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Abstract

Zr63Al10Ni10Cu14Nb3 monolithic bulk metallic glass (BMG) and Zr55Al8.5Ni8.5Cu13Nb15 BMG matrix composite containing densely dis-
tributed bcc dendritic phase were prepared by copper mould casting. The ductility of the dendritic phase was verified by nanoindentation
tests. However, the composite samples exhibit relatively lower yield strength and no plastic strain under room temperature compression test.
Microstructural characterization and fractography studies reveal that the simultaneous formation of quasicrystalline phase on the outermost
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egion of the composite results in the brittleness of the composites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

With the development of bulk metallic glasses (BMGs) in
any alloy families, such as Pd-, Zr-, Fe-, La-, Mg-, Ni- and
u-based systems. BMGs acting as matrix materials for com-
osites have attracted tremendous attention because of their
elatively low melting points and high resistance to heteroge-
eous nucleation of crystals. The fabrication of BMG matrix
omposites is often considered a useful way to improve the
lasticity of the monolithic BMG and expand its potential
pplication as engineering materials. BMG composites rein-

orced with refractory metals or metal fibers, ceramic parti-
les or carbon nano-tube have already been found to exhibit
igher fracture strength and plastic deformation than that of

ts corresponding single phase BMG[1–7]. Recently, Hays et
l. developed Zr–Ti–Nb–Cu–Ni–Be BMG composites con-

aining in situ formed ductile bcc typed�-Ti dendritic phase,
hich can be identified as crystalline Ti–Zr–Nb solid solute
nd deformed via plastic deformation mechanisms such as
islocation motion and twining[8–11]. The dendritic phase in

∗

the BMG composites is suggested to contribute to the st
hardening and initiate multiple shear bands under loa
while the glass matrix provides high strength. Shortly a
this, several in situ Be-free Zr- and Ti-based metallic com
ites containing ductile dendritic phase have been succes
fabricated. These composites combine the high streng
the glass matrix and the ductility of the bcc precipitates,
therefore exhibit remarkably improved mechanical pro
ties[12–16]. This give rise to an idea that among the differ
kinds of BMG composites, those prepared via in situ proc
ing, i.e., by precipitation of ductile micrometer-sized pha
upon cooling from the melt, seem to be most promising[16].
However, the formation of the dendritic phase is stron
dependent on the composition and cooling rate of the
forming alloys. For example, a small additional content o
only improves the glass-forming ability of the Zr–Al–Ni–C
BMG. But for higher Nb content and lower contents of Cu
and Al, the glass forming ability decreases and the forma
of dendritic phases is promoted.

In this paper, we present a Zr55Al8.5Ni8.5Cu13Nb15 BMG
composites containing large volume fraction of bcc d
Corresponding author. Tel.: +86 371 63887506; fax: +86 371 63887508.
E-mail address: yfsun@zzu.edu.cn (Y.F. Sun).

dritic phase. The dendritic phase shows obvious ductility
under nanoindentation tests. However, the composites exhibit
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abnormally lower yield strength and zero globe plasticity
under room temperature compression test. The mechanism
of the deformation behavior was investigated and discussed.

2. Experimental procedure

Two alloys with different nominal compositions of
Zr63Al10Ni10Cu14Nb3 and Zr55Al8.5Ni8.5Cu13Nb15 were
prepared by copper mold cast, respectively. For getting a
homogeneous master alloy, Nb and Zr metals are first arc
melted to produce an intermediate binary Zr–Nb alloy, fol-
lowed by arc melting the mixture of the intermediate alloy
and the other pure metals. Alloy rods with 3 mm in diameter
and 70 mm in length were formed by arc melting the master
alloys and then suction cast into a water-cooled copper mold.

The phase constitution of the as-cast samples was ana-
lyzed by X-ray diffraction (XRD) using a Siemens D500/501
diffractometer with Cu K� radiation. The thermal stability
was examined by differential scanning calorimetry (DSC) in
a flowing argon atmosphere with a heating rate of 20 K/min.
Scanning electron microscopy (SEM) investigations and
energy dispersive X-ray spectroscopy (EDX) microanalysis
were performed using a Jeol 5200 SEM equipped with an
Oxford energy dispersive X-ray spectrometer. Transmission
electron microscopy (TEM) was carried out with a Philips
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Fig. 1. XRD pattern of the as-cast alloys: (a) monolithic Zr63Al10

Ni10Cu14Nb3 BMG and (b) Zr55Al8.5Ni8.5Cu13Nb15 BMG composite con-
taining bcc phase.

