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Effect of infiltrating time on interfacial reaction
and properties of tungsten particles reinforced

/r-based bulk metallic glass composites
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Abstract: The tungsten particles reinforced Zr,; ,Ti;5sCuU4,sNijoBe,, s (Vit 1 alloy) bulk metallic glass
composites (BMGCs) were prepared by the melt infiltrating casting method with the infiltrating time of 1, 5 and
10 min, respectively. The changes of interfacial reaction and compression properties of the bulk metallic glass
composites with different infiltrating times were studied. Results show that with the increase of infiltrating time,
tiny nanocrystals are generated at the interfacial boundary of tungsten particles and the amorphous matrix,
and the size of tiny crystals increases with the infiltrating time. When the infiltrating time is 10 min, polygonal
crystals with a larger size are also generated within the amorphous matrix. The compressive strength of the
composites also increases with the infiltrating time. When the infiltrating time is 10 min, the compressive
strength of the composite reaches 2,030 MPa and the compression strain is 44%. The fracture morphology of
the composite materials is in a vein-like pattern and the melting phenomenon is found on the fracture surface.
In addition, the density of the shear bands during the compressive tests of the composite materials increases
with the infiltrating time.
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Bulk metallic glasses (BMGs) have many potential
applications due to their unique properties, such
as superior strength, high hardness, excellent corrosion
resistance and high wear resistance ", In general, the
plastic deformation of metallic glasses is localized
in the narrow shear bands, followed by the rapid
propagation of these shear bands and the catastrophic
fracture without plasticity 1.

Many efforts have been focused on improving the
ductility of BMGs by fabrication of BMG matrix
composites ™. To date, the bulk metallic glass composites
(BMGCs) containing in-situ formed or/and ex-situ
added crystalline phases have been developed "*. The
two categories of BMGCs exhibit enhanced plasticity
due to the generation of multiple shear bands in the
deformation process.

In the ex-situ phase reinforced BMGCs, the second
phase preform is placed in a mold, and subsequently,
the melt is infiltrated into the preform. Herein, among

the ex-situ added crystalline phases, fibers and particles
are the most widely used reinforcements. Composites
reinforced with fibers may show an anisotropic feature,
while composites reinforced with particles usually
display the isotropic characteristic.

Due to the unique properties of particles reinforced
BMGCs, the deformation and fracture behavior of
these materials have been widely investigated. For
example, the Ta particles reinforced amorphous
matrix composite has been extensively studied for its
excellent plasticity ™. In addition, tungsten materials
(fibers or particles) have been extensively adopted as
the reinforcements in the composites due to their good
comprehensive properties and good wettability in the
amorphous matrices "', In general, the introduction
of the particles reinforcing phases not only affects
the mechanical properties of the composites, but also
changes their fracture process .

The infiltrating casting method is one of the main
methods for preparing the particles reinforced composite
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material is usually accompanied by an interfacial reaction,
and the influence of the preparation conditions on the
interfacial reaction is also the main research object in
this field. However, there is not much research on
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the interfacial reaction of the particles reinforced amorphous
composites. Most of the researchers are mainly concentrated
on the fiber-reinforced amorphous composites, such as the
tungsten fiber or SiC fiber-reinforced composites !,

Few reports can be found about the relationships among
the process parameters, interface characteristics, macroscopic
mechanical properties and fracture mechanism of the tungsten
particles reinforced Zr-based amorphous composites. In fact,
since the infiltrating temperature is higher than the melting
point of the Zr-based amorphous alloy during the preparation
of the composite materials, different degrees of reaction are
prone to occur at the interface between the reinforcement phase
and the matrix, such as dissolution, diffusion and element
segregation. Undoubtedly, the degree of interfacial reaction is
closely related to the types of the matrix and the reinforcement
phase, as well as the preparation process parameters. Since
the structure and properties of the interfaces play a decisive
role in the performance of the composite materials, it is very
necessary to study the relationship between the preparation
process parameters of the amorphous composites and the degree
of interfacial reaction. Because the infiltrating time is not only
an important preparation process parameter but also one of the
main factors affecting the interfacial reaction, it is the main aim
of this work to study its influence on the interfacial reaction and
the mechanical properties of the composite materials.

In this study, the tungsten particles reinforced Zr-based
amorphous composites with different infiltrating times were
prepared by the infiltrating casting method. The effects
of infiltrating time on the interfacial reaction and crystal
formation in the amorphous composites were investigated.
Through the compression test of the amorphous composites
at room temperature, the effects of infiltrating time on the
compressive properties, fracture morphology and shear bands
multiplication of the amorphous composites were explored.

