- s

S

ELSEVIER Press

Available online at www.sciencedirect.com

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 23(2013) 1314-1321

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Effects of infiltration parameters on mechanical and
microstructural properties of tungsten wire reinforced
Cuy;Ti33Z111NigSn,S1; metallic glass matrix composites
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Abstract: Cuy;Tisz3ZrNigSn,Sij-based bulk metallic glass matrix composites reinforced with tungsten wires were fabricated by
infiltration process at different temperatures (850, 900, 950 and 1000 °C) and time (10, 20 and 30 min) in a quartz or a steel tube. The
mechanical tests were carried out by scanning electron microscopy (SEM) and X-ray diffraction (XRD). The results show that the
maximum strength and total strain of the composite are 1778 MPa and 2.8% fabricated in steel tube at 900 °C for 10 min, and 1582
MPa and 3.6% fabricated in quartz tube at 850 °C for 10 min, respectively.
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1 Introduction

Bulk metallic glasses (BMGs) as potential candidate
materials in various engineering fields, are characterized
by high strength, high elastic strain limit and hardness
[1]. Most monolithic metallic glasses tend to form
localized shear band, resulting in limitation of plasticity
under tension and compression and exhibiting
catastrophic failure. Thus, the applications of bulk
metallic glasses have been limited. On the other hand,
many attempts have been adopted to enhance the
toughness of metallic glasses such as introducing many
in-situ and ex-situ composites systems [2]. The
improvement of toughness and mechanical behavior in
BMG matrix composites have been focused on different
microstructural features and various processes [3—5].

It was reported that Zr—Ti—Ni—Cu—Be [6], Zr—Nb—
Al-Cu—Ni [7], Zr-Ti—Al-Cu—Ni [8] and Zr—AIl-Ni—
Cu—Si [9] bulk metallic glasses were used as the
matrices of the metal matrix composites; it was found
that tungsten wire reinforcement increased compressive
strain compared with unreinforced BMGs.

Compared with Zr-based bulk metallic glasses,
Cu-based bulk metallic glasses have greater strength,
lower price as well as higher density. Therefore, the

researchers have been attracted to identify processable
Cu-based bulk metallic glasses with high toughness
[10—13]. Recently, a Cuy;Tiz;ZrNigSn,Si; alloy has
been developed with a 6 mm-casting in critical diameter
which is a relatively high GFA among Cu-based bulk
metallic glasses [14].

In this study, a Cuy;Ti33ZrNigSn,Si; (mole fraction,
%) BMG/ tungsten wires reinforced composite was
produced and a detailed
microstructure and mechanical properties
composite was introduced.

characterization  of
of the

2 Experimental

Alloy ingot with nominal composition of
Cuy;Ti33Z111NigSn,Si; (mole fraction, %) was prepared
by arc melting a mixture of pure metal elements in a
titanium-gettered argon atmosphere, followed by melt
suction casting into cylindrical water-cooled copper
moulds. Tungsten wires with a nominal diameter of 800
pm were straightened and cut to 6 cm in length. These
tungsten wires were degreased by ultrasonic cleaning in
a acetone bath followed by the same procedure in a
ethanol bath. Composite specimens were cast in an
evacuated 304 stainless steel or a quartz tube (or mould)
packed with the wires (60% in volume fraction) in a
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resistive furnace by melting the ingots, and held at
different temperatures (850, 900, 950 and 1000 °C) for
different holding time of 10, 20 and 30 min, under 0.35
MPa of argon gas applied above the melt in order to
ensure the infiltration of the molten alloys into the wires,
followed by water quenching.

The microstructures of the
characterized on a scanning electron microscope (SEM)
and an energy dispersive spectroscope (EDS). The phase
analysis of the composites was carried out using X-ray
diffraction (XRD) with the Cu K, and Co K, radiations.
The deformation behavior and the mechanical properties

samples were

under compression were done by an Instron testing
machine at a strain rate of 1x10™ s' at room
temperature. The test samples with 5 mm in diameter and
10 mm in length were prepared by mechanically
polishing in a regular fixture to ensure the parallelism of
the ends. After mechanical tests, all the specimens were
examined by SEM to reveal deformation and fracture
features.