Fig. 2. DSC scans recorded for: (a) monolithic Zr63Al10Ni10Cu14Nb3 BMG
and (b) Zr55Al8.5Ni8.5Cu13Nb15 BMG composites containing bcc phase.

region, defined as the temperature span between the glass
transition temperatureTg and the crystallization temperature
Tx, can be observed for both samples. However, theTg shift
to higher temperature and the superrcooled liquid region�Tx
decrease for the alloy with higher Nb contents. Since alloys
showing a high glass forming ability (GFA) often exhibit
large�Tx, the increasing Nb content certainly decreases the
GFA of the alloys. For the monolithic BMG, there is only
one exothermic peak during the heating process, while more
exothermic peaks can be seen from the DSC scan of the
composites. TheTg, Tx and�Tx of the composites and the
monolithic BMG are listed inTable 1.

Microstructural observation on the cross-section of the
chemical etched Zr55Al8.5Ni8.5Cu13Nb15 composites reveals
that the phase constitution is influenced by the local cool-

Table 1
Tg, Tx and�Tx of the composites and the monolithic BMG

Samples Tg (K) Tx (K) �T (K)

BMG composite 665 724 59
BMG 643 738 95
ECNAI 20 electron microscope, operating at 200 kV.
EM samples were first mechanically ground to a 30�m
late and then electropolished using a solution mixed in
atio HF:HClO4:CH4O = 1:1:9. Room temperature uniax
ompression tests were conducted under quasistatic lo
strain rate of 1× 10−4) with an Instron 5567 device. Th
amples with an aspect ratio of about 2:1 were prepare
he compression test. The nanoindentation tests were c
ut with a constant loading rate of 50 mN/min on a nan
enter supplied by CSM Instruments SA in Switzerland.
robe used was a Berkovich tip (CSM Instrument SA, Pes
witzerland).

. Experimental results

The XRD patterns of the two as-cast alloys samples
hown inFig. 1. For Zr63Al10Ni10Cu14Nb3 alloy inFig. 1(a),
typical broad hump is observed with no visible crystal
iffraction peak, indicating the formation of fully amo
hous microstructure. For Zr55Al8.5Ni8.5Cu13Nb15 alloys in
ig. 1(b), there are some obvious crystalline diffraction pe
n the XRD curves. Comparing with the phase constitutio
cc dendritic�-Ti phase reinforced Be-free Zr-based BM
omposites in refs.[12,13], these crystalline diffraction pea
an be easily identified as bcc phase. The formation o
cc phase is also verified by microstructure characteriz

n later section.
Fig. 2shows the DSC scans of the two as-cast alloys

les. A distinct glass transition with a supercooled liq
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Fig. 3. SEM images of the Zr55Al8.5Ni8.5Cu13Nb15 BMG composites: (a) morphology of the composites at the center region and (b) dendritic phase at higher
magnification.

ing rate. Toward the center of the composite, it is domi-
nated by a high density of dendritic phase embedded in the
matrix. While at the outermost area of the composite, a mixed
microstructure consisting of quasicrystalline particles and
sparsely distributed dendritic phase exists. The distribution
of the dendritic phase at the center region of the compos-
ite is shown inFig. 3(a).Fig. 3(b) shows the SEM image of
the dendrite at higher magnification. The dendrite structure
can be characterized by primary dendrite axes with length
of 20–30�m and a radius of about 500 nm. EDS analysis
shows that the dendritic phase has a composition of about
60.8 at.% Zr, 6.7 at.% Al, 3.4 at.% Ni, 7.2 at.% Cu and 21.9
at.% Nb, while the glass matrix has a composition of about
49.0 at.% Zr, 12.2 at.% Al, 14.2 at.% Ni, 19.2 at.% Cu and
5.4 at.% Nb. It reveals that the composition of the dendritic
phase is depleted in Ni and enriched in Zr and Nb. The high-
est Nb content of the dendritic phase can reach about 21.9
at.%, which is much higher than that of the dendritic phase
in other Zr-based composites[12,13].

