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Zr-based bulk metallic glass matrix composites with the composition of ZrsgTi138NbsoCuggNisgBeias
were synthesized by the copper-mould suction casting and the Bridgman solidification. The composite,
containing a well-developed flowery B-Zr dendritic phase, was obtained by the Bridgman solidification
with the withdrawal velocity of 0.8 mm/s and the temperature gradient of 45 K/mm, and the ultimate
strength of 2050 MPa and fracture plastic strain of 14.6% of the composite were achieved, which was

mainly interpreted by the homogeneous dispersion of bcc 3-Zr phase in the glass matrix.
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1. Introduction

Recently, many new kinds of metallic alloys have been devel-
oped [1-5]. Among these alloys, bulk metallic glasses (BMGs)
possess many excellent properties including high strength, high
elastic strain limits, and high corrosion resistance [6-8], which ren-
ders them potential candidates for use as engineering materials.
Under unconstrained conditions, however, almost all BMGs con-
front a fateful problem in that they usually fail by the formation of
highly localized shear bands, leading to catastrophic failure without
obvious macroscopic plasticity.

To overcome the catastrophic failure and improve the ductility
of BMGs, the formation of the multiple shear bands on the whole
samples upon loading is necessary. Generally, the bulk metallic
glass matrix composite, combining the glass matrix with metal-
lic or ceramic reinforcements of various morphologies, can achieve
it. The first of these composites were to add the solid phases to the
molten matrix through ex situ process [9,10]. Later, a series of in
situ composites were developed, which consist of an amorphous
matrix embedding ductile dendrites that formed during cooling of
the melt by nucleation and dendritic growth of a bcc solid solu-
tion, followed by the solidification of the remaining liquid alloy
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[11-14]. These in situ composites exhibit large compressive plastic-
ity and some tensile ductility together with the improved impact
toughness compared to monolithic BMGs [11,14]. Upon loading,
multiple shear bands are generated in the glass matrix of the
composites so that the catastrophic instability along the local-
ized shear bands can be avoided. Usually, the size, morphology
and distribution of the ductile phase are crucial for the inhibi-
tion of critical shear bands. The formation of the ductile phase is
influenced by the cooling conditions of the melt, i.e. the thermal
conduction and extraction. For mm-sized samples synthesized by
the copper-mould suction casting, the resultant microstructures
are inhomogeneous along the radius of the rods, since different
cooling rates are produced from the outer surface to the center.
Therefore, a ring-shaped sample is obtained, which may lead to a
deviation of characterization of mechanical properties. In this letter,
a Zr-based bulk metallic glass composite will be synthesized by the
Bridgman solidification in order to achieve a uniform microstruc-
ture [15-18]. By varying the withdrawal velocities in a controlled
manner, the composite with a tailorable fraction and homoge-
neous distribution of flowery dendritic phase can be obtained.
Here the Zr-based metallic glass matrix composite with the com-
position of Zrsg,Tii38Nbs gCuggNisgBeq, 5 was fabricated by the
Bridgman solidification with the withdrawal velocity of 0.8 mm/s
at a temperature gradient of about 45 K/mm. The microstructures
and mechanical properties of the composites fabricated by the
copper-mould suction casting and the Bridgman solidification will
be compared in this study.
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Fig. 1. XRD patterns of the alloys synthesized by (a) the copper-mould suction
casting and (b) the Bridgman solidification.

2. Experimental procedure

The ingot with nominal atomic percent composition of Zrse;Tii38NbsoCugg
Nis gBeq25 was prepared by arc melting the mixture of Zr, Ti, Nb, Cu, Ni and Be with
purity higher than 99.99 weight percent in a Ti-getted high purity argon atmosphere.
In order to ensure the compositional homogeneity, a four-step melting procedure
was adopted: firstly, elemental Nb and Zr were melted together, followed by the
addition of Be. Secondly, elemental Cu, Ni and Ti were melted together in a sec-
ond batch, and finally both ingots were melted together and remelted several times
until a homogeneous sample was formed. The liquid alloys were suctioned into
a copper mould with a cylinder diameter of 3 mm and length of about 70 mm
and another ingot was crashed into pieces and placed in an alumina tube with
an internal diameter of 3 mm and a wall thickness of 0.5 mm, and the Bridgman
solidification was carried out with the withdrawal velocity of 0.8 mm/s through
a temperature gradient of about 45K/mm into the water-cooled Ga-In-Sn liquid
alloys. For avoidance of the chemical reaction between the liquid alloy and the
crucible at the high temperature, a proper coating in the inner wall of the cru-
cible is adopted. The phase of the solidified rod was analyzed by X-ray diffraction
(XRD) in a PHILIPS APD-10 diffractometer (Cu Ka radiation). Thermal analysis was
performed with a PerkinElmer DSC 7 differential scanning calorimeter under the
argon atmosphere. A constant heating rate of 0.33 K/s was employed and the sam-
ple was heated to 830 K. The uniaxial compressive tests were performed on 6 mm
long sections cut from the 3 mm diameter cylinders with MTS 809 materials test-
ing machine at room temperature with a strain rate of 2 x 10~4 s~!. On compression
testing, compression samples were sandwiched between two WC platens, and two
blades were mechanically fixed on the side surface of the WC platens. The longitudi-
nal sections of the rod samples and the fracture surfaces and the side surfaces of the
samples after compressive tests were investigated by scanning electron microscopy
(SEM).

