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Abstract

Using melt infiltration casting a composite (W-BMG) of Zry; »5Ti13.75Ni;0Cuys 5Bess s bulk metallic glass reinforced with tungsten
wires has been produced and its quasi-static and dynamic deformations are investigated within the strain rates ranging from 1x 10~
to 2x10*s™". The lengthwise frozen-in stress of the composite during the fabrication process is also calculated. The quasi-static
stress—strain behavior is discussed in detail in light of the observation of the appearances of the specimens. The study reveals that the
strain rate sensitivity exponent of 0.022 of the W-BMG composite is half that of the monolithic tungsten, which is a result of the fro-

zen-in stress.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMGs) have shown a great poten-
tial to be used as structural materials due to their unique
properties such as extremely high strength, high hardness
and good toughness [1-5]. However, monolithic BMGs
always fail catastrophically along narrow shear bands
when loaded in tension or compression. They usually exhi-
bit very limited plasticity before fracture. The development
of BMG matrix composites opens new prospects for appli-
cation of BMGs in modern industries [6—10]. Unlike mono-
lithic BMGs, these composites can undergo substantial
plastic deformation in compression [11-13]. Among vari-
ous BMGS, Zr41.25Ti13.75Ni10Cu12.5B622,5 BMG has
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received the most attentions for its superior glass forming
ability and mechanical properties [14,15]. Especially, own-
ing to its desirable properties including localized shear
bands (resulting in self-sharpening behavior) and the high
density, Zr41_25Ti13_75Ni10Cu12,5B622.5 BMG composite
enhanced by tungsten wires has attracted widespread atten-
tion [11] which leads to important applications in the field
of engineering materials such as kinetic energy penetrators
and some engineering materials subjected to a dynamic
deformation condition [6,11,16]. In general, split Hopkin-
son pressure bar (SHPB) is a usual technique to investigate
materials’ deformation behavior under high strain rate
condition [17-21]. So far, although ballistic tests have been
used to study the dynamic deformation of the BMG com-
posites [6,16], SHPB technique has not been employed to
investigate the deformation behavior of the W-BMG
composite. In this paper, we study the compressive defor-
mation behaviors of the tungsten wires-Zr4j »5T113 75Nijo-
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Cup,5Besr s BMG composite both under the quasi-static
condition and under the high strain rate condition.

2. Experimental process

In this section details of the experimental procedure and
the dimensions of the specimens are described. Zry »s
Tiy3.75Ni;9Cup, 5Bess s alloy ingots were prepared by arc
melting a mixture of pure metal elements in a titanium-get-
tered argon atmosphere followed by suction into a copper
mould to form BMG rod samples with a diameter of 5 mm
and a length of 70 mm. Unidirectional tungsten wires with
a diameter of 1 mm were then cut into 70 mm (length) and
degreased by ultrasonic cleaning in a bath of acetone fol-
lowed by the same procedure in a bath of ethanol. The melt
infiltration casting [22] was used to manufacture the W-
BMG composite. A schematic drawing of the apparatus
is shown in Fig. 1. The tungsten wires were placed in the
sealed end of a quartz tube with an inner diameter of
7 mm. A necked tube was set up about 10 mm above the
tungsten wires, and then the BMG ingot was inserted in
the tube above the neck. The necked tube is necessary to
minimize premature contact between the BMG melt and
the tungsten wires to prevent excessive reaction. Prior to
heating, the tube was evacuated and then purged with
argon gas. The assembly of tube was heated to approxi-
mately 1127 K, which is higher than the liquidus tempera-
ture of the BMG, and then held for 10 min to allow the
BMG to melt completely. After that, the argon gas with
a positive pressure of 0.24 MPa was applied to push the
BMG melt to infiltrate through the bundle of the tungsten
wires and the pressure was maintained for 20 min. Then the
assembly of tube was quickly removed from the furnace
and quenched in brine (8 wt% NaCl/H,O solution). The
W-BMG composite samples have a dimension of ¢
7 x 60 mm and contain 68% tungsten wires by volume frac-
tion. For reference, ideal close packing of parallel rods
reaches volume fraction close to 91%.

To vacuum pump
Quartz tube ———>¢

Three-way switching valve

o O To argon supply
O Ingot of the BMG
(©) ©)
< Tungsten wires
O ©)
O Y (O¢——— Heating device

Fig. 1. Skeleton drawing of the set-up for melt infiltration casting.