3 Results

3.1 Composites prepared in steel tubes

Figure 1 shows the X-ray diffraction patterns of the
Cuy;Ti33ZrNigSn,Si; glassy alloy prepared in the steel
tube. The unreinforced matrix pattern shows a broad
diffraction peak, a typical profile of an amorphous
structure. In the composites, the W diffraction peaks
were superimposed on diffuse peak, but the intensity of
amorphous peak is reduced for bulk metallic glass matrix
composites related to the monolithic BMG structure.
This indicates that the volume fraction of the amorphous
phase in the matrix is reduced as a result of the formation
of some crystalline phases. CusZr;, CujoZr;, CuTis,
Cu,Ti; and Fe,Ti phases can be indexed in the diffraction
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Flg 1 XRD pattems of CU,47Ti33Zr1 lNi(,SHZSil bulk metallic
glass treated at different temperatures for 20 min

patterns of the composites. Iron source of Fe,Ti phase
is expected to originate from steel tube which reacted
with the molten matrix during infiltration process.

During the preparation of composite in steel tube,
different phases were formed as shown in Fig. 2. They
are identified as polygonal phase, layered colony phase
and dendrite-like phase. The increase of temperature or
time of the process causes a change of phase morphology
from layered colony phase to dendrite-like one,
homogeneously dispersing in the matrix. EDS analysis
indicates that the layered colony phase (<5 um in
diameter) is Cu- and Zr-rich phase and the polygonal
phase is rich in Ti and Cu, as reported in Table 1. The
XRD results shown in Fig. 1 also confirm the formation
of the phases.

Figure 2(b) shows the SEM backscattered electron
image of the dendrite-like phase at a high magnification.
The dendrite-like structure can be characterized by
primary dendrite arms with a length of 5—20 pm and the
maximum volume fraction of 40%. EDS analysis reveals
that the composition of the dendrite-like phase is rich in
Zr, Cu and Ti (Table 2).

Table 1 EDS analyses of components of layered colony phase

Element Wann/%0 Worm/%0 x/%
Ti 6.04 6.51 9.22
Fe 1.33 1.43 1.73
Ni 1.86 2.01 2.32
Cu 57.64 62.10 66.27
Zr 24.17 26.04 19.36
Sn 1.78 1.92 1.09

Total 92.8

Table 2 EDS analyses of components of dendrite like phase

Element Wann/ %0 Waorm/ %0 x/%
Ti 19.06 22.08 28.48
Fe 5.65 6.55 7.24
Ni 3.36 4.20 442
Cu 38.25 44.30 43.05
Zr 16.01 18.54 12.55
Sn 2.75 3.19 1.66

Total 85.3

Figure 2(d) shows the SEM micrograph of
interfacial region of the composite between the matrix
and steel tube. The increase of temperature enhances
either the thickness of the reaction layer or the volume
fraction of Fe-containing phase as a Fe,Ti compound,
which is agreement with XRD results shown in Fig. 1. A
reaction layer with a skullcap shape and a thickness less
than 6 um was formed near the steel tube of the sample
at 1000 °C for 30 min. The Fe-rich phase can be
observed in the matrix at the maximum 50 pm away
from the steel tube as seen in Fig. 2(d).
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Fig. 2 SEM images of Cuy;Ti33Zr;1NigSn,Si; BMG matrix composites fabricated in steel tube at 850 °C for 20 min (a), at 900 °C for
10 min (b), and at 1000 °C for 30 min near tungsten wire (c) and in steel tube (d)

Figure 3 shows the quasistatic compressive stress—
strain curves of the as-cast BMG and the composite
samples prepared in the steel tube. The monolithic bulk
metallic glass has 1% total deformation with ultimate
strength of 1505 MPa; while in the sample fabricated at
900 °C for 10 min, the ultimate strength, strain at
ultimate strength and strain at fracture are 1778 MPa,
2.6% and 2.8%, respectively. It can be found that the
increase of infiltration temperature or time reduces the
ultimate strength and total strain for composites. Figure 4
shows the specific absorbed energy or toughness (the
area under the compressive stress—strain curves) of the
samples prepared in steel tube. It is clear that the increase
of infiltration temperature or time significantly reduces
the toughness.

