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In the present study, (ZrssCuszAljgNis)ioo—x Nb(=0,12,3) bulk metallic glass matrix/tungsten
wire composites were fabricated by infiltration process. Structural studies were investigated by
scanning electron microscopy and X-ray diffraction method. Also, mechanical behaviors of the
materials were analyzed using quasi-static compressive tests. Results indicated that the best
mechanical properties i.e., 2105 MPa compressive ultimate strength and 28 pct plastic strain
before failure, were achieved in the composite sample with X = 2. It was also found that adding
Nb to the matrix modified interface structure in W fiber/(ZrssCusgAl;oNis)ogNb, since the
stable diffusion band formation acts as a functionally graded layer. Finally, the observation of
multiple shear bands formation in the matrix could confirm the excellent plastic deformation

behavior of the composite.
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I. INTRODUCTION

MOST monolithic bulk metallic glasses (BMGs) tend
to form localized shear band and fail catastrophically
upon yielding in compression test, resulting in low
plasticity. In fact, these glasses usually exhibit very
limited plasticity before fracture."> In order to over-
come this problem for the purpose of achieving an
extended ductilitéy, fabrication of BMG composites has
been practiced.®® Several studies have focused on
Zr-based BMGs matrix composites because of their high
glass-forming abilities and mechanical properties. Fur-
thermore, Zr-based BMG matrix composites with var-
ious reinforcements—fibers, particles or in situ formed
phases—have been developed to prevent localized shear
strain leading to the propagation of multiple shear
bands and ductility improvement.”'®" However, the
ductility improvement in W/Zr BMG matrix was paid
less attention in the previous studies. Wang et all'”!
reported 13.5 pct plastic strain in W/Zr4;Ti;3Cu;Nijg
BejsNbs; BMG matrix composite with Nb addition in
70 pct tungsten volume fraction. In addition, Qiu
et al™® achieved 13 pct plastic strain in W/(ZrssAljg
NisCusg)og 5Si; 5 BMG matrix composite in 68 pct
tungsten volume fraction.

Furthermore, during melt infiltration process, diffu-
sion band is established in the interface of W/Zr BMG
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composite, i.e., interdiffusion between melt and tungsten
fiber. When a liquid alloy spreads on a tungsten fiber,
interdiffusion may result in partial dissolution of the
tungsten fiber, resulting in the formation of crystalline
phases. During the change in infiltration parameters
e.g., time and temperature, diffusion band is converted
into reaction layer and convection of particles.”"'”) The
formation of reaction layer and convection of particles
in W/BMG composite interface reduce mechanical
properties of the composites prepared by infiltra-
tion.!17:19290 Tt seems that some refractory elements
such as Nb and Ta can reduce the interface interaction
of W/Zr BMG matrix composite. Some studies con-
cluded that the interfaces of W/BMG composites
prepared by melt infiltration are modified by minor
Nb addition.!'®!72*

The present research aimed to systematically study the
effect of Nb content in BMGs on mechanical (especially
ductility) and structural properties of W/(ZrssCuzpAljg
Nis)100—Nb, BMG matrix composite.

II. MATERIALS AND METHODS

Ingots of (ZrssCuzpAl;oNis)i00- xNb—0,1.2.3) (at. pet)
were prepared by arc melting high-purity elements in
Ti-gettered and Ar atmosphere in a water-cooled cooper
crucible. Zr and Nb elements were first melted together
and then other elements were added to the Nb-Zr ingot
and remelted several times to form a homogeneous
alloy. In the next step, the prepared melted alloy was
cast into a water-cooled copper mold to make BMG
rods with 4-mm diameters. A tungsten wire of 1-mm
diameter was straightened and cut into 50-mm lengths
and cleaned in an ultrasonic bath of acetone and
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Fig. 1—Cross section of the as-produced composite.
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Fig. 2—Schematic infiltration set-up during melting process.

ethanol. The tungsten wires were placed at the bottom
of sealed 4-mm ID stainless steel tubes (304) (Figure 1).