The W-BMG specimens with a dimension of ¢7 x
14 mm and the BMG specimens with a dimension of ¢
5x 10 mm for compressive tests were fabricated by means
of electrical discharge machining. These specimens were
then used to perform quasi-static compressive tests under
an Instron 5500R1186 machine with the strain rates rang-
ing from 1 x 107 to 8 x 10~* s~ and dynamic compressive
tests with a SHPB machine at a dynamic strain rate of
2x10*s™'. The principal of the SHPB test has been
described in Ref. [21]. A digital camera and a micrometer
were used to record the appearances and dimensions of
the specimens subjected to quasi-static compressive tests,
respectively. The microstructure of the as-prepared
W-BMG composite was observed by scanning electron
microscope (SEM). The SEM observations were performed
on a Cambridge STEREOSCAN 360 SEM to examine the
as-prepared structure of the composite.

3. Results
3.1. Structure determination

The compactability of the W-BMG composite can be
observed in Fig. 2 which shows the SEM cross-section
micrographs of the W-BMG composite. The cross-section
shows nearly close packed tungsten wires in the BMG
matrix [see Fig. 2(a)]. A higher magnification of the

Fig. 2. Back scattered SEM images of the W-BMG composite. (a) cross-
section micrograph; (b) interface micrograph between the tungsten wire
and the BMG matrix.
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interfacial region between the tungsten wire and the BMG
matrix is shown in Fig. 2(b), from which some particles
with grey contrast can be observed to be dispersed in the
BMG matrix. These observations indicate that some crys-
talline phases precipitate from the BMG matrix, which
were also reported in [7]. The volume fraction of the crys-
talline phase is estimated to be approximately 21%. The
crystalline phase is likely to be Zr,Cu according to energy
dispersive X-ray (EDX) spectrum analysis and our previ-
ous experiments [23].

3.2. Compressive deformations

Quasi-static compressive tests were carried out on both
monolithic BMG and W-BMG composite samples,
repeated five times to exclude occasional effects in stress—
strain behavior. As shown in Fig. 3, the monolithic BMG
shows a perfect elastic deformation when the strain is less
than 0.021, followed by a yielding plateau until the plastic
strain reaches 0.03. The yield strength and fracture strength
of the monolithic BMG are found to be 1817 and
1880 MPa, respectively. It is also found from Fig. 3 that
the W-BMG composite shows a different stress—strain
behavior exhibiting a much wider yielding plateau. The
yield stress of the W-BMG composite of 1087 MPa is much
lower than that of the pure BMG. The Young’s modulus of
the composite is 312 GPa, whereas Young’s modulus of the
BMG is 96 GPa. As the stress increases to 1817 MPa, the
stress—strain curve shows a yielding plateau. With further
increase of plastic strain, a weak strain hardening appears.
The stress slightly increases to a maximum value of
2003 MPa and then fracture occurs. The maximum strain
values of the monolithic BMG and the W-BMG composite
are 0.03 and 0.14, respectively. The quasi-static compres-
sive tests confirm that, although the tungsten reinforcement
does not improve the strength, the plastic strain is pro-
moted more than four times as compared with that of
the monolithic BMG.
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Fig. 3. Quasi-static compressive stress—strain behaviors of the monolithic
BMG and the W-BMG composite.

The dynamic compressive tests for the W-BMG were
carried out at a strain rate of 2x 10%> s™! and the measure-
ments were repeated ten times to minimize random effects.
A representative dynamic compressive stress—strain curve is
shown in Fig. 4. Typically, in all dynamic tests a yield peak
appears before general yielding, i.e., the stress increases at
first to 2700 + 44 MPa and then reduces to 2660 + 38 MPa
along with a small increase in strain. The initial ‘elastic’
deformation stage of the stress—strain curve shows a non-
linear behavior because SHPB is known to have some sys-
tem errors [18]. When the stress drops to 2660 + 38 MPa, a
stress plateau appears. As the strain approaches approxi-
mately 0.04, the stress drops abruptly. Compared with
the quasi-static compressive deformation, the dynamic
compressive deformation of the W-BMG composite shows
a higher compressive strength, a lower plastic strain and a
distinct yield peak on the stress—strain curve.

