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1. Introduction

Bulk metallic glasses (BMGs) are new type of materials with
excellent properties including high strength and hardness, large
elastic strain and almost high fracture toughness. They have also good
wear and corrosion resistance [1-4]. However, the critical cooling
rate for fabricating BMGs is a major factor that limits the size of as
fabricated parts [5]. Due to the relatively excellent glass forming
ability, good thermal stability and favorable mechanical properties,
Zr based glass forming alloys have become one of the materials which
are promising for the large-scale preparation. Inoue et al. [6] found
that the critical cooling rate of ZrssCusoAlioNis BMG was only 10
K-st. The diameter of ZrssCuzoAl1oNis BMG bar could reach up to
30 mm using copper casting method.

The BMGs do not have a considerable plastic strain which
limits their applications [6,7]; but the development of ex-situ and
in-situ composites based on BMGs have promising results for
structural engineering applications [8-11]. Unlike the monolithic
BMGs, the BMG matrix composites can tolerate plastic deformation
in the compression [12-14]. Adding second phase particles or fibers
to the BMGs increases the plastic deformation by hindering the
propagation of shear bands and formation of multiple shear bands
[15-18]. The W fiber/Zr-based bulk metallic glass composite (W4
BMGC), as one kind of the earliest BMGCs, has been investigated
widely due to the excellent mechanical properties and potential
armor application [1,18]. The bonding characteristics and interfacial
status between the two phases are the key factors to determine
whether the Wi#/BMGC:s fail by shearing or splitting [19].

The matrix and the reinforcement phase have the crucial effect on
the BMG composites, but the production method also plays an
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In this research, ZrssCusoAlioNis bulk metallic glass (BMG) alloy is used as the base material to
form tungsten fiber reinforced BMG composites. The composites are synthetized using melt infiltration
casting method and their microstructure and compressive properties are investigated. Two different
infiltration times of 10 min and 15 min are used to produce the composites. The microstructural evaluation
of the interface between tungsten fiber and BMG matrix reveals that a narrow reaction band emerges
between the tungsten wires and BMG alloy. Some portions of this layer are broken into the fine
Zr/W-rich particles and eventually are dispersed in the BMG matrix, when the infiltration time is 15 min.
The results also showed that increasing the infiltration time from 10 min to 15 min improves the compression
strength of the composite from 1333 MPa to 1396 MPa and also increases the compression strain of
the composite from 0.11 to 0.13. This is attributed to the lack of porosities and better metallurgical
bonding between tungsten fibers and BMG matrix.

important role. One of the most important factors in the melt
infiltration casting method is the infiltration time. A strong reaction
at the interfaces influences the glass-forming ability (GFA) of the
BMG matrix and also deteriorates the properties of the fiber. On the
other hand, in the infiltration cast composites, it is crucial that the
melted material wets the fiber to make a strong metallurgical bond.
There is a large volume of liquid/solid interface during casting a BMG
composites, especially when a high amount of reinforcement fibers is
used. The interfaces act as the nucleation sites for crystallites and
decrease the capability of the melted alloy to become amorphous
solid. At the liquid/solid interfaces, the chemical reaction and atomic
diffusion occurs easily, and the resulting properties of the composite
is severely affected by these interfacial layers [11,18].

During casting, diffusion and reaction at the interface are inevitably,
excessive diffusion and reaction will weaken reinforcements and
cause the loss of strength [20]. For the metallic glass matrix composites,
these diffusion and reaction are more noticeable because they will
alter the composition of the metallic glass matrix and reduce its
glass forming ability. It was found that the W fibers yielded firstly and
then transferred load to the metallic glass phase during deformation,
the bonding characteristics and the interfacial status between the two
phases are the key factors to determine whether the W#BMGCs shear
or split [21]. Diffusion at the interface is a thermally activated process
where time and temperature of infiltration are predominant variables.

It is known that the interface plays an important role in the
mechanical properties of composites [22]. Wang et al. [23] and Li et al.
[24] optimized the interface between the metallic glass matrix and
the tungsten fiber by adding alloy element to the glass matrix, which
significantly increased the compressive mechanical properties of
BMGCs. Besides the interface, Conner et al. [8] and Dragoi et al. [25]
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found that the thermal residual stresses also influenced the mechanical
properties and deformation behaviors of the BMGCs. Wang et al.
studied the interface reaction in W fiber/Zr-based bulk metallic
glass composites were prepared by melt infiltration casting infiltrated
at different temperatures for different times [23].

Although the Wi/BMGCs have been investigated and discussed
widely, those works so far mainly focus on the synthesis and
deformation. Thus the effect of the infiltration time on diffusion and
reaction at the interface is still unclear. In this paper, the effect of
infiltration time on the microstructure and compression strength of
the ZrssCusoAlwNis alloy reinforced by tungsten fibers is studied.
The matrix alloy is a beryllium-free Zr-based glass former, which
is not harmful for the health. Tungsten has a high melting point
and limited reactivity with the liquid matrix material. Tungsten
fibers also have a high density and self-sharpening behavior during
dynamic deformation. Therefore, these kinds of composites are new
candidates in the aerospace and defense applications such as tungsten-
based kinetic-energy penetrators [26,27].

2. Experimental procedure

In this study, the ZrssCusoAlioNis alloy was selected as the matrix
material because of its high glass forming ability. The base amorphous
alloy was prepared by alloying the constitutive elements together in
an arc furnace under a titanium-gettered argon atmosphere. The
high-purity metals were used as the raw materials to prevent the
formation of undesirable phases. The oxygen content of the raw
materials was very low and in the range of 30~35 ppm.

Unidirectional tungsten wires with a diameter of 0.8 mm were
cut into 70 mm (length) and degreased by ultrasonic cleaning in a
bath of acetone and followed by cleaning in a bath of ethanol. The
melt infiltration casting [28] was used to manufacture the W/BMG
composite. A schematic sketch of the procedure is represented in
Figure 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

—
Quartz —————» To
tube vacuum
pump
Three-way
Ingots of switching
BMG
To Argon
supply
Tungsten
wires Heating
device

Figure 1. Schematic sketch showing the set up for the W/BMG composite
fabrication.
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the premature contact between the BMG melt and the tungsten wires
to prevent excessive reactions. Before heating and melting the
ingots, the tube was evacuated and then filled with the argon gas.
The assembly of tube was heated up to approximately 1223 K, which
is higher than the liquidus temperature of the BMG, and then held
for 10 min to allow the material to melt completely. After that, the
argon gas with a positive pressure of 0.24 MPa was applied to push
the melt to infiltrate through the bundle of the tungsten wires and
the pressure was maintained for two infiltration times of 10 min and
15 min. Then the assembly of tube was quickly removed from the
furnace and quenched in brine (8% NaCl/H20 solution). The
microstructure of the W-BMG composite was observed by scanning
electron microscope (SEM).

The W/BMG specimens were prepared by means of an electrical
discharge machining for compressive tests. Cylindrical specimens
with the dimension of 3 mm diameter and 6 mm length were used for
compression tests, and ends of the specimens were mechanically
polished. Uniaxial compression tests were conducted on an Instron-5500
testing machine at room temperature using an engineering strain rate of
2 x 10* s, At least three samples for mechanical testing were measured
to ensure that the results are reproducible and statistically meaningful.

3. Results and discussion

The SEM micrographs of the cross section of W/BMG composites
produced at 1223 K is shown in Figure 2. The cross-section shows
a structure of close packed tungsten wires in the BMG matrix. The
quality of the composite samples produced by this technique varied
with the time of infiltration. When the infiltration time is 15 min, a sound
composite with no porosity is produced due to the sufficient time for
molten material to penetrate between the tungsten wires (Figure 2(a)).
However, when the infiltration times is 10 min, some porosities are
observed in the microstructure, due to insufficient time for penetration
of the liquid between the tungsten fibers (Figure 2(b)).

Figure 3 shows SEM micrographs of interfacial region of the
composites. The samples are produced at temperature of 1223 K and
two infiltration times of 10 min and 15 min. The grey part in each
picture is tungsten fiber while the darker one is the ZrssCuso
AlwoNis matrix. At lower infiltration time of 10 min, there is a limited
interfacial reaction (Figure 3(a)) and a sharp interface is obtained,
with no crystalline phase in the matrix. By increasing the infiltration
time to 15 min, a reaction layer is formed around the tungsten
wires and some white particles were eroded away from the wires
(Figure 3(b)). The EDS results of the particle near the tungsten wire
are shown in Figure 4. The existence of high amount of Zr and W in
this particle indicates the formation of Zr/W-rich phase. There are also
little amounts of Ni, Cu and Al elements in this phase. This proves
the occurrence of metallurgical reaction between the W wires
and ZrssCusoAlwoNis base alloy during the casting process.

To preserve the mechanical properties of the metallic glass in
the composite, the crystallization of the metallic glass and formation
of the brittle intermetallics should be avoided [29]. However, the
interface reaction during casting process cause the formation of
some intermetallics such as ZrsWa. Figure 5(a) shows some of these
particles indicated with arrows. This is in accordance with the study
of Wang et al. [23]. They concluded that the interface peritectic
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reaction becomes more intensive with increasing infiltration
temperature and infiltration time. They reported the formation of
some Zr-W intermetallics such as W2Zr and WsZrs. The interface
reaction product breaks off W fiber after peritectic reaction, in this
way, the new fiber surface is exposed to the liquid melt and the
interface peritectic reaction can proceed, which will weaken the
mechanical properties of W fiber severely, so this peritectic
reaction must be controlled effectively. On the other hand, it is
reported that the dispersion of intermetallics in the metallic glass
matrix can improve the mechanical properties of the matrix due to the
second phase strengthening effect [30]. Figure 5(b) shows the average
particle size versus distance from the tungsten wire. As can be seen
in Figure 5(b), the particles size decreases when the distance from
the tungsten wire increases (with an exponential equation). The
liquid metal near the tungsten wires experiences fast cooling
because of the heat sink effect of the wires, therefore these particles
do not have enough time to dissolve in the liquid phase again.
The particles farther from the wires have more time and enough
temperature to dissolve in the molten matrix and finally become
smaller in size.

Figure 6 shows the higher magnification SEM micrograph of
the interface between tungsten wire and BMG matrix. As can be seen,
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there is a narrow band with about 4-6 pm width. The EDS line scan
results show the concentration profile of Zr and W; this indicates
the formation of Zr/W intermetallic at the interface.

The tungsten content in the reaction layer is decreased with
increasing the infiltration time and also by getting away from the
tungsten wires. The Zr content of the particles also increases by
getting away from the wires (Figure 6). It can be deduced that the
elements Zr, Al, Cu and Ni diffuse toward the reaction layer and
tungsten diffuse out of the wire to form layers of about 3-4 um as shown
in Figure 7. The diffusion coefficients of those elements are higher
than that of the tungsten, thus they diffuse more rapidly toward the
tungsten wires. When the tungsten content in the reaction layer is
reduced under a certain amount, its grain boundaries strength reduces;
therefore the layer is broken into the separated grains during the
infiltration process. The broken particles are dispersed between the
wires inside the metallic glass material (Figure 7). By increasing the
temperature and the infiltration time, the Zr/W-rich layer formation is
facilitated and the broken particles are more dispersed inside the
composite. The formation of the Zr/W-rich layer or particles decreases
the Zr content of the glass former liquid, therefore this can stimulate the
formation of some crystalline nuclei which grow from the particles into
the glass metallic matrix.

IROST "

Dale(m/dfy): 07/05/14

Figure 3. SEM micrograph of W fiber/ ZrssCusoAlyNis composites synthetized at 1223 K and infiltration time of (a) 10 min and (b) 15 min.
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Figure 4. (a), (b) Formation of Zr/W-rich particles at the interface of W wire and ZrssCuzAlyoNis (infiltration time of 15 min) and (c) corresponding EDS results.
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Figure 5. (a) Formation of W/Zr intermetallics in the W/BMG composite (infiltration time of 15 min) and (b) average particle size versus distance from the tungsten wire.
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Figure 6. SEM micrograph of the interface of W/BMG and EDS line-scan
of the Zr and W distribution across the interface (infiltration time of 15 min).
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Figure 7. Formation of reaction layers and tungsten rich particles in the
interface of W/BMG for composite processed at time period of 15 min and
infiltration temperature of 1223 K.
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Figure 8 shows the reaction layers attached to the tungsten wire
and the particles eroded away from the wires. The presence of reaction
layer is useful for inter-diffusion and interaction of atoms at the
interface which produces a strong metallurgical bond between W
wires and BMG base alloy. But in extended infiltration time with
increasing the thickness of this intermetallic layer some cracks are
formed and the layer is detached from tungsten wire (Figure 8).

The results of the compression test of the produced W/BMG
composites are represented in Figure 9. The monolithic BMG
has slightly greater fracture strength (1517 MPa) compared to the
W/BMG composites.

[ |

Figure 8. The reaction layer near the tungsten wire and the particles eroded away
in the composite processed at infiltration time of 15 min.
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Figure 9. Compression test results of the monolithic BMG and W/BMG
composites

Increasing the infiltration time causes higher compression
strength of the composite (1333 MPa for infiltration time of 10 min
and 1396 MPa for infiltration time of 15 min), which is attributed
to the lack of porosities and distribution of small intermetallics
inside the matrix. The compression strain of W/BMG composites is
0.11 for infiltration time of 10 min and 0.13 for infiltration time of
15 min, which is almost three times higher than the monolithic
BMG (0.03). The presence of long tungsten fibers in the composite
prevents the rapid propagation of shear bands in the matrix and
leads to formation of multiple shear bands. This can improve the

plasticity of the composite, similar to the particle-reinforced MGMCs
[31]. The plasticity of the composite is slightly increased when the
infiltration time is increased, which can be a result of better metallurgical
bond between the W fibers and BMG matrix.

4. Conclusions

In this study, the infiltration casting method is used to produce
tungsten fiber reinforced Zr-based BMG composites with two
different infiltration times.

1. At lower infiltration time of 10 min, a limited interfacial
reaction is seen and a sharp W/BMG interface is obtained. Increasing
the time to 15 min causes the formation of a Zr/W-rich reaction layer
around the tungsten wires.

2. Some equiaxed Zr/W-rich particles are found inside the
BMG matrix, when the infiltration time is 15 min. The size of the
particles decreases exponentially by getting away from the tungsten
wires because the particles farther from the wires have more time
and enough temperature to dissolve in the molten matrix and finally
become smaller in size.

3. Increasing the infiltration time from 10 min to 15 min leads
to a higher compression strength. This is due to the lack of porosities
and existence of equiaxed particles which have strengthening effect.

4. The compression strain of the composites is at least three times
more than the monolithic BMG, due to the existence of tungsten wires.
Increasing the infiltration time leads to increasing the strain which
can be attributed to the better metallurgical bond between the W fibers
and BMG matrix.
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