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a b s t r a c t

Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass composites were successfully prepared by a new
inverted melt infiltrating method. The processing parameters were optimized by adjusting infiltrating
temperature, infiltrating time and tungsten fibers’ volume fraction. The diameter of the tungsten fiber
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was found to have remarkable influence on compressive properties and fracture mode of the composites.
The Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass composites reinforced with 50% volume fraction
tungsten fiber (200 �m in diameter) exhibited the highest compressive strength and plastic strain up to
2146 MPa and 21.4%, respectively. Besides, the shear bands are found to get closer as the diameter of the
tungsten fibers decreases.
ompressive strength
apillarity

. Introduction

Bulk metallic glasses (BMGs) have many potential applications
ue to their unique properties, such as superior strength and
ardness, excellent corrosion resistance and high wear resistance
1–5]. The Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1) BMG exhibits
n exceptional glass forming ability with a critical cooling rate
f ∼1 K/s as well as shows a tensile strength of 1.9 GPa and an
lastic strain limit of 2% under compressive or tensile loading
6–8]. However, Vitreloy 1, like all other metallic glasses, fails to
orm highly localized shear bands, which leads to catastrophic fail-
re under unconstrained conditions without much macroscopic
lasticity [6,7,9]. Fortunately, the development of BMG matrix
omposites (BMGC) opens new opportunities for the application
f metallic glasses. Researchers attempted to introduce a sec-
nd phase to prevent the brittle fracture of the monolithic BMGs
nd ductile metallic fibers or, in particular, were used to rein-
orce BMGs [10–14]. Conner et al. found that tungsten fiber (Wf)
einforced BMGs increased compressive strain to failure by over
00% compared to the unreinforced ones and the fracture sur-
ace behaves like a slurry flow [10]. This was ascribed to the local
elting in the matrix due to the temperature rise in the shear
and, and further this leads to viscous flow [15,16]. In the past
ew years, the deformation behaviors of Wf/Zr-based BMGC under
uasi-static and dynamic compression condition were investigated
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[3,10,15,17]. Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC have been suc-
cessfully fabricated using pressure infiltration by Johnson’s group
[2]. In the present work, we developed a new melt infiltrat-
ing method, inverted melt infiltrating casting (IMIC), to prepared
Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC. The effect of the diame-
ter of the tungsten fibers on the compressive behaviors of the
Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC was studied.

2. Experimental

Zr41.2Ti13.8Cu12.5Ni10Be22.5 ingots were prepared by arc-melting elements with
a purity ranging from 99.5 to 99.99% in a titanium-gathered argon atmosphere. The
alloy melts were then cast into a copper mould to obtain amorphous alloy rods
with 5 mm in diameter, 70 mm in length. Tungsten fibers with 200 �m, 500 �m and
750 �m in diameter were first straightened and cut to 50 mm in length, then cleaned
in an ultrasonic bath of acetone, followed by ethanol after dipping in hydrofluoric
acid for 12 h to remove surface impurity.

We adopted inverted melt infiltrating casting method to prepare the compos-
ite samples with 5 mm in diameter and 50 mm in length. A bundle of tungsten
fibers tightly arranged in advance was placed on top of a Zr41.2Ti13.8Cu12.5Ni10Be22.5

alloy rod in a quartz tube and then encapsulated with high vacuum. Samples
were heated in an electrical resistance furnace, when the alloy rod was melted,
the tungsten fibers were slowly immersed into the melt by gravitation and the
melt infiltrated through the tungsten fibers under capillarity effect synchronously.
Finally, when tungsten fibers were entirely immersed into the alloy melt, quartz
tubes were quenched in a brine solution. In order to control the interface reac-

tion and obtain a favorable interface, infiltrating temperature and infiltrating time
turn out to be two key parameters. The process is optimized at an infiltrating tem-
perature of 1173 K for 30 min. Fig. 1 was the diagrammatic sketch of the inverted
melt infiltrating process and Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC rods. W fibers in
Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass composites prepared by our new
infiltrating method distribute homogeneously and keep a good verticality when W
fibers volume fraction was above 40%.
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Fig. 1. Diagrammatic sketch of the inve

Cylindrical specimens with 5 mm in diameter and an aspect ratio of 3:2 were
repared for compression test and the ends of all the specimens were carefully pol-

shed to make them parallel to each other. The ends of the compression samples

ere lubricated with MoS2 to prevent “barreling” of the sample. The compres-

ion samples were sandwiched between two WC platens in a loading fixture
o guarantee axial loading. The uniaxial compression tests were conducted on a

DW-3050 type testing machine at constant strain rate about 6 × 10−4 s−1. The
racture surface was analyzed using KYKY-2800 scanning electron microscope
SEM).

ig. 2. The compressive stress–strain curves for different volume fraction Wf/Zr41.2Ti13.8

00 �m; (c) 200 �m in diameter at a strain rate about 6 × 10−4 s−1.
elt infiltrating process and BMGC rods.

