to be 10 us, then for pure tungsten L, = 26.4 um. It is therefore reasonable to
believe that for particle sizes much less than L,, the size effect is negligible. Figure 11 shows
the stress-strain curves of a composite with f=0.1, x = 7.47, f = 3.72, &/¢, = 1.0 with
particle radius » = 0.2, 0.5, 1.0, 2.0, 5.0, 10.0 and 20.0 um. Indeed the effect of particle size
is negligible for r < 5 um ; the stress-strain curves are almost identical for 0.2 yum < r <
2.0 um. For a composite with different particle volume fractions and subjected to different
applied strain rates, it is anticipated that the size effect remains roughly the same as that
shown in Fig. 11. For composites with particle radius » = 10.0 um. attempts have been
made unsuccessfully to calculate the complete stress-strain curves due to severe numerical
problems. Since in most tungsten heavy alloys the grain size is less than 100 um, the radius
of the glass particles is expected to be less than 10 gm. Thus, the range of the particle radius
covered in Fig. 11 is sufficiently large.

The effect of different particle thermal softening behaviors on the overall rate-depen-
dent behavior of the composite is examined by changing the non-dimensional parameters
x and fin eqns (2) and (3). Displayed in Fig. 12a are stress-strain curves of the composite
with /=01, r =05 um, £ & = 1.0, B = 3.72 with « = 2, 4, 6, 7.47 and 10 (note that for
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Fig. 10. Normalized composite flow stress vs true strain for a glass particle modified tungsten
composite with f'= 0.1.r = 0.5 um. x = 7.47. § = 3.72 with different applied strain rates &/, = 0.001.
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Fig. 11. Normalized composite flow stress vs true strain for a glass particle modified tungsten
composite with /'= 0.1, ¢4, = 1.0, x = 7.47, § = 3.72 with different particle radii » = 0.2. 0.5. 2.0
and 5.0 pm.
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Fig. 12. Normalized composite flow stress vs true strain for a glass particle modified tungsten
composite with /= 0.1, r = 0.5 ym. /¢, = 1.0 with (a) x = 2.0, 4.0, 6.0, 7.47, 10.0 and with (b)
£ =1.0.2.0.3.72,6.0.

soda-lime glass, x = 7.47, § = 3.72). Evidently, the value of z influences both the onset and
the rate of thermal softening: a low of « (e.g., » = 2) gives rise to a more gradual and an
early onset of thermal softening, while with a large x thermal softening of the composite
occurs late and more abruptly. The maximum composite flow stress is seen to increase with
a. The effect of changing f is shown in Fig. 12b in which the normalized composite flow
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stress 6/ay 1s plotted as a function of the true strain & for f'= 0.1, r = 0.5 um, &/, = 1.0,
a =747 for f=1.0,2.0,3.72 and 6.0. The onset of thermal softening of the composite is
essentially independent of f#; however, when f is smaller. the thermal softening process
spans over a larger range of strains, as demonstrated by Fig. 12b.

For a glass particle modified tungsten-based composite, the particle volume fraction f
is an important controlling parameter for the following reasons. First, f can be well
controlled in fabricating the composite. Second, the rate-dependent stress-strain behavior
changes with f. Finally, the density of the composite decreases with increasing f, which is
an important issue for a kinetic energy penetrator. To guide the composite microstructural
design, stress-strain curves of the composite are calculated for particle volume fractions
0.05 < £ < 0.25 for different applied strain rates. Displayed in Fig. 13a are the &/o}, vs &
curves of the composite for r = 0.5 um, 2 = 7.47, for § = 3.72, &/¢, = 0.01 for f = 0.0, 0.05.
0.1.0.15,0.2,0.25. [t is clear that, compared with the stress-strain behavior of pure tungsten,
a high particle volume fraction (e.g., f = 0.25) can give rise to a much higher composite
flow stress before softening, and a much lower flow stress after the particles are melted.
Note that the limiting behavior of the composite is also dependent on the particle volume
fraction. For penetration applications, the optimal particle volume fraction is dictated by
two competing trends : a high particle volume fraction can lead to the desired stress-strain
behavior of the composite but at the same time significantly reduce the density of the
composite (and therefore the kinetic energy of the penetrator). The stress-strain curves of
the composite with the same set of material parameters but with a different applied strain
rate £/, = 1.0 are shown in Fig. 13b. The general trends are similar to that shown in Fig.
13a. However. with a larger strain rate, the transition of the composite flow behavior from
strengthening to softening occurs earlier and more abruptly.

Displayed in Fig. 14a is the composite flow stress as a function of the overall strain
rate for a composite containing glass particles with r = 0.5 um, 2 = 7.47. f = 3.72, /= 0.05,
0.1, 0.15, 0.2 and 0.25. The flow stresses of the composite are taken at the true strain
g = 1.05. Clearly, thermal softening of the glass particles reduces the strain-rate sensitivity
of the tungsten-based composite. The reduction in strain-rate sensitivity depends on the
particle volume fraction, as might be expected. When the overall strains are large (e.g..
g = 1.6), the composite strain-rate sensitivity does not change much relative to that of
tungsten for 0.01 < /&, < 5.0, ascan be seen {rom Fig. 14b. Specifically, for 0.05 < £ < 0.25,
the increase in composite flow stress Ag corresponding 10 an increase in strain rate A¢ is
roughly the same as that of the tungsten matrix. This is due to the fact that at such a large
strain the particles are fully melted over this range of strain rates.