3.3. Damage modes

To understand the effect of quasi-static load on defor-
mation behavior of W-BMG composite, observation of
the specimen appearances during the compressive deforma-
tion was carried out. The appearances corresponding to the
deformation stages A, B and C, as indicated in the stress—
strain curve [see Fig. 5(a)], are shown in Figs. 5(b), (c) and
(d), respectively. In stage A, the deformation exhibits elas-
tic behavior. The appearance and dimension of the speci-
men do not change with the removal of the load [see
Fig. 5(b)]. When the strain reaches the yielding plateau,
i.e., stage B, the stress—strain behavior shows an apprecia-
ble plastic strain, yet the specimen does not show any obvi-
ous difference in its appearance [see Fig. 5(c)]. Although the
gauge length of the specimen deformed at stage B is slightly
shortened, buckling of the tungsten wires does not occur on
macroscale. Further observing the cross-section of the
specimen deformed in stage B by SEM, many microcracks
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Fig. 4. Dynamic compressive stress—strain curve of the W-BMG com-
posite (6 =2 x 10°s7").
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Fig. 5. W-BMG composite appearances during quasi-static compressive deformation. (a) three deformation stages A, B and C, marked in quasi-static
stress—strain curve; (b), (c) and (d) appearances of the W-BMG composite deformed in stages A, B and C.

are visible in the BMG matrix, forming a chap pattern as
shown in Fig. 6. In stage C, where the stress is close to
the maximum yielding stress, buckling occurs in the tung-
sten wires [see Fig. 5(d)]. It is conjectured that the yielding
plateau is a buckling process of the tungsten wires which
result in the weak strain hardening.

The appearances of the W-BMG composite samples
deformed upon both quasi-static and dynamic loads are
shown in Fig. 7. It can be seen that the tungsten wires in
the composite subjected to quasi-static load show a serious
buckling deformation until breakdown [see Fig. 7(a)]. For
dynamic load, the tungsten wires in the W-BMG composite
exhibit s-type warping [see Fig. 7(b)]. Some longitudinal
cracks appear on the surface of the composite sample. It
can be rationally supposed that the stress plateau after
the yield peak corresponds to the tungsten wires warping.
The difference in damage behavior of the tungsten wires,
1.e., the buckling and warping, is the possible reason result-
ing in the different plastic strains between the quasi-static
deformation and dynamic deformation.

Fig. 6. SEM cross-section image of the W-BMG composite in stage B
during quasi-static compressive deformation.

Fig. 7. Overview on the compressive deformation of W-BMG composites
under various deformation conditions. (a) quasi-static deformation; (b)
dynamic deformation.

4. Discussions

In the elastic deformation stage both BMG matrix and
tungsten wires behave as elastic materials. In this region
the composite responds with increased elasticity due to
the combined effect of the two metals. We calculate
Young’s modulus of the composite using the rule of
mixtures:

E.=EnV, +EfVe = 310GP8., (1)

where E,,, and E;are Young’s moduli of the BMG and tung-
sten, respectively (E,, = 96 GPa, E; = 410 GPa, see Table 1);
Vi and Vrare their volume fractions. This calculation is cor-
roborated by the stress—strain results shown in Fig. 3. When
the load is removed, the dimensions of the W-BMG compos-
ite almost return to their original values [cf. Fig. 5(b)].

For the strain hardening deformation stage [from A to
B, see Fig. 5(a)], we must consider the effects involved in
fabricating the composite samples and the resulting fro-
zen-in stresses due to differential thermal shrinkage. To cal-
culate the frozen-in stresses, we assume that on cooling
from the infiltration temperature the composite becomes
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Table 1
Physical properties of the BMG and tungsten [11]

Tungsten Zr41_25Ti13,75Ni10
Cu12_5B622A5 BMG

Poisson’s ratio, v 0.28 0.36
Ultimate strength, 2350 1880

o, (MPa)
Tensile yield strength, 1700 1817

oy (MPa)
Tensile strain to fracture, ¢ 0.019 0.02
Thermal expansion 4.5 8.5

coefficient, o (107%/K)
Young’s modulus, 410 96

E (GPa)

a unified solid at the glass transition temperature of the
BMG. If it is cooled further down to room temperature,
the two adherent metallic phases, with different thermal
expansion coefficients, experience different thermal shrink-
age rates (see Table 1). To estimate the magnitude of the
frozen-in stresses, we proceed as follows:

(1) First, assume that the BMG matrix and the tungsten
wires are not adhering to each other. Then the lengthwise
contraction and final length in the BMG matrix is given by:

ALm :LTgXMmXAT—)Lm :Lrg[l—o(mATL (2)

and the corresponding thermal shrinkage in the tungsten
wires is:

ALf:LTg XOCfXAT—>Lf :LTg[l—OCfAT], (3)

where Ly, is the length of the composite sample at the glass
transition temperature; L, and L; are respectively the
lengths of the BMG matrix and the tungsten wires at room
temperature under the assumption of free shrinkage (no
adhesion); o, and oy are the thermal expansion coefficients
of the BMG matrix and tungsten, respectively. Assuming
that AT =380 K for the temperature difference [11] and
using the values of the coefficients of thermal expansion
in Table 1, the ratio R is estimated as:

Ly, 1—o0,AT

_L_f: l*OCfAT

(2) Next, apply longitudinal forces, F/, and F}, to the
BMG matrix and the tungsten wires, respectively, such
that:

L;n :L,fa (5)

= 0.998. 4)

where L and L{ are the new lengths of BMG matrix and
the tungsten wires, respectively. Then the strains in the
BMG matrix and the tungsten wires are given by:

{sm::<Lm-—z4J/Lm.

b = (L~ L)Ly ©)

(3) Now, the matrix and the wires are made to adhere,
and the external forces are removed. The two phases react
against each other, and reach equilibrium when:

_Ume :O-Fny (7)

where o,, and oy are the stresses in the BMG matrix and the
tungsten wire phase, respectively, and V;, and V; are the
corresponding area (volume) fractions. Using Hooke’s
law, the following relationships can be derived for the
strains:

e — Em+Er(Ve/Vim) 1

M B +-Ee(Ve/Vm)R ’ (8)
& = Er+Enm(Vm/Vr) _ 1

f

- Et+Em(Vim/V)(1/R)

Taking the appropriate values from Table 1, and noting
that V,, + V; =1, the strains are calculated as below:
em = 1.80 x 107,
4 )
g =-—198 x 107",

(4) Finally, Assuming these values to be the strains in
the composite samples when cooling from glass transition
temperature to room temperature, the corresponding fro-
zen-in stresses are obtained:

0m = Enéen = 173 MPa,
(10)

oy = Erer =2 —81.2 MPa.

The calculation shows that the matrix contains tensile
frozen-in stresses and the wires are subjected to compres-
sive frozen-in stresses in the longitudinal direction. The
above calculation does not take into account any relaxa-
tion of the stresses in the matrix or any interfacial slip
between the BMG matrix and the tungsten wires.

It is more difficult to calculate the frozen-in stresses and
strains in the transverse direction due to the complexity of
the microstructure. As is evident in Fig. 2(a), the tungsten
wires are essentially in contact with each other, so the iso-
lated pools of the BMG matrix are confined and restricted.
Differential thermal shrinkage should result in transverse,
tensile frozen-in stresses in the matrix of a magnitude
which is similar to that calculated above for the longitudi-
nal direction. Therefore, the BMG matrix appears to be in
a state of tri-axial tension. The adhesion between the
matrix and the wires appears to be strong enough so that
no decohesion is observed at the interface [Fig. 2(b)].

As the W-BMG composite is subjected to a uniaxial
compression, the first sign of non-linear behavior appears
at a stress level being approximately a half of the compres-
sive strength. In this deformation stage (from A to B),
cracking in the BMG matrix (cf. Fig. 6) suggests that slight
barrelling of the specimens occurs although buckling of
tungsten wires in the macroscale cannot be observed. Plas-
ticity in monolithic BMG is very limited (cf. Fig. 3). In view
of these observations, our interpretation of the stress—
strain behavior in the stage from A to B is as follows. When
the stress level reaches point A, most of the compressive
load is carried by the tungsten wires because of its higher
volume fraction (68%), higher elastic modulus, and also
because of the existence of the compressive frozen-in stress
(—81.2 MPa) as opposed to the tensile stress in the matrix
(173 MPa). The calculated buckling stress for tungsten
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wire, assuming the wires having unrestricted, freely rotat-
able ends, is estimated from Euler’s formula:

1'[2 Efd2
—X——21 MPa. 11
6 300 MPa (11)

Ocr =

The outer wires in the composite are not supported later-
ally and therefore they may start buckling at or around
point A of Fig. 3, at which the value of stress is lower than
o.r. After the wires are buckled, the BMG matrix should be
squeezed and some cracks appear (cf. Fig. 6), which in turn
relieves stress and weakens lateral support for the next
layer of wires. As such, the stress does not linearly increase
with strain in the A-B region. In contrast, the wires close to
the center of the W-BMG composite are fully supported by
the BMG matrix and require much higher buckling load to
give way even though the crack appears on this BMG ma-
trix. Therefore, the stress increases to a level of 1871 MPa,
i.e. point B of Fig. 3, in which the decreasing load carried
by the buckled wires balance the increasing load carried by
the as yet un-buckled wires. The outer ring of damage is
gradually growing towards the center, finally reaching its
limits at a strain of approximately 0.14 [cf. Fig. 5(a)], be-
yond which a total collapse and disintegration of the com-
posite occur.