3. Results and discussion

Fig. 2 shows the compressive stress–strain curves of

Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC reinforced with Wf
of 750 �m, 500 �m and 200 �m in diameter. As shown in
Fig. 2, when the Wf volume fraction was less than 45%, the
Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC exhibited little or no plastic
strain, while when the Wf volume fraction was increased to

Cu12.5Ni10Be22.5 BMGC reinforced with different tungsten fiber of (a) 750 �m; (b)
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5–60%, the composites exhibited high compressive strength
nd large plastic strain. However, once the Wf volume fraction

xceeded 60%, the compressive strength and plastic strain of the

f/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC decreased.
From Fig. 2(a), it is found that the 25% (volume fraction)

f reinforced BMGC gives 2% plastic strain, when Wf vol-

ig. 3. Compressive fracture surface of Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC reinforced w
iameter. (c) and (e) are the local magnification of the areas labeled in (b) and (d).
mpounds 504S (2010) S106–S109

ume fraction increases to 50%, the compressive strength and
plastic strain of the composites were increased to 1912 MPa

and 9%, respectively. Further, when the Wf volume fraction
goes to 56%, the compressive strength reaches 1936 MPa, but
the plastic strain decreased to 4.8%, while 61% volume frac-
tion Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5BMGC only showed 0.3% plastic

ith 50% volume fraction tungsten fibers of (a) 750 �m; (b) 500 �m; (d) 200 �m in
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train. For the Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC reinforced
ith Wf of 500 �m in diameter, as shown in Fig. 2(b), the specimens

einforced with 30%, 40% volume fraction Wf exhibited almost
o plastic strain, when the Wf volume fraction reached to 45%,
he compressive strength and plastic strain increased markedly to
875 MPa and 7.6%, increased the Wf volume fraction unceasingly
o 50% and 60%, the Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC exhib-
ted tremendous plastic strain of 18.4% and 17.2%, respectively.
ompared to the BMGC reinforced with Wf of 500 �m in diam-
ter, Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC reinforced with Wf of
00 �m in diameter had the similar trend and exhibited the high-
st plastic strain of 21.4% when Wf volume fraction reached 50%
Fig. 2(c)). Interestingly, Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC rein-
orced with the three kinds of Wf exhibited some work-hardening
ather than perfectly plastic behavior.

Fig. 3 shows compressive fracture surface of Wf/Zr41.2Ti13.8
u12.5Ni10Be22.5 BMGC reinforced with 50% volume fraction tung-
ten fibers. Fig. 3(a) shows the fracture surface of the specimen
einforced with Wf of 750 �m in diameter, delaminating, buckling,
ilting and splitting of tungsten fibers and multiple shear bands
ould be clearly observed. A shear band spacing of approximately
00 �m also can be identified in the matrix. Fig. 3(b) shows the com-
ressive fracture surface morphology of Zr41.2Ti13.8Cu12.5Ni10Be22.5
MGC reinforced with 50% volume fraction Wf of 500 �m in diam-
ter. It is argued that macroscopical cracks running through the
ample resulted in the failure of the BMGC sample, numerous shear
ands oriented at ±45◦ to the axis uniformly distributed in the
atrix. Fig. 3(c) shows the magnified picture of the specific area in

ig. 3(b), and the shear band spacing of 50–100 �m were observed
n the matrix. Fig. 3(d) shows the compressive surface morphology
f Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC reinforced with 50% volume
raction tungsten fiber of 200 �m in diameter. It is observed that
espite the sample had already achieved 13% plastic strain, the sur-
ace of the BMGC sample is apparently smooth and no macroscopic
racks were visible. However, if we take a closer look at the sur-
ace, many micro-cracks with a length of approximately 50 �m and
hear band spacing of ∼10 �m were found. Fig. 3(e) shows the spe-
ific area in Fig. 3(d) and the shear band spacing of ∼10 �m is visible.
learly, the failure mode always follows fiber longitudinal buckling.

Quasi-static compression tests on the Zr41.2Ti13.8Cu12.5Ni10
e22.5 BMGC reinforced with Wf showed that failure mode depends
pon the fiber volume fraction [15]. It is also reported that the
ailure mode varied with fiber type [10]. It is summarized that
hen the Wf volume fraction was less than 40%, fiber reinforced
r41.2Ti13.8Cu12.5Ni10Be22.5 BMGC samples failed mainly by local-
zed shear banding; once the Wf volume fraction increased to 40%,
he quasi-static failure mode changed from shear to fiber split-
ing, buckling, and localized tilting [15], and when Wf volume
raction exceeded 60%, Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGC samples

[

[
[

pounds 504S (2010) S106–S109 S109

failed mainly by longitudinal splitting [10], which were in accord
with our experiment results. However, when the volume fraction
was between 40% and 60%, the failure mode probably related to the
interface condition. In our experiment, the failure mode was also
dependent on the diameter of tungsten fiber. The liquid–solid sur-
face area of Wf (200 �m in diameter) reinforced composites was
2.5 times of that of Wf (500 �m in diameter) reinforced compos-
ites. It appears that thinner tungsten fibers produce larger surface
area to prevent shear bands expanding. This has been confirmed by
the shear banding spacing of the BMG composites reinforced with
different tungsten fibers.

4. Conclusions

(1) Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass composites
were successfully prepared by an inverted melt infiltrating
method.

(2) The Wf/Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass com-
posites reinforced with 50% volume fraction Wf of 200 �m in
diameter exhibited high compressive strength and plastic strain
of 2146 MPa, 21.4%, respectively.

(3) Thinner tungsten fibers favor to introduce more interfaces to
keep shear bands from expanding, and to produce narrower
shear band spacing.
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