1 Experimental

The ingots of Zr and Ti were produced by vacuum arc melting
of sponge Zr and Ti blocks with a purity of 99.9% in a Ti-
gettered argon atmosphere, respectively. The master ingots
with the nominal composition of Zr,; ,Ti;; s Cu,, sNi;(Be,, s (Vit
1 alloy) were prepared by induction melting of a mixture of
Zr, Ti, Ni, Cu and Be componential materials with a purity of
99.9% or more in a quartz crucible in an argon atmosphere.

Tungsten particles with a size of 700-900 um were cleaned
with alcohol by an ultrasonic washer to keep surfaces clean and
fresh, and then, were packed and sealed in the end of a U-shape
quartz tube. The height of the packed tungsten particles was
70 mm in the quartz tube, then the particles were vacuum-
dried at 300 °C for 20 min. Subsequently, they were heated to
780 °C, about 40 °C higher than the melting point (742 °C) of
the master alloy of Vit 1 BMG, in the lower chamber of the
electric resistance furnace which is divided into two chambers
and controlled by respective temperature adjusters. At the same
time, the charges of the prealloyed Vit 1 material in the U-tube
were melted at 850 °C under high vacuum (2.0x10” Pa) in
the upper chamber of the furnace. After 15 min, the alloy was
melted and formed a gas-tight seal against the wall of the tube,
then the high-purity argon under the net pressure of 250 kPa was
admitted to the tube, forcing the molten melt to move firstly
upwards then downwards and finally infiltrate into the tungsten
particles. The infiltrating time was measured by a stopwatch,
starting from the moment of argon flushing to the moment of
sample quenching. The infiltrating time was controlled to be 1,
5 and 10 min, respectively. The rapid solidification of samples
was realized by quenching the U-tube into a saturated brine.
The BMGCs having a diameter of 6 mm and a length of 70 mm
were thus obtained.

Compressive samples with the size of @6 mmx12 mm
were cut from the as-cast samples, and compressive tests
were performed with a universal mechanical testing machine
under the strain rate of 1x10™ s, Two compressive samples
were tested for each separate infiltrating time, and the
performance data were averaged from these two samples.
The microstructures, phase constituents, fracture surfaces and
shear bands of the samples were examined with the S-3400N
scanning electron microscope (SEM).

2 Results

Figure 1 shows the morphology of the as-cast tungsten
particles reinforced Zr-based composites prepared by the
liquid infiltrating method with different infiltrating times. It is
observed that the monolithic amorphous structure is formed,
and the tungsten particles are independently distributed in the
composites. Since the matrix of the amorphous alloy is not
separated by the tungsten particles, the compressive strength
of the composite materials can be maintained.

Fig. 1: Morphologies of tungsten particles reinforced Zr-based bulk metallic glass composites with
different infiltrating times: (a) 1 min; (b) 5 min; (c) 10 min
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Figure 2 shows the interface morphology of the Zr-based
amorphous composites reinforced by the tungsten particles
with different infiltrating times. Figures 2(a) and (b) display the
interface morphology of the sample with the infiltrating time of 1
min under different microscopic magnifications. It can be observed
that some tiny nanocrystals are generated at the boundaries
between the tungsten particles and the matrix, and micro-cracks
appear in the tungsten particles, as shown by the arrows in Fig.
2(a). Figures 2(c) and (d) show the interface morphology of
the sample with the infiltrating time of 5 min under different
microscopic magnifications. It can be seen that no large crystals
are generated in the matrix of the composite, but the solubility of
the tungsten particles in the matrix increases. Furthermore, it can
be observed that some of the white tungsten particles are cracked
and split by the cracks. Therefore, it can be inferred that the
interfacial reaction between the tungsten particles and the matrix
becomes more obvious with the increase of infiltrating time.
It can also be seen that many nanocrystals are generated at the
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boundaries, and some tiny dark crystals, as indicated by the arrows
in Fig. 2(d), are found in the matrix near the boundaries. Figures
2(e) and (f) show the interface morphology of the sample with
the infiltrating time of 10 min. It can be obviously seen that the
polygonal crystals appear in the matrix of the composite material,
and the interfacial reaction at the boundaries between the tungsten
particles and the amorphous matrix is apparently severe. It can
also be seen that the micron-sized crystals are generated at the
boundaries. This indicates that the degree of interfacial reaction
in the composite materials increases with the infiltrating time.
Due to the interfacial reaction, tiny nanocrystals are generated
at the boundaries of the tungsten particles and the amorphous
matrix, and furthermore, the size of the crystals increases with
the infiltrating time. When the infiltrating time is 10 min, the
polygonal crystals are produced in the matrix of the composite,
the size of which is increased from nanometer level to micrometer
level. Moreover, as the infiltrating time increases, more micro-
cracks are observed in the tungsten particles.
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Fig. 2: Morphologies of interfacial reaction in tungsten particles reinforced Zr-based bulk metallic glass composites
with different infiltrating times: (a and b) 1 min; (c and d) 5 min; (e and f) 10 min