5. CONCLUDING REMARKS

To improve the ballistic performance of the tungsten heavy alloy penetrators, an
advanced tungsten-based composite (WBC) system composed of particle-modified tungsten
grains embedded in a softer matrix is being developed. This new WBC material has the
potential to possess better thermophysical properties such as a lower strain rate sensitivity
and an enhanced susceptibility to shear localization. To help in realizing this potential, a
micromechanics study is made of the thermal softening behavior of the composite. Specifi-
cally, the stress-strain curves of the composite under overall adiabatic compression are
predicted using an axisymmetric finite element cell model with different temperature-depen-
dent behaviors, sizes, volume fractions of the particle under different applied strain rates.
Trends in the composite rate-dependent thermal softening behavior as determined by the
controlling parameters are uncovered.

In designing the composition and microstructure of a particle-modified tungsten-based
composite for penetration applications, it is necessary to chose the proper particle material
that gives the desired thermomechanical behavior of the composite. Based on a survey of
the temperature-dependent elastic behavior of a wide range of materials, the soda-lime
glass is identified as a candidate particle material. A mathematical model is developed to
describe the temperature dependence of Young's modulus and Poisson’s ratio of the particle
phase in terms of two nondimensional parameters x and f§ and a reference temperature T,,.



1578 P. R. LeDuc and G. Bao

(a) 2.5 v T T T T T T T T T T T T T T T T Y
i £/65=0.01 7

Normalized Flow Stress, G/ o,

1 F i
0 5 [ 4 N N N 1 : N N " 1 N " " i 1 " A M "
0 0.5 1 1.5 2
{b) True Strain, €
2.5 — ] —
i E/Eo=10
NS 1
S~ .
o _
R f=0.00
@ 0.05 ]
o . |
5 0.10 1
> 0.15 1
@) 0.20 .
TS 0.25 ;
'U -
O |
N
‘a e
E -
|-
o -
< w
4
05 L i 1 " 1 N i N 1 1 M 2 " 1 1 " M i L
0 0.5 1 1.5 2

True Strain, €

Fig. 13. Normalized composite flow stress vs true strain for a glass particle modified tungsten
composite with r = 0.5 um, « = 7.47, # = 3.72 with different particle volume fractions f = 0.0, 0.03,
0.1, 0.15, 0.2 and 0.25 under applied strain rate (a) ¢/&, = 0.0l and (b) &/&, = 1.0.

It is possible that materials other than glass can be used as the particle material ; the model
developed in this paper can be used for those materials as well.

For a given particle material, the composite rate-dependent thermal softening behavior
depends on particle size, shape, volume fraction and distribution. To gain insight, in this
study, it is assumed that particles are spherical and uniformly distributed although in reality
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Fig. 14. Composite flow stress as a function of the applied strain rate for a glass particle modified
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the particle shape can be very irregular. It is further assumed that the particles are isotropic
linear elastic; viscosity of the particles at high temperatures is neglected. It is anticipated
that the viscous behavior of the particles can have some influence on the rate-dependent
softening of the composite. The magnitude of the influence remains to be seen.
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An important parameter in the development and application of the particle modified
WBCs is the particle volume fraction f. A relatively large f can lead to a very high flow
stress at small strains and a very low flow stress at large strains compared with that of
tungsten. The cost of this desired stress-strain behavior is the reduction of composite
density. which is critical for kinetic energy penetrators. The optimal particle volume fraction
is likely to depend on the velocity of the penetrator as well as the armor material; its
identification falls out of the scope of the present study. However. the predictions for stress-
strain behavior of the composite shown in Figs 13 and 14 can provide useful guidance for
the initial selection of particle volume fraction.

Of the five controlling parameters studied. the radius r of the particles has very little
influence on the composite behavior if » < 10 um. The particle volume fraction f dictates
the effects of both strengthening at small strains and thermal softening at large strains due
to the glassy particles. The effects of the nondimensional parameters x and f characterizing
the thermal softening behavior of the particles are as follows: « affects the onset and the
rate of thermal softening, while § controls the transition strain range from non-softening
to complete softening. The applied overall strain rate &/, also affects both the onset and
the rate of thermal softening: a large strain rate leads to an early onset and more abrupt
thermal softening, while a small strain rate gives rise to the opposite. In general. owing to
thermal softening of the glassy particles, the strain-rate sensitivity of the composite is
reduced.

Considered in this study is the stress-strain behavior of a glass particle-modified
tungsten-based composite (WBC) under uniaxial compression. However, during
penetration. there is a high hydrostatic pressure present in the penetrator material due to
lateral confinement. The effect of this hydrostatic compressive stress on thermal softening
of the WBC is likely to be negligible, since the temperature increase in the WBC is owing
to the plastic deformation of tungsten which is essentially independent of the hydrostatic
pressure according to the J, flow theory (Hill. 1950).

In predicting the stress-strain behavior of the WBC, a few simplifications of the
composite material have been made. For example. the “matrix” phase in a usual tungsten
heavy alloy is excluded in the cell model: viscosity of the glass particles and thermal
softening of the pure tungsten phase are neglected. These simplifications have allowed us
to quantify the effect of thermal softening of the glass particles on the stress-strain behavior
of the tungsten matrix composite. However, in order to predict the true behavior of the
particle-modified tungsten-based composite. thermal softening of the pure tungsten phase
and the “matrix” material (e.g., W-Ni-Fe) must be included in the model. Further, to
validate the model predictions. the particle-modified WBC needs to be fabricated, and high
strain rate experiments need to be performed. All of these studies are well under way, and
the results will be reported subsequently.
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