It can be assumed that the dynamic compression of the
W-BMG composite by the SHPB method follows a similar
deformation and damage process, although dynamic strain
rate may affect the deformation behavior. The buckling
appears to be of a different mode, and the flow stress
reaches much higher values.

To further discuss the influence of the strain rate on the
deformation behavior of the W-BMG composite, a strain
rate sensitivity exponent is introduced, which can be
expressed by a power law relation [24]:

a é

() o (80) ’ (12)
where o is the flow stress at a selected strain rate which is the
maximum bearing stress under dynamic condition; gy is the
stress at a reference strain rate which is taken here to be
the maximum bearing stress for a particular quasi-static
load; m is the strain rate sensitivity exponent, ¢ is the strain
rate and & is the reference strain rate which is the quasi-sta-
tic strain rate in present study. According to Eq. (12), the
logarithm of flow stress is expected to be linearly dependent
on the logarithm of strain rate, as shown in Fig. 8. By linear
regression, the strain rate sensitivity exponent is estimated
to be 0.022 (see Fig. 8). The strain rate sensitivity exponent
of the tungsten was found to be 0.042 in an earlier study
[25,26]. Since Subhash et al. [27] have proved that the
monolithic BMG had fracture strength insensitive to a
strain rate, it can be proposed that a change in mechanical
properties of the tungsten wires is the main factor affecting
the deformation behavior of the composite upon dynamic
load. Strain rate sensitivity exponent is a parameter inver-

10*

Flow stress, 6/MPa

3

10 PEERETTT BRI BT R TTT B SRR TTT B SR TTTT AT TTTT B ArEETIT M ArRETTT BTSN AT
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Strain rate, €

Fig. 8. Strain rate sensitivity exponent of the W-BMG composite.

sely proportional to the flow stress of the material subjected
to dynamic load [28,29]. In general, decreasing in the value
of the strain rate sensitivity exponent indicates an increase
in the flow stress [28]. In the present study, the damage of
the W-BMG composite under dynamic load shows warp-
ing of the tungsten wires rather than fracture of the tung-
sten wires. In this case, confining of the isolated pools of
the BMG matrix and toughing of the neighboring tungsten
wires are important factors resulting in the strain rate sen-
sitivity exponent. Although the frozen-in stresses and
strains in the transverse direction of the W-BMG compos-
ite cannot be found, according to a coaxial cylinder model
as discussed in Refs. [11,30,31], the tungsten wires should be
subjected to a frozen-in hoop stress. This hoop stress can re-
strict the buckling or warping of the tungsten wires and pro-
motes the flow stress of the tungsten wires. Increase in the
flow stress reduces the strain rate sensitivity exponent of
the tungsten. Therefore, the W-BMG composite shows a
smaller strain rate sensitivity exponent of 0.022 as com-
pared with that of the monolithic tungsten.

5. Conclusions

(1) Compared with the monolithic BMG, the tungsten
wires reinforced BMG composite shows a higher plastic
strain of 0.14 but the lower yield stress of 1087 MPa upon
quasi-static load. The tungsten does not evidently improve
the compressive stress (1871 MPa) of the composite. The
stress—strain behavior of the W-BMG composite can be
divided into three stages, i.e., elastic deformation stage,
strain hardening deformation stage and plastic deforma-
tion stage. In the elastic deformation stage, the BMG
matrix and the tungsten wires exhibit elastic deformation
behavior. In the strain hardening deformation stage, some
of the tungsten wires commence buckling, which squeezes
the BMG matrix. The cracked BMG matrix constraints
the tungsten wires, promoting the stress level. In the plastic
deformation stage, a large strain prior to failure can be
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achieved as a result of buckling of most of the tungsten
wires.

(2) In the dynamic compressive deformation, the com-
pressive stress of the W-BMG composite is as high as
2700 MPa, which is 1.4 times that found under quasi-static
condition. The strain rate sensitivity exponent of the W-
BMG composite is measured to be 0.022, which is half of
that of monolithic tungsten. The lower strain rate sensitiv-
ity of the composite is due to the frozen-in stress.
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