In order to explore the composition of the crystalline phases
at the interfaces, the energy dispersive spectrum (EDS) tests
on the generated crystals were conducted, and the EDS results
are shown in Fig. 3. As shown in Figs. 3(a) and (b), Region
A refers to the crystal generated at the interface and Region B
refers to the crystal generated in the matrix. Figure 3(c) is the
EDS result of Region A. It is seen that the crystal generated at
the interface mainly contains W, Ti, Zr, and a small amount of
Cu and Ni. Figure 3(d) is the EDS result of Region B, which
shows that the crystal generated in the matrix mainly contains
Zr and Ti elements, as well as a small amount of Cu and Ni.
This indicates that W element does not diffuse into the interior
of the matrix during the preparation process, but participates

in the interfacial reaction with the elements in the matrix at the
interfaces to form tiny crystals growing therein. According to
References [16-19], it is contemplated that with the extension
of the infiltrating time, the interfacial reaction products of WZr;
and CuTi; gradually appear near the interfaces, and within the
matrix, the crystallization reaction is induced to generate the
intermetallic compounds of Zr,Cu and CuTi,.

Figure 4 shows the compressive stress-strain curves of
the three tungsten particles reinforced Zr-based amorphous
composite materials with different infiltrating times during
the compression tests at room temperature. The compression
rate used in the experiments was 1x10™ s™. According to the
compressive stress-strain curves, it can be interpreted that

255




i Research & Development
Vol.17 No.4 July 2020

Amorphous matrix

—— Tym

Region B

\

.

Fig. 3: EDS results of the crystals generated in tungsten particles reinforced Zr-based BMGs: (a) Region A;
(b) Region B; and the energy spectrum analysis results: (c) Region A; (d) Region B
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Fig. 4: Compressive stress-strain curves of tungsten
particles reinforced Zr-based bulk metallic glass
composites with different infiltrating time

when the infiltrating time is 1 min, the compressive strength
of the composite material is 1,850 MPa, and the compressive
strain is about 44%, which is much better than the compressive
plasticity (9%) of the tungsten particles reinforced amorphous
composites in Ref. [20]. As the infiltrating time is increased to
5 min, the compressive strength of the composite material is
increased to 1,960 MPa, but the compression strain does not
change. When the infiltrating time is further increased to 10 min,
the compressive strength of the composite material reaches up
to 2,030 MPa, however, the compression strain still remains
unchanged. In addition, it can be seen that all the three groups of
composite materials begin to undergo plastic deformation when
the compressive stress rises to about 1 GPa. It can be inferred from
Fig. 4 that the compressive strength of the composite materials
increases with the infiltrating time, but the infiltrating time has no
effect on the compression strain of these materials.

Figure 5 shows the fracture morphology of the tungsten
particles reinforced Zr-based amorphous composites with
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different infiltrating times. Under room temperature compression,
the fracture of the samples proceeds at the maximum shear
stress direction (i.e., at an angle of approximately 45° to the
compressive loading direction), similarly as in the typical
amorphous alloys ”"*). It can be seen that the fracture surfaces
are relatively flat, the fracture morphology of the matrix is a
typically vein-shaped fracture, and there are many obvious
melting phenomena "' observed on the fracture surfaces. Two
types of veins are found in Figs. 5(b), (d) and (f), namely, the
large size veins and the small size ones. The large size veins are
presented in the amorphous matrix, while the small size ones are
mostly concentrated near the boundaries between the tungsten
particles and the amorphous matrix.