The volume fraction of tungsten wires was 70 pct. The
assembly of the tubes was washed by repeated evacu-
ation (up to 107> mbar) and by purging high-purity Ar
gas several times followed by heating at various tem-
peratures of 1198 K, 1223 K, and 1248 K (925° C,
950 °C, and 975 °C) above the liquidus temperature of
the BMG in an electrical furnace. The composite
samples were then kept for 15 minutes under a 3.5 bar
Ar pressure before they were quenched in water. The
liquidus temperature of (ZrssCusgAljoNis) alloy was
reported to be 1163 K (890 °C) in Reference 21. The
infiltration temperatures of 308 K to 358 K (35 °C to
85 °C) above the liquidus temperature were selected as
appropriate. Infiltration time was selected in a range of 5
to 20 minutes according to the previous studies.!'* ']
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Fig. 3—XRD patterns of the infiltrated W/(ZrssCuzoAl;oNis) com-
posite samples at different temperatures, (a) 1198 K (925 °C), (b)
1223 K (950 °C), (¢) 1248 K (975 °C) for 15 min and (d) as-cast
(Zr55Cu30A110Ni5) BMG.
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Fig. 4—XRD patterns of the infiltrated W/(ZrssCuspAljq

Nis)90—xNb(y =13y composites at 1223 K (950 °C), (a) X = 2, (b)
X =3, (¢ X=1, for I15min, and (d) as-cast (ZrssCuzpAljq
Nis)ogNb, BMG.

However, the highest bulk density of the composites
samples determined by Archimedes test was achieved by
15-minutes infiltration time. Figure 2 illustrates the
schematic infiltration set-up.

In order to prepare quasi-static compression test
samples, the composite specimens were cut by a low-
speed saw. Mechanical properties were measured with a
SANTAM (STM250) testing machine in which the
strain rate set at 10 *s~'. The gauge dimension of
specimens was 4 mm in diameter and 8 mm in height for
the compressive test. The attached steel mold around the
specimens was removed before compressive testing. In
order to understand the fracture behavior of the
composite samples during plastic deformation, some
samples whose lateral surfaces were partially polished
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Fig. 5—The backscattered SEM micrographs of infiltrated W/(ZrssCu3pAl;oNis)igo—<Nb =013 composites at different temperatures for
15 min. (a, b, ¢) X = 0, at 1198 K, 1223 K, 1248 K (925 °C, 950 °C, and 975 °C), respectively. (d) X = 1, (¢) X = 2, and (/) X = 3, at 1223 K

(950 °C).

were unloaded in three points: (i) after yield point in the
composite sample with X = 0 and after 6 pct plastic
deformation in the composite sample with X = 2; (ii)
after 14 pct plastic deformation in the composite sample
with X = 2 and the fracture point in the composite
sample with X = 0; and (iii) the fracture point in the
composite sample with X = 2. Microhardness of the
specimen was measured by a hardness indenter with a
load of 50 gf. The phase characterization and
microstructural observations were carried out by X-ray
diffraction (XRD) with Cu Ko radiation and Field
Emission Scanning Electron Microscopy (FESEM).

III. RESULTS AND DISCUSSIONS

Figure 3 indicates the XRD diffraction patterns of the
as-cast (Zr55CU30A110Ni5)loofob(x:()) BMG and the
infiltrated W/(ZTSSCU30A110Ni5)100,XNb(x:()) composite
samples at different temperatures for 15 minutes.

According to Figure 3, the Nb-free composite sam-
ples show some diffraction peaks from tungsten wires
and some other crystalline phases originated by amor-
phous phase. The intensity of some peaks (such as W,Zr
peak in a range of 20 = 38.52 deg) increased distinctly
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with an increase in the infiltration temperature [from
1198 K to 1248 K (925°C to 975°C)]. The XRD
diffraction patterns of the as-cast (ZrssCuspAljg
Ni5)100,be(x:2) BMG and the infiltrated W/(Zr55
Cusz0Al;oNis)jgo—xNby =123 composite samples at
1223 K (950 °C) for 15 minutes are illustrated in
Figure 4.