3.2 Composites prepared in quartz tubes

Figure 5 illustrates the XRD patterns of composite
samples prepared in the quartz tube. As can be observed,
CugZrs, CuyoZry, CuTiy, SnZr and ZrsSn; phases can be
observed.
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Fig. 3 Stress—strain curves for Cuy;Tiz3Zr;|NigSn,Si; BMG

matrix composites under quasi-static compression fabricated in
steel tube at 850 °C for 20 min (a), 900 °C for 10 min (b), 900
°C for 20 min (c), 950 °C for 20 min (d), 1000 °C for 20 min
(e), 1000 °C for 30 min (f) and monolithic BMG (g)

Figure 6 shows the SEM images of
Cuy;Ti33Z11NigSn,Si; matrix composites prepared in the
quartz tube at different temperatures and time. Figure 6(a)
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indicates several phases as follows: martensite-like,
needle-like, spherical-like and polygon phases with 55%,
3.5%, 3.5% and 1.5% in volume fraction, respectively.
Based on the EDS results (not shown here),
the martensite-like phase is Cu- and Zr-rich phase, the
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Fig. 4 Absorbed energy (toughness) versus temperature of

composite fabricated in steel tube for 10 min (a), 20 min (b), 30

min (¢) and monolithic BMG
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eedle-like /

needlelike and the spherical-like phases are Sn- and Zr-
rich phase and the polygon phase is poor in Zr or rich in
Ti and Cu. As can be seen in Fig. 6, the increase of
temperature from 850 to 1000 °C causes the increase of
volume fraction of the martensite-like phase from 55%
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950 °C |

Fig. 5 XRD patterns of BMG matrix composites fabricated in
quartz tube at 850 °C (a), 900 °C (b), 950 °C (c) and 1000 °C
(d) for 20 min

Fig. 6 SEM images of Cuy;Ti33Zr;1NigSn,Si; BMG matrix composites fabricated in quartz tube at 850 °C for 10 min (a), at 1000 °C
for 30 min in matrix (b), at 1000 °C for 30 min in matrix near tungsten wire (c) and at 950 °C for 20 min near quartz tube (d)
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to 60%, the morphology changes of needle-like and
spherical-like phases to shapeless one with constant
volume fraction (Fig. 6(b)), and finally, the increase of
volume fraction of polygon phase from 1.5% to 10%.

There is not any significant interfacial reaction
between the matrix and reinforcement as well as the
matrix and quartz tube at the process temperature lower
than 1000 °C, as can be observed from Figs. 6(a) to (c).
However, some deterioration can be seen in tungsten
wires in the microstructure of the sample prepared at the
temperature of 1000 °C (Fig. 6(c)).

Figure 7 shows the quasistatic compressive stress—
strain curves of the composite samples prepared in quartz
tube at 850 °C for 10 min. It can be obtained the ultimate
strength of 1582 MPa, strain at ultimate strength 2.4%
and strain at fracture 3.6%. Figure 8 shows the specific
absorbed energy or toughness of the samples prepared in
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Fig. 7 Stress—strain curves of Cuy;Tiz3ZrNigSn,Si; BMG
matrix composites under quasi-static compression fabricated in
quartz tube at 850 °C (a), 900 °C (b), 950 °C (c) , 1000 °C (d)
for 10 min and 1000 °C for 30 min (e)
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Fig. 8 Absorbed energy (toughness) of composite versus
temperature fabricated in quartz tube for 10 min (a), 20 min (b)
and 30 min (c)

quartz tube. It is clear that the increase of infiltration
time and temperature significantly reduces the toughness
of the samples.