Fig. 4 is the TEM image and corresponding SAED pat-
tern of the dendritic phase. The dendritic phases are highly
developed with secondary dendritic arm perpendicular to the

primary axes, which can be observed inFig. 4(a). Fig. 4(b)
presents the SAED pattern of the dendritic phase taken along
the [1 1 1] zone axis, corroborating the formation of a bcc
typed crystalline phase.

The mixed microstructure at the outermost area of
the composite is characterized by nano-sized quasicrystals
densely distributed at the matrix, together with sparsely dis-
tributed dendritic phase. The mixed microstructure is about
200–500�m thick and toward the center of the samples, only
densely distributed dendritic phase was found. The typical
microstructure of the co-existed quasicrystals and dendrite
is shown in Fig. 5(a). Fig. 5(b) shows the quasicrystals
and dendrite at higher magnification, which indicated that
there might be a transformation relationship between the
two phases. K̈uhn et al.[12] also indicated that the forma-
tion tendency of the quasicrystalline and the bcc phase are
closely correlated, which are very sensitively to small modi-
fication in chemical composition, cooling rate, etc.Fig. 5(c)
is the TEM image of the quasicrystalline particles. The five-
fold symmetry SAED pattern of the spherical particles in
Fig. 5(d) proves the formation of quasicrystals. However, the
quasicrystals are distributed inhomogeneously at the matrix

F phase ttern of the
d

ig. 4. TEM image and corresponding SAED pattern of the dendritic
endritic phase taken along [1 1 1] zone axis.
. (a) TEM bright field image of the dendrite phase and (b) SAED pa
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Fig. 5. Microstructure characterization of the Zr55Al8.5Ni8.5Cu13Nb15 composite: (a and b) SEM image showing the microstructure at the outermost region of
the composites, (c) TEM bright field image of the quasicrystalline phase and (d) SAED pattern of the quasicrystalline phase showing five-fold symmetry.

and the volume fraction is too small to be detected by X-ray
diffraction.

To verify the ductility of the dendrite phase, a series of
nanoindentation tests were conducted on the isolated dendrite
and the matrix, respectively. Both the dendrite and the glass
matrix were indented to maximum applied load of 100 mN
at a same loading rate of 50 mN/min.Fig. 6 shows the typ-
ical load–displacement (h–p) curves of the dendrites and its
counterpart glass matrix in the Zr55Al8.5Ni8.5Cu13Nb15 com-

F en-
d

posites. The curves are smooth except one or two pop-in
appear on the curves for dendritic phase, which are indi-
cated by arrows inFig. 6. The maximum displacement of
the dendrite and its counterpart matrix are 1159 and 924 nm,
respectively. The final displacements of the indenter, namely
the permanent depth of penetration after the indenter was
fully unloaded, are 856 and 648 nm for the dendrite and its
counterpart matrix, respectively. The permanent depth of the
dendrites is much larger than those of the composite matrix.
From theh–p curves, the elastic modulus (E) and hardness
(Hv) of the dendrite and the glass matrix can be calculated
by Oliver and Pharr method. The calculation results ofE and
Hv for the dendritic phase and the glass matrix are 78.6 GPa
and 4226.3 MPa, 119.32 GPa and 6842.4 MPa, respectively.
Fig. 7 gives a representative SEM micrograph showing an
indent on the dendrite phase, which is enclosed in a white tri-
angle. It is obvious that the dendrite plastically deformed after
indentation. Cracks or slip bands, which is often observed for
brittle materials, cannot be found on the dendrite. Therefore,
although the pop-in in the curves for dendritic phase may
be caused by the interaction between the dendrite and the
matrix under loading, the interaction does not influence the
confirmation of the ductility of the dendrite phase.

A series of room temperature compression tests were car-
ried out for the as-cast composites and the monolithic glass.
Fig. 8 shows the typical compressive stress–strain curves.
T Pa
ig. 6. Load–displacement (h–p) curves after nanoindentation for the d
rite and glass matrix of the Zr55Al8.5