As it is evident from Figure 4, lack of the main
intermetallic phases (W,Zr and WsZr3) in the composite
samples is clearly observable. According to W-Zr phase
diagram, the peritectic reaction product is W,Zr; how-
ever, WsZr;, as a metastable phase, should be trans-
formed into the stable W,Zr phase.l'”>!” As a result of
an interaction between Al in the matrix and Fe in the
steel tube during infiltration process, some other inter-
metallic crystalline phases such as (Fe,Al) and (Alj3Fey)
can be established. As shown in Figure 4, the crystalline
phase of (Al;Nb) was formed in the composite sample
with X = 3. Furthermore, an increase in the infiltration
temperature led to an increase in the intensity of Al;Nb
peaks. This phase was not observed in the XRD pattern
of the composite samples with X = 1 and X = 2. The
excess Nb precipitation was probably converted into the
new composition crystalline phase (Al;NDb) in the matrix
and an interface of the composite sample with X = 3.
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Fig. 6—Energy Dispersive Spectroscopy (EDS) line scan of diffusion band for the W/(ZrssCuzoAl;oNis)ogNb, composite sample infiltrated at

1223 K (950 °C) for 15 min.
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Fig. 7—The quasi-static stress—strain curves of the infiltrated W/

(950 °C) for 15 min (point (1) after yield point in the composite
sample with X = 0 and after 6 pct plastic deformation in the com-
posite sample with X = 2, point (2) after 14 pct plastic deformation
in the composite sample with X = 2 and the fracture point in the
composite sample with X = 0, point (3) the fracture point in the
composite sample with X = 2).

Moreover, the appropriate affinity between Al and Nb
(AHmixing = —84 kJ/mol)m] led to the formation of the
crystalline phase (Al3;Nb) in the composite sample with
X = 3 during the infiltration process.

Figure 5 illustrates the backscattered SEM micro-
graphs  of  W/(ZrssCuzpAl;oNis)100—xNb(c=0.1,2.3)
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Table I. The Quasi-static Compressive Test Results of Infil-
trated W/(Zl'ssCll:;()Al10Ni5)100_be(x=071’2’3) Composites at
1223 K (950 °C) for 15 min

Composite Sample a. (MPa) & (pct)
X=0 1384 + 38 25+1
X =1 1788 £ 42 25+ 1.5
X =2 2105 + 35 28 +£2
X=3 1294 + 48 14 +1
860 |- - [ ]
v
¥ L}
v L] [ ] .
840 - fiber€——»matrix v v 14 Y
z
Z eof .
A @
2 N
£ sof " 0 .
© °
=
e
L 780 | A
g
n X=0
760 | e X=1
v .
740 L 1 1 1 L 1 1
0 20 40 60 80

fiber- matrix distance (micrometer)