Figure 9 shows the SEM secondary images of the
fractography of the composites. Figure 9(a) shows the
lateral surface of W¢/composite fabricated in the quartz
tube at 950 °C for 10 min after compressing failure. It is

Fig. 9 SEM images of failed specimens prepared in quartz tube
at 950 °C for 10 min (a), at 850 °C for 10 min (b) and at 1000
°C for 30 min (c)
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observed the sample buckling and longitudinal splitting.
Figure 9(b) shows the cross-section surface of the
composite fabricated in the quartz tube at 850 °C for 10
min, while several cracks occur through the wire and
matrix. Figure 9(c) shows the cross-section surface of the
composite fabricated in the quartz tube at 1000 °C for 30
min, which reveals a single crack just through the matrix.

4 Discussion

Negative mixing enthalpies of Cu—Zr, Cu-Ti,
Sn—Zr and Fe-Ti are —142, =78, —201 and —82 kJ/mol,
respectively [15]. On the other hand, Cu, Zr, and Ti are
all the main components of the matrix. Thus, based on
the thermodynamical and kinetics aspects [16—20], it is
expected that Cu—Zr and Cu—Ti compounds can be
formed, as seen in Figs. 1, 2, 5 and 6. Although the
thermodynamical condition of Sn—Zr compound
formation is reasonable, the low level of Sn in chemical
composition of the matrix makes it impossible for the
Sn-rich phase to have kinetics conditions. Unless the
cooling rate of solidification reaches a low level (in
quartz tube), Sn atoms with a high atomic radius
compared with other constituents (0.162 nm) can find
enough time to diffuse during segregation process and
react with other atoms. Finally, the finger print of the
compound appears, as shown in Fig. 5.

In the steel tube, as a main source of Fe atoms, the
conditions are perfectly ready for the solution of Fe
atoms in the melt and substantially its reaction with the
constituents of the matrix especially at high temperatures
for a long time in infiltration process. Thus one can see
Fe—Ti compounds (Fig. 2(d)). Moreover, a deterioration
of the chemical composition of matrix from the optimum
one to the highest glass forming ability [8] is another
effect of the solution of Fe. On the other hand, although
there is enough time to have any reaction between matrix
and quartz, little evidence of the contamination of matrix
from the tube can be observed in the samples prepared in
the quartz tube (Fig. 6(d)). This phenomenon probably
occurs due to the higher strength among lonic SiO,
(quartz) bonds as contrasted with metallic Fe bonds
(steel).

It is well known that the heat conduction coefficient
of steel is greater than that of quartz tube, thus the
cooling rate during the solidification of matrix in the
former is higher than that of the latter. This is the main
reason of differences in morphology, size, distribution,
type and volume fraction of phases presented in the
matrices of the composites, though deterioration from
highly GFA composition of matrix during infiltration is
another major reason of phase selection in the final
structure of the samples. Therefore, the type of the tube
in infiltration of the BMGCs plays a major role in the

formation of different structures of the composites,
particularly for the relatively high temperature or time of
the process.

The mechanical characteristics of a wire-reinforced
composite depend not only on the properties of the wire
and the matrix, but also on the degree to which an
applied load is transmitted to the wires by the matrix.
The extent of this load transmittance is due to the
magnitude of the interfacial bond between the fiber and
matrix phases [21].

