
Design, synthesis, and characterization of bulk metallic glass
composite with enhanced plasticity

G. Y. Sun • G. Chen • G. L. Chen

Received: 28 November 2010 / Accepted: 9 March 2011 / Published online: 25 March 2011

� Springer Science+Business Media, LLC 2011

Abstract A Zr-based bulk metallic glass (BMG) in situ

composite with a designed composition of Zr60Ti14.67

Nb5.33Cu5.56Ni4.44Be10 was prepared based on both modi-

fying alloy composition and controlling solidification pro-

cess. The composite contains high volume fraction of

coarsen bcc b-Zr(Ti, Nb) solid solution. The b phase par-

ticles are short rod-like, worm-like, and nearly spherical in

morphology rather than typical dendrite structure, their

volume fraction and average diameter were estimated to be

about 55% and 20 lm, respectively. The composite dis-

plays a large fracture strain up to 22.3% under uniaxial

compression at room temperature. The coarse b phase and

its high volume fraction were thought to be responsible for

the excellent plastic deformability of the present

composite.

Introduction

Bulk metallic glasses (BMGs) have very high yield

strength approaching theoretical limit, but they lack

plasticity and fail in an apparently brittle manner at

ambient temperature and, therefore, usually are considered

quasi-brittle materials [1–4]. During the past few years,

enhancing plasticity of BMGs has attracted broad attention

and considerable efforts have been devoted to the fabri-

cation of BMG composites containing crystalline rein-

forcements in glassy matrix [5–11]. The presence of

crystalline phase can prevent a single shear band from

traversing through the sample and generate multiple shear

bands [2]. Among the different BMGs developed so far, the

most promising are the ductile metal-reinforced compos-

ites, in which the ductile inclusions precipitate during the

cooling process by nucleation and dendritic growth [12, 13].

Further investigations demonstrated that the room-temper-

ature mechanical properties of the BMG composites are

very sensitive to the changes of the morphology, size, and

volume fraction of the ductile phase. Especially, the size

and volume fraction of the ductile phase is crucial for

optimizing the ductility and fracture behavior [12].

In view of the above-mentioned facts, we developed an

innovative method to produce Zr-based BMG in situ

composites [14], which was based on controlling solidifi-

cation in the liquid–solid two-phase region. The attempt is

to coarsen the ductile inclusions dispersed in BMG matrix.

As a result, a new kind of Zr-based BMG composite,

labeled as composite S1, was prepared. Which consists of

micro-sized spheres of bcc b-Zr(Ti, Nb) solid solution

dispersed BMG matrix and exhibits substantially improve-

ment in plasticity as compared with those with dendritic b
phase inclusions [15]. Furthermore, another Zr-based BMG

in situ composite, named as composite S2, was developed

based on both controlling solidification and modifying

composition. The underlying goal is to coarsen the ductile

precipitates and simultaneously increase their volume

fraction. Recently, Hofmann et al. reported Zr-based BMG
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composites with high toughness and tensile ductility, which

were developed by modifying alloy composition and

treating alloy melt in their semi-solid two-phase region [3].

It seems that increasing the volume fraction of the ductile

phase and, simultaneously coarsening these ductile inclu-

sions, has become an effective approach to improve the

plasticity of BMG composites.

As an evidence to support the validity of coarse ductile

phases on improving the plasticity of the BMG composites,

the compressive stress–strain curve for the composite S2

had been shown in [14]. Here, the alloy design principle

and compositional modification method of the composite

S2 will be presented. And then, the microstructure and

room-temperature mechanical behavior are characterized

in detail, the mechanism of the enhanced plasticity is

revealed through observing the surface microstructures of

the deformed compression samples.

Design of alloy composition

Previous studies on Zr–Ti–Nb–Cu–Ni–Al BMG compos-

ites [12] and Ti–Cu–Ni–Sn–Ta (Nb) nanostructured matrix

materials (NsM) [16] showed that small changes in the

composition of such complex alloys lead to strongly dif-

ferent solidification behavior because the alloys have more

than five constituents between which intermetallics can

easily form, which counteracts the reinforcement by the

ductile b-phase dendrites and deteriorates the ductility of

the composites. Therefore, compositional modification

should be based on a detailed analysis of phase diagram so

as to obtain a two-phase microstructure consisting only of

ductile crystalline phase dispersed fully amorphous matrix.

Figure 1 shows a pseudo-ternary phase diagram with

apexes of Zr, (Ti ? Nb), and (Be50 ? Cu27.8 ? Ni22.2)

[17]. The compositional points Vit.1 and C, H &S1 lie on

the same line of (Zr75 (Ti25-xNbx) 25)100-y (Cu ? Ni ?