Fig. 8—The microhardness scans of fiber toward matrix in W/
(ZrssCuszpAl;oNis) 90— vNb(y—¢,1,2,3y composite samples infiltrated at
1223 K (950 °C) for 15 min.
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composite samples infiltrated at different temperatures
for 15 minutes. According to this figure, the thickness of
reaction layer in the composite sample with X = 0
increased (from 5 to about 10 um) with the increase in
the infiltration temperature from 1198 K to 1248 K
(925 °C to 975 °C) due to the conversion of reaction
layer into convection particles near interface in the
infiltrated composite sample at 1248 K (975 °C). The
results are congruent with Khademian et al.!" study in
which they concluded that there was an increase in the
thickness of the convection particles when the infiltra-
tion temperature rose from 1223 K to 1273 K (950 °C
to 1000 °C) in W/ZrgsCuy75NijgAl; s BMG matrix
composites after 20 minutes. According to Figure 3,
increasing the infiltration temperature from 1198 K to
1248 K (925 °C to 975 °C) results in enhanced intensity
of W,Zr phase. Generally, during melt infiltration, the
matrix elements are diffused in the tungsten wires
forming the reaction layers by an increase in infiltration
temperature. Due to the erosion of tungsten wire in this
process, the strength of tungsten grain boundary drops
and leads to the formation of rich tungsten particles in
the matrix."”) Among the matrix elements, Zr is severely
reacted with tungsten, thanks to high affinity among
them,* and the W,Zr intermetallic crystalline phase is
established in the interface or near the interface in the
matrix of composite. EDS results proved that the white
particles’ composition in Figures 5(a) through (c) is rich
in Zr and W elements (not shown here). Therefore,
according to the results of XRD (Figure 3) and EDS,
the white particles formed in (or near) the interface are
W,Zr compound.

As illustrated in Figures 5(d) through (f), the diffusion
band (DB) is stable in the composite samples with
X =1 and X = 2 with the thickness of about 4 and
12 um, respectively. However, in the composite sample
(X = 3), the diffusion band is not stable and is
converted into a reaction layer. According to XRD the
findings (Figure 4), formation of the Al;Nb crystalline
phase in the matrix and the interface of the composite
sample with X = 3 during the infiltration process are
probably the main reason for the diffusion band
instability in this composite sample.

The Nb alloy element because of the strong affinity
between W and Nb (AHmixing = —34 kJ/mol) pre-
vents the interaction between W and Zr at the interface
and decreases the diffusion coefficient of Zr in the melted
matrix alloy to the solid W fibers.!!72%2> 31 Lj ¢r q/.[%
by calculating the interaction energy of some elements
and W reported that Nb is preferred to segregate on the
W  substrate surface in (Zrso.0s8T11330Cu11.84Nij0.07
Bess71)9sNbs alloy system resulting in an effective
suppression of W-Zr reaction in the composite interface.
Figure 6 illustrates the energy dispersive spectroscopy
(EDS) line scan from the matrix to fiber of the
composite sample with X = 2.

According to Figure 6, there is a gradual intensity
change in tungsten from 100 to 0 at. pct in the DB. In
other words, this kind of DB performs as a functionally
graded layer leading to the improvement of crack
propagation resistance of a composite.*”!
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Figure 7 shows the quasi-static stress—strain curves of
the infiltrated W/(ZI'55CU30A110Ni5)|00,be(x:0»1»2»3)
composite samples at 1223 K (950 °C) for 15 minutes.
The quantitative results of the stress-strain curves
(Figure 7) are summarized in Table I.

The composite sample with X = 2 has the best
mechanical properties including (plastic strain and
compressive strength) while the lowest plastic strain
belongs to the composite sample with X = 0. As it is
evident from Table I, the amount of plastic strain in the
composite sample with X' = 2 achieved 28 pct, showing
an extended ductility in comparison with other research
studies.!7?%2%24 The small difference in ductility
between the composite sample with X = 2 and X = 1
is due to the same structure of the BMG matrix of these
composites during infiltration process (Figure 4).

According to Figure 5, the thickness of diffusion band
in the composite sample with X = 1 is less than that of
X = 2. As it was alrecady mentioned, the DB is a
functionally graded layer. In fact, the lower Nb content
in the matrix, the lower thickness of DB, and the higher
concentration gradient of tungsten are directly dependent
on each other. Since the higher gradient of interface
causes the materials to have a higher sensitivity to crack
formation and propagation,*”! there should be a decrease
in the strength of the composite sample with X = 1
rather than the sample with X = 2. Further research is
needed for detailed understanding of the issue.