3. Results and discussion

The XRD patterns of the samples synthesized by the copper-
mould suction casting and the Bridgman solidification are
presented in Fig. 1a and b, respectively. The curves show the
sharp peak indicating a bcc 3-Zr solid solution superimposed on a
broad scattering feature characteristic of an amorphous phase. The
crystal-plane indices of the (3-Zr phase corresponding to peaks are
marked and no other phases can be detected from the diffraction
pattern of the composites. This result reveals that the composites
are comprised of the bcc B-Zr solid solution and the glass matrix.
Additionally, it is confirmed that the Bridgman solidification is also
an effective way to synthesize bulk metallic glass matrix compos-
ites.

Fig. 2a exhibits the backscattered SEM image of the longitudinal
section of the composite synthesized by the Bridgman solidification
with the withdrawal velocity of 0.8 mm/s. In Fig. 2a, the mor-
phology displays the well-developed flowery dendrites, uniformly

dispersed in the glass matrix. An individual flowery dendrite, which
hasbeen cross-sectioned near its nucleation site, is illustrated in the
inset of Fig. 2a and an estimate of the spanning length of ~30 pm is
indicated by arrows. Fig. 2b presents the backscattered SEM image
of the cross-section of the composite developed by the copper-
mould suction casting and the spanning length of an individual
dendrite is of ~20 wm. It can be seen that the flowery dendrite
is homogeneously distributed in the glass matrix for the sample
obtained by the Bridgman solidification compared with the cop-
per mold casting. Besides, the dendrites with high volume fraction,
embedded in the glass matrix for the composites synthesized by the
two methods, connect with each other forming a network, making
it appear as though the glass has a heterogeneous instead of amor-
phous microstructure by close inspection. Although the estimate of
the absolute volume fraction of the crystalline phase through the
Image-tool analysis may lead to an unrealistic outcome, the relative
volume fraction can be compared by analysis to the DSC results.
Fig. 3a and b displays the DSC traces of the composites synthe-
sized by the Bridgman solidification with the withdrawal velocity
of 0.8 mm/s and the copper-mould suction casting, respectively.
The two curves indicate the glass transition, followed by multi-
ple exothermic events during continuous heating. The samples
obtained by the Bridgman solidification and the copper-mould
suction casting exhibit that the glass transition temperature, Tg,
are of 626 K and 612K, respectively and the onset temperature of
first crystallization, Ty, are of 655 K and 668 K, respectively. Phase
separation during the solidification from the high temperature
molten depends on various factors, including the heat dissipation,
which is closely related with the nucleation and growth of crystals.
Therefore, different heat dissipation induces that solute elements,

Fig. 2. Backscattered SEM images of (a) the longitudinal section of the composite
synthesized by the Bridgman solidification with the withdrawal velocity of 0.8 mm/s
and (b) the cross-section of the composite synthesized by the copper-mould suction
casting. The magnified morphology of individual dendritic phase is shown in the
inset of (a).
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Fig. 3. DSC traces of the composites synthesized by (a) the Bridgman solidification
with the withdrawal velocity of 0.8 mm/s and (b) the copper-mould suction casting.

particularly the elemental Nb, as a stabilizer for the formation of
[3-Zr solid solution, distribute differently in the 3-Zr phase and the
glassy matrix, which accounts for the different glass transition tem-
peratures and the onset temperatures of first crystallization for the
alloys obtained by the two methods. The integrated heat releases of
crystallization during continuous heating to the samples obtained
by the Bridgman solidification and the copper-mould suction cast-
ing are of ~41]g~land ~32] g~ !, respectively, indirectly indicating
the higher volume fraction of the B-Zr phase corresponding to the
copper-mould suction casting.

The compressive engineering stress—strain curves, obtained
from uniaxial compressive tests for the Zrsg,Tii38NbsoCuggNisg
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Fig. 4. Engineering stress-strain curves for the composites synthesized by (a) the
Bridgman solidification with the withdrawal velocity of 0.8 mm/s and (b) the copper-
mould suction casting.