Be)y, they represent the compositions of Zr41.2Ti13.8

Cu12.5Ni10Be22.5 (Vit.1 alloy) and Zr56.2Ti13.8Nb5.0Cu6.9

Ni5.6Be12.5, respectively. At the latter composition corre-

sponding to the compositional point C, H &S1 in Fig. 1,

Szuecs et al. fabricated two dendritic b-phase-containing

BMG composites, labeled as C and H. The volume fraction

of the b-phase was reported to be 25% for C and 20% for

H. For the composite S1 with the same composition as the

composites C and H, developed by ourselves, its spherical

b-phase was determined to be 30% in volume fraction [14].

Apparently, in order to develop the composite S2 con-

taining a desired distinctly increasing volume fraction of

the b-phase, the strategy is to shift the compositional point

S1 along the line (Zr75(Ti25-xNbx)25)100-y (Cu ? Ni ?

Be)y toward the Zr-(Ti ? Nb) margin, instead of manipu-

lation of processing method. On the other hand, one should

note that this shift should not be too much. Otherwise, the

material would mostly comprise soft b-phase. This would

result in a large decrease in strength of the composite

material [18]. Therefore, we selected point S2 shown in

Fig. 1 as the compositional point of the composite S2, that

is, setting x = 6.66 and y = 20, in the line (Zr75(Ti25-x

Nbx)25)100-y (Cu ? Ni ? Be)y, Thus, the calculated com-

position of the present composite S2 is Zr60Ti14.7Nb5.3

Cu5.6Ni4.4Be10.

Experimental procedures

Multicomponent master alloy ingots with a nominal

composition of Zr60Ti14.7Nb5.3Cu5.6Ni4.4Be10 (at.%) were

prepared by arc-melting with pure metal (99.95%Zr,

99.95%Ti, 99.95%Nb, 99.99%Cu, 99.95%Ni, and 98.5%

Be) (wt%) under a Ti-gettered argon atmosphere on a

water-cooled copper crucible. In order to ensure the com-

positional homogeneity of the final ingots, a four step

melting procedure was adopted [17]. The master alloy

ingots were mechanical broken into small pieces and then

encapsulated in a quartz tube with 8 mm inner diameter in

a vacuum of 4 9 10-3 Pa. The alloy pieces were induction

remelted at a temperature above their melting point and

then cooled to 900 �C and held at that temperature for

5–8 min. After the holding time, cylindrical samples with a

diameter of 8 mm were fabricated by quenching the alloy

melt into iced water.

Structural studies were carried out on the transverse

sections of the as-cast samples. The phase present in the

samples was analyzed by the a Rigaku D/max 2038 X-ray

diffractometer (XRD) with Cu Ka radiation. The micro-

structure was examined by using a JSM-6700-F field

emission scanning electron microscope (SEM) and the

Fig. 1 Pseudo-ternary phase diagram with apexes of Zr, (Ti ? Nb),

and (Be50 ? Cu27.8 ? Ni22.2) [17]. S1 and S2 represent the compo-

sitional points of composite S1 developed by ourselves and the

present composite S2
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phase compositions were determined by an in situ energy

dispersive spectrometer (EDS) equipped into the SEM. The

volume fraction of the crystalline phase was estimated by

the method of dot counting on SEM images. Compres-

sion tests were done on specimens with dimensions of

4 mm 9 2 mm 9 2 mm by using a SANS CMT 4035

testing machine. Mechanical properties were measured at a

strain rate of 1 9 10-4 s-1 at room temperature. On com-

pression testing, samples were sandwiched between two

WC platens, and two blades were mechanically fixed on

the side surface of the WC platens. The strain was deter-

mined from the displacement between two blades upon

loading, which was measured by an YYJ-4/14-Y strain

gauge. The detailed shear-band structures formed in the

specimen surfaces were observed by a HITACHI S-570

SEM at 25 kV.

Results and discussion

Figure 2 displays the XRD pattern of the as-cast samples of

the composite S2, showing sharp diffraction peaks super-

imposed on a broad scattering hump characteristic of an

amorphous phase. The diffraction peaks at 2h = 36.24�,

52�, 65�, 76.6�, and 88� are, respectively, identified as

corresponding to bcc b-Zr solid solution (110), (200),

(211), (220), and (310). No other phases are detected from

the diffraction pattern. This result reveals that the exam-

ined samples consist only of the b phase and glassy matrix.

Figure 3 is the as-cast microstructure of the present com-

posite. The SEM micrograph shows coarse b phase uni-

formly dispersed in the glass matrix. It is noted that these

b-Zr solid solutions appear mainly to be short-rod-like,

worm-like, and nearly spherical in morphology rather than

typical dendrite structure with distinct secondary arms.