The existence of crystalline phases, especially W,Zr
and WsZr; forming in or near the interface (Figures 5(a)
through (c)) as the crack nucleation sites, justifies the
lack of plastic strain in the composite sample with
X = 0. In previous studies, some researchers came to
this conclusion that reactions at the interface are
inevitable in Zr-based BMG matrix composite during
casting and excessive reaction debilitates reinforcements
leading to the loss of mechanical properties of the
composite sample.!'”-2%

As illustrated in Table I, the mechanical properties of
the composite sample with X = 3 decreased in com-
parison with the composite samples with X = 1 and
X = 2. The main reason might be attributed to the
instability of diffusion band (Figure 5) or a decrease in
the interface strength due to the formation of (Al3Nb)
crystalline phase in the matrix or the interface of the
composite sample with X = 3, confirmed by XRD
pattern (Figure 4) and SEM observation (Figure 5).

The calculated buckling stress for tungsten wire is
estimated from Eq. [1]"":

7'[2 Efd%
1622

(1]

Obuckling =

where E; is the Young’s modules of the fiber
(~410 GPa), d; is the diameter of the fiber (1 mm), and
[y is the length of the fiber (8§ mm). According to Eq. [1],
buckling stress is calculated as 1601 MPa.

Dragoi et al®® simulated the thermal residual stress
in fiber/metallic glass composite and reported that the
thermal residual stress in longitudinal and transverse
direction in the BMG matrix is under tensile stress while
W fiber is under compressive stress. Furthermore, Wang
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Fig. 9—The backscattered SEM micrographs in matrix and fiber at different stages of quasi-static compressive test in the infiltrated W/
(Zr55CuszyAl;oNis) 99— xNb, = ) composite at 1223 K (950 °C) for 15 min, according to the two points in Fig. 7, (a) point (1), (b) point (2).

et al" found the same condition in Zrs; »sTi;375Nijo
Cui,5Besr s bulk metallic glass composite reinforced
with tungsten wires and reported that the tensile
frozen-in stresses is doubled, compared to the compres-
sive frozen-in stresses in the longitudinal direction.
Hence, during the plastic deformation, there are three
stresses on the tungsten wires, the longitudinal external
stress, the residual stress (established in the sample after
quenching), and the buckling stress. After the wires are
buckled, the BMG matrix should be squeezed to relieve
stress and weaken lateral support for the next layer of
wires. In contrast, the wires close to the center of the
W-BMG comp051te are fully supported by the BMG
matrix and require much higher buckhng M Accord-
ingly, the work hardening takes place in the composite
samples with X = 1 and X = 2 when there is probably
an increase in compressive stresses in central tungsten
wires as well as in dislocation density.

Considering the results in Figure 7, the mechanical
behavior of the composite samples is different after these
phenomena. In the composite sample with X = 0
because of the formation of reaction layer and convec-
tion particles as crack nucleation sites, work hardening
is not observed and softening happens instead. In the
composite sample with X = 3 due to the formation of
reaction layer (Figure 5), the work hardening slope
markedly decreases, resulting in the diffusion band
instability.

The microhardness scans of the infiltrated W/
(ZrssCuszpAl;oNis) go—xNb(y = 0,123 composite samples
from fiber toward matrix are shown in Figure 8. It is
evident that the composite sample with X = 0 has the
highest average microhardness while the composite with
X = 2 has the lowest one among the composite sam-
ples, confirming the mechanical and structural proper-
ties of the samples. On the other hand, by considering
the results in Figures 3 and 7 and their comparison with
Figure 8, the existence of the hard crystalline phases
leads to an increase in the average hardness and a
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decrease in the ductility in the composite sample with
X =0.

The results are consistent with those reported by
Devinder and Qiu on composite samples with amor-
phous matrix, who confirmed that an 1ncrease in
plasticity leads to a decrease in matrix hardness.['**”]

The microstructural features of the composite samples
during the quasi-static compressive test are shown in
Figures 9 and 10.