The difference between calculated and measured
elastic moduli is an appropriate way to show mechanical
behavior of the composite. Based on the mixture role,
elastic modulus Ec of a composite can be calculated by

where E, and E; V., and V; are elastic moduli and
volume fractions of a matrix (BMG) and fiber (tungsten
wire), respectively. £, and Er are 110 and 410 GPa [22]
and V,,, and V; are 40% and 60%, respectively. Thus, the
elastic modulus of the composite can be calculated as
290 GPa. The measured elastic moduli of the samples
fabricated at 900 °C for 10 min and at 1000 °C for 30
min in the steel tube are 270 and 191 GPa, respectively.
This may be due to the weakness of interfacial bonds
[5,23] or void formation [24] during the transformation
of amorphous to crystalline phase (or phases) as shown
in Fig. 2(b).

The increase of temperature and time of infiltration
process may provide a condition for the formation of an
appropriate interfacial bond [25]. On the other hand, the
increase of the above mentioned parameters creates the
opportunity for the formation of some crystalline phases
in the matrices. Therefore, the increase of the parameters
may give rise to two opposite conditions for the
mechanical behavior of the composites: one is the
improvement of interfacial bonding between the wires
and matrices leading to the enhancement of mechanical
properties of the samples as shown in Fig. 3 where the
increase of the properties of the samples prepared in the
steel tube is due to the increase of infiltration
temperature from 850 to 900 °C. The second is the
increase of the volume fraction of different crystalline
phases as well as their morphologies resulting in the
deterioration of mechanical properties of the samples
prepared in the steel tube at 900 °C for 10 min. Thus the
optimum conditions of the process in the steel tube are
achieved by the infiltration at 900 °C for 10 min
exhibiting the best mechanical properties. In the quartz
tube, the improvement of the strength of the samples
made at the medium selected temperatures of infiltration,
i.e., the increase of temperature and time resulting in a
continuous decrease of strength of the samples cannot be
observed. This is due to the characteristics of the phases
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with a sharp corner formed in matrices, leading to the
disappearance of the interfacial bonds effect. The
presence of these phases and thermal residual stresses
started to build up from the glass transition temperature
due to the fact that the different thermal expansion
coefficients of the wires and matrices are all the sources
of locally inhomogeneous strains. Based on the different
analyses, the phases as well as residual stresses increase
with increasing the temperature or time. Therefore, a low
absorbed energy material in steel or quartz tube is gained,
as shown in Figs. 4 and 8. Some researchers have already
reported [26—29] that the conditions discussed above can
occur during the cooling process and create some
complex stresses such as axial, radial and hoop ones and
finally induced longitudinal [21], transversal [30] and
circumferential [31-33] cracks in the structure of
infiltrated composites.

The mechanisms of toughening are defined as crack
deflection [33], microcracking [34], blocking [27] and
debonding [7]. Although one of these mechanisms is a
dominant depending on the crystalline phases and
interfacial properties, it may be the case that all
mechanisms can be operative at the same time in a
composite.

The driving force for deflection or crack deviation
is the residual stress distribution [9,26] produced by the
mismatch of thermal expansion between the fiber and
[30]. The crack deviation is an effective
mechanism especially in zones with large space between
wires, as shown in Fig. 9(b). Furthermore, this condition
can be favorable to allow the stress field of the
propagating micro crack to interact with the stress field
around the reinforcement resulting in blunting, branching
(see Fig. 9(b)), and a decrease of crack strain energy.

If fiber—matrix interfacial bond is weak, the fibers
will debond [35] and then partially come out of the
matrix as the cracks propagate through the composites
prepared at a high temperature for long time in
infiltration, as shown in Fig. 9(c). In this case, energy
absorbing mechanism is friction between the fiber and
the matrix. When the stress approached the ultimate
strength, the failure was accompanied by buckling [32]
of wires, as shown in Fig. 9(a).

matrix

5 Conclusions

1) The optimum infiltration temperature and time
were found to be 900 °C and 10 min for sample
fabricated in the steel tube and 850 °C and 10 min for
sample fabricated in the quartz tube.

2) The ultimate strength, the strain at ultimate
strength and the strain at fracture of 1778 MPa, 2.6% and
2.8%, respectively are the best mechanical properties for
sample fabricated at optimum conditions in steel tube.
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