Be1, 5 bulk metallic glass composites synthesized by the Bridgman
solidification and the copper-mould suction casting, are presented
in Fig. 4a and b, respectively. It is shown that the yielding strength,
the yielding strain, the ultimate strength, and the fracture plastic
strain of the composite synthesized by the Bridgman solidifica-
tion are of about 1270 MPa, 2.0%, 2050 MPa, and 14.6%, respectively,
while they are of about 1420MPa, 2.1%, 2010 MPa, and 6.5%,
respectively, corresponding to the copper-mould suction casting.
Compared with the mechanical properties of the composites fab-
ricated by the copper-mould suction casting, the fracture plastic
strain of the composite is greatly improved by the Bridgman solid-
ification. It may be reasonable to deduce that the improved room
temperature plasticity is mainly attributed to the homogeneously

Fig. 5. SEM images of (a) the side surface and (b) the fracture surface of the deformed sample obtained by the Bridgman solidification and (c) the side surface and (d) the

fracture surface of the deformed sample obtained by the copper-mould suction casting.
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dispersed bcc -Zr phase and the size of distinctly flowery den-
drites. Generally, the mechanical properties especially the plasticity
of the bulk metallic glass matrix composites is closely related
with the volume fraction of the crystalline phase [19-21]. Besides,
the morphology and distribution of the crystalline phase also
plays an important role in determining the mechanical proper-
ties [21-22]. Although the samples subjected to the copper-mould
suction casting have a higher volume fraction of the ductile B-Zr
phase, the inhomogeneous distribution of the secondary phase in
the samples may give birth to a more pronounced effect on the
plasticity. Upon loading, the B-Zr phase initially yields followed
by the deformation of the glass matrix. Once the occurrence of
the deformation of the glass matrix, there exists the generation
and propagation of shear bands along the favorable direction. For
the inhomogeneous microstructure of the samples, bigger gaps
could appear among the [-Zr dendrites, which favorably aid to
the propagation of shear bands in the glass matrix. However, the
homogeneously distributed (3-Zr phase forming the network struc-
ture, more effectively impedes the prompt propagation of shear
bands, leading to the multiplication of shear bands. As a result,
the plasticity of the composites is improved. Furthermore, the size
of the individual B-Zr dendrites is larger for the sample devel-
oped by the Bridgman solidification than that by the copper-mould
suction casting as mentioned above. The larger size of the crys-
talline phase also aids to the block of the rapidly proceeding shear
bands.

To assist in analysis of the mechanical properties of the compos-
ites, the SEM images of the compressive fracture surface and the
side surface are investigated in detail. The SEM image of the lateral
surface of the deformed sample, developed by the Bridgman solid-
ification, is shown in Fig. 5a. The coarser shear bands distributed
near the crack are along perpendicular and parallel directions with
respect to the fracture plane. In addition, the high number den-
sity of the finer shear bands distribute among the coarser shear
bands, which is consistent with the large plasticity under compres-
sive loading. Fig. 5b displays the typical river-like pattern on the
fracture surface of the sample subjected to the Bridgman solid-
ification, characteristic of many BMG alloys and a lot of liquid
drops could be observed on the fracture surface due to the adi-
abatic phenomena [23,24]. Few fine shear bands for the as-cast
alloy, fabricated by the copper-mould suction casting, are local-
ized near the crack as shown in Fig. 5¢, and microcracks along
the shear bands are exemplified in the inset of Fig. 5c (marked by
the arrows), which indicates that the deformed sample underwent
severe shear deformation. As shown in Fig. 5d, the fracture sur-
face for as-cast alloy lays out the dropletlike feature and the high
magnification of the dropletlike feature is illustrated in the inset
of Fig. 5d, which indicates that the fracture surface is completely
covered by the droplets related with fracture softening mechanism
[25].

4. Conclusions

The microstructure and mechanical properties of the com-
posites with the composition of Zrsg,Tii3gNbs gCuggNisgBeqs s,
containing plastic flowery dendritic phase, synthesized by the
Bridgman solidification with the withdrawal velocity of 0.8 mm/s,
are investigated in detail. Compared to the copper-mould suc-
tion casting, the well-developed flowery dendrites, homogeneously
distributed in glass matrix, are obtained by the Bridgman solidi-
fication. The composite developed by the Bridgman solidification
exhibits a large plasticity up to ~14.6% before failure and the ulti-
mate fracture strength of ~2050 MPa, while the corresponding
fracture plastic strain and the ultimate fracture strength are ~6.5%
and 2010 MPa for the composite obtained by the copper-mould
suction casting.
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