By looking at Figures 9, the backscattered SEM
micrographs of the BMG matrix and infiltrated W/
(Zr55CuzoAl1oNis) 00— be(x 0) comp051te sample were
obtained according to point 1 and 2 in Figure 7. It is
illustrated from Figure 9(a) that the microcracks are
nucleated in the matrix during the plastic deformation in
the composite sample with X = 0 propagated and
moved near the interface of W/BMG composite with
an increase in external loading (Figure 9(b)). The main
crystalline intermetallic phases (W,Zr and WsZr3) in the
matrix near the interface of the composite sample with
X = 0 during the infiltration are potential sites for the
nucleation of cracks in the composite matrix.

The propagation and branching of the shear bands at
the different stages of deformation as it is observed from
Figure 10 lead to an increase in the plastic strain. The
result of this study can be re 9garded as a support for the
findings of researchers!'’-**?°321 who also reported that
the plastic deformation of the composite directly
depends on the formatlon and propagation of shear
bands. Also, Lee ef al.®¥ concluded that the stress field
near the second phase can be served as an effective
barrier to the direct propagation of the shear bands,
leading to shear band branching in various Cu-Zr
including monolithic amorphous alloys.

Furthermore, as shown in Figure 10(c), the diffusion
band in the composite sample with X = 2 plays a
pivotal role in branching shear bands in such a way that
the shear bands are stopped and branched in the matrix
after interaction with the diffusion band. As it was
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Fig. 10—The backscattered SEM micrographs in matrix and fiber at different stages of quasi-static compressive test in the infiltrated W/
(Zrs5Cu3pAl;oNis)ogNb, composite at 1223 K (950 °C) for 15 min, according to the three points in Fig. 7, (a) point (1), (b) point (2), (¢, d) point

(3), in which FGM represents the functionally graded material (layer).

already mentioned, the diffusion band acts as a func-
tionally graded layer. Some researchers reported that the
most important characteristic of functionally graded
materials is the ability to inhibit crack propagation and
reduce the driving force for crack growth, due to the
lack of stress concentration resulting from the contin-
uous microstructure change across the layer, compared
with a sharp change in an interface.”’** 3% In other
words, in the composite sample with X' = 2, the tailored
interface with a functionally graded layer triggers an
appropriate distribution and stress transfer around the
critical region of crack nucleation site (interface) leading
to the improvement of the mechanical properties of the
composite material.

On the contrary, in the composite sample with X = 0,
due to an interaction of stored elastic energy and the
stress field barrier near the crystalline phases, the shear
bands are rapidly converted into shear cracks and
accordingly, they cannot branch in the matrix, leading
to a dramatic reduction in the composite ductility
(Figure 9).
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At the fracture point of the composite sample with
X = 2, the longitudinal splitting fracture mode takes
place within the tungsten fiber near the W/BMG
interface region as it is shown in Figure 10(d). Chen
et alP" also indicated that the splitting fracture in
tungsten fiber results from the transverse stress in
buckled tungsten fiber during deformation in W/BMG
composite with 70 pct tungsten volume fraction. In fact,
a fracture of the composite sample with X = 2 occurred
in the wires due to the high resistivity of diffusion band
(as a functionally graded layer) against the crack
formation, propagation in the matrix, and concentration
of compressive stresses in the fibers.

IV. CONCLUSION

Results of the present study indicated that there is an
optimum amount of Nb in the matrix (X = 2), which is
able to minimize the hardness of intermetallic crystalline
phases in the W/BMG composite interface significantly

METALLURGICAL AND MATERIALS TRANSACTIONS A



and tailor the interface by a functionally graded layer,
resulting in maximum mechanical properties. The opti-
mum infiltration temperature and time in the composite
production were 1223 K (950 °C) and 15 minutes,
respectively, for the purpose of attaining the best
mechanical properties, i.e., 2105 MPa compressive ulti-
mate strength and 28 pct plastic strain before failure.
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