Figure 6 shows the morphology of the lateral shear bands
in the tungsten particles reinforced Zr-based amorphous
composites with different infiltrating times. It is found in the
figure that there are many micro-cracks and shear bands in
the fractured composite materials. It can be interpreted that
the deformation mode of the tungsten particles is mainly
intergranular fracture, and the deformation mode of the
amorphous matrix is the propagation of shear bands. It is seen
that the shear bands in the amorphous composite materials
are firstly formed at the boundaries between the tungsten
particles and the amorphous matrix, and then propagate in the
matrix phase at a specific direction, which is demonstrated by
the arrows in the figure. Furthermore, during the propagation
process, secondary shear bands are generated. The propagation
of the shear bands only appears in the amorphous matrix, and is
disrupted by the tungsten particles, indicating that the tungsten
particles will hinder and inhibit the propagation of the shear
bands. In addition, it is observed that as the infiltrating time
increases, the density of the shear bands also increases.
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Fig. 5: Fracture morphologies of tungsten particles reinforced Zr-based amorphous composites with different
infiltrating times: (a and b) 1 min; (c and d) 5 min; (e and f) 10 min
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Fig. 6: Morphologies of lateral shear bands in tungsten particles reinforced Zr-based bulk metallic glass composites
with different infiltrating times: (a) 1 min; (b) 5 min; (c) 10 min

3 Discussion

Since the Zr-based alloy melt is reactive wetting to the tungsten
particles, the time of the interfacial reaction, which is directly
related to the infiltrating time, is an important factor affecting
the performance of the composite materials.

The crystalline tungsten phases are not found in the
amorphous matrix (Fig. 2) because of the high thermal stability
of tungsten particles. The melting temperature of tungsten
particles is 3,370 °C, much higher than the maximum processing
temperature (850 °C). However, the diffusion of tungsten
element is one of the mechanisms causing the interfacial
reaction. The boundaries between the tungsten particles and
the amorphous matrix are prone to facilitating heterogeneous
nucleation to form crystals through the interfacial reaction.
According to the reactive wetting mechanism, with increasing

the time of interfacial reaction, the surface tension of the melt
decreases continuously, causing reaction products to be easily
transferred through the melt by the liquid convection. These
reaction products can act as crystalline nuclei in the matrix, so
that they would deteriorate the amorphous forming ability of

the matrix '

and promote the formation of crystals within the
amorphous matrix.

The compressive strength of the amorphous composite material
increases with the increase of the infiltrating time. Since the
tungsten particles and the amorphous matrix are metallurgically
combined due to the interfacial reaction, the interfacial strength
is one of the factors limiting the compressive strength of the
composite materials. The interfacial reaction is conducive to the
improvement of the interfacial strength, and the tiny crystals
generated at the boundaries can produce the pinning effect at

the interfaces . As the infiltrating time increases, the number
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of crystals at the boundaries also increases. Therefore, although
more micro-cracks are observed in the tungsten particles when
the infiltrating time is 10 min, the compressive strength of this
composite material is still improved. In addition, the small
number of tiny crystals within the amorphous matrix can be used
as the in-situ reinforcing phase to affect the propagation of the
shear bands, thereby enhancing the compressive strength of the
amorphous composites. Thus, as the infiltrating time increases,
the degree of interfacial reaction increases and the compressive
strength of the composite materials also increases. It should
be noticed that with excessive increase in the infiltrating time,
as observed in the tungsten fiber reinforced ZrssAl,NisCus,
BMGC:s, severe interfacial reactions would occur and result in
the decrease of fracture strength of the resultant composites .

The fracture morphology of the composite materials is in
a vein pattern, which is the classic morphology of the shear
fracture of amorphous alloys. It is observed from Fig. 5 that
because of the proximity to the boundaries between the tungsten
particles and the amorphous matrix, the vein patterns tend
to decrease in size. It is known that in amorphous alloys, the
fracture surfaces generally show the vein patterns, as shear band
planes are locally melted by the heat or free volume generated
during deformation *”. Large vein patterns imply the fast
propagation speed of shear bands, as a considerable amount
of plastic flow exists prior to local melting and solidification,
whereas small vein patterns indicate the slow propagation speed
of shear bands ”*. The decrease in the size of vein patterns near
the boundaries indicates that the propagation of the shear bands
in the amorphous matrix is interrupted by the tungsten particles,
which confirms the role of tungsten particles in reinforcing the
amorphous composite materials. A melting phenomenon is often
observed on the compressive fracture surfaces of amorphous
composites. This is caused by the strain energy of the sample
during compression at two aspects: on the one hand, the sample
failure increases the surface energy, on the other hand, the free
volume and temperature of the shear bands are increased. When
the strain energy accumulated is higher than the melting energy
of pure amorphous alloy, it can cause the amorphous matrix at
the local places of stress concentration to produce sufficiently
high temperature or free volume ', and thus to be melted,
especially near the tungsten particles.