Their average diameter reaches about 20 lm, being much

larger than that of typical dendrites which are generally

2–3 lm. The volume fraction of the b phase was estimated

to be about 55%. These results demonstrate that a BMG

composite with a new composition of Zr60Ti14.7Nb5.3-

Cu5.6Ni4.4Be10 has been developed, which contains a high

volume fraction of coarsen ductile inclusions, indicating

our success in both modifying alloy composition and

controlling solidification process.

The lattice parameter of the b-Zr solid solution is esti-

mated to be a = 0.3503 nm from the strongest (110) peak,

which is a little different from the examination of

a = 0.3496 nm reported in [8] but almost identical to the

lattice parameter of a = 0.3525 nm found by Das et al. for

the b-Zr dendrites in the Zr-Nb-(Cu, Ni, Al) nanocrystal-

line composite [19]. The difference in lattice parameter is

thought to be because of the different solid solution degrees

of the solute atoms in the b phase, which was produced by

different rapid cooling techniques. For the b phase inclu-

sions, EDS examinations give an average composition of

Zr74.5Ti13.5Nb10Cu1.5Ni0.5. This means that the b-Zr solid

solution consists mainly of Zr, Ti, and Nb.

The compressive engineering stress–strain curves for the

composite S2 and Vit.1 monolithic glass are displayed in

Fig. 4. The Curve 1 obtained from the Vit.1 alloy specimen

showed immediate failure after linear elastic deformation,

without distinct yielding behavior. For two composite

samples, the Curves 2 and 3 exhibit significant work

hardening and large plastic strain up to 20.36%, causing

high fracture strength up to 1,872 MPa. A good combina-

tion of the high fracture strength and a large plastic strain

demonstrates that the investigated composite possesses

excellent mechanical properties at room temperature.

Figure 5 is the SEM image of outer shape of the composite

specimen No.2 after (Fig. 5a) and before (Fig. 5b)

Fig. 2 XRD diffraction pattern for Vit.1 monolithic BMG and as-cast

sample of the composite 2

Fig. 3 As-cast microstructure of the composite S2, showing coarse b
phase uniformly dispersed in glassy matrix. These b phase inclusions

appear to be nearly spherical and worm-like in morphology rather

than typical dendrite structure
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compression test. It reflects macroscopically observable

plastic deformation.

In Fig. 6, the SEM image displays a large number of fine

waves uniformly distributed on the outer surface of the

fractured specimen. Figure 7 with a higher magnification

presents the detailed waves structures. It was found that

these waves comprise both the slip bands in the crystalline

inclusions and the shear bands in the glassy matrix. This

observation suggests that the plastic strain of the present

composite originated from two approaches in deformation

mechanism. One of them take place to the crystalline b
phase through dislocation movement, and the other occurred

within the amorphous matrix by the formation of the multi-

shear band. Thus, the enhanced plasticity of the composite

S2 was attributed to the coarsen b phase with a high volume

friction. With the increase of the volume friction of the

ductile b phase, the deformability of the composite could be

improved by plastic deformation originated from disloca-

tion slip within crystalline inclusions. On the other hand, the

coarsen b phase is more effective than fine dendrites in

hindering shear-band propagation and promoting the for-

mation of multiple shear bands [15, 20].

Conclusions

The microstructures and mechanical properties of BMG

composites can be effectively tailored by modifying alloy

Fig. 4 Engineering stress–strain curves for Vit.1 monolithic glass

(Curve 1) and Composite S2 (Curve 2 and 3) in room-temperature

compression tests

Fig. 5 SEM images of macroscopic appearance of the composite

specimen No. 2 after (a) and before (b) compression test

Fig. 6 SEM image of appearance of the composite specimen No. 2

undergoing a large strain of 22.3% to fracture, showing a large

number of fine waves uniformly distributed on the outer surface

Fig. 7 Magnified image of Fig. 6, displaying details of wave

structure
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composition and controlling solidification process. The

present Zr-based BMG in situ composite, with a modified

composition of Zr60Ti14.67Nb5.33Cu5.56Ni4.44Be10 pos-

sesses a desired microstructure of coarsen bcc b-Zr(Ti, Nb)

solid solution dispersed throughout in the amorphous

matrix. Particles of the b phase, with a high volume frac-

tion of about 55% and a large average size up to 20 lm

show nearly spherical or worm-like, instead of typical

dendritc structure in morphology. The composite displays a

good combination of high fracture strength of 1,890 MPa

and large strain up to 22.3% under uniaxial compression at

room temperature. The coarse ductile phase with a high

volume fraction distributed in the BMG matrix is thought

to be primarily responsible for the remarkably improved

plasticity of the present composites.
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