On the stress-strain curves, the large range of complete plastic
deformation of the composite materials reflects the formation
process of multiple shear bands. It is reported that the elastic-
complete plastic behavior is common for amorphous composites
when the aspect ratio of amorphous specimens is less than 1.5, the
low aspect ratio makes the compressed specimen in a plane strain
state and limits the propagation of shear cracks **. According
to Refs. [3, 4], the formation of multiple shear bands was found
during the deformation process of the amorphous composites.
These shear bands can be localized or uniformly distributed.
When the initial displacement is very small, the shear bands
are uniform. When the volume fraction of tungsten particles is
large, the matrix is constrained by the tungsten particles, so the
sliding displacement is low, and stress concentration is produced
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at the tip of the shear bands during propagation, which induces
the formation of multiple shear bands, especially when the shear
bands encounter the obstacles. In this study, with the increase
of infiltrating time, the number of tiny crystals generated in the
composite materials increases. Under the loaded compressive
stress, the crystal phases can be served as the "nuclei" of the
shear bands in the amorphous matrix, promoting the formation
of the shear bands and increasing the number of multiple shear
bands ***". Therefore, with increasing the infiltrating time, during
the compressive tests of the composite materials, the number of
shear bands increases, and the gap width between the shear bands
decreases, thus improving the compressive properties of the
amorphous composite materials.

During the deformation process of the compressive samples,
the ductile tungsten particles will yield under a relatively high
yield stress and generate stress concentration, playing a major
role in improving the mechanical properties of the composites. In
addition, the ductile tungsten particles can hinder the propagation
of shear bands and induce the formation of multiple shear
bands, which further improve the compressive properties of the
P The tiny crystalline phase is generated at the
interface due to the interfacial reaction, and with the increase of

composites

the infiltrating time, the polygonal crystals are generated in the
amorphous matrix of the composite. According to Refs. [24, 31],
the tiny nano-crystals and polygonal crystals in the composite
materials exhibit brittleness. However, since both the number
and size of the crystals are small, their brittleness does not affect
the strength of the matrix. On the contrary, the tiny nano-crystals
have a pinning effect on the interface which can improve the
interface strength ** ', and the polygonal crystals can serve as
an endogenous reinforcement phase in the composites. Both
of them can also hinder the propagation of shear bands during
the deformation process of the samples, thus improving the
mechanical properties of the composite materials "\

The cause of micro-cracks on the tungsten particles is due to
thermal stress. Since the melting point of the tungsten particles
is 3,370 °C ®*'%_the tungsten particles will hardly expand freely
at the temperature of this experiment. During the melt infiltrating
casting process of the composite, the temperature of tungsten
particles is low, and the temperature of the molten melt is high.
When they meet with each other, a temperature difference will
occur, resulting in the formation of thermal stress and the micro-
cracks of the tungsten particles in the composites > >’ As the
infiltrating time increases, the thermal stress continues to act on
the tungsten particles, so more micro-cracks are observed on
the tungsten particles, as shown in Fig. 2. With the increase of
micro-cracks on the tungsten particles, the amorphous melt is
penetrated into the micro-cracks, and the number of interfaces
between the tungsten particles and amorphous matrix is
increased. Furthermore, it can be seen that the micro-cracks on
the tungsten particles show an irregular shape, so the increased
interfaces will cause a better effect of mechanical self-locking
between the tungsten particles and the amorphous matrix, thus
further improving the role of the tungsten particles in enhancing
the mechanical properties of the composite materials.
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4 Conclusions

(1) Tiny crystals are prone to generate at the boundaries
between the tungsten particles and amorphous matrix in the
BMGCs, and the size of tiny crystals as well as the degree of
interfacial reaction is increased with the infiltrating time.

(2) When the infiltrating time is 10 min, the compressive
strength of the composite reaches 2,030 MPa and the
compressive strain is 44%. The increase of infiltrating time
increases the compressive strength of the composites but has no
significant effect on the compressive strain.

(3) During the compressive tests of the composite materials,
with the increase of the infiltrating time, the number of shear
bands increases, and the gap width between the shear bands
decreases, thereby improving the compressive properties of the
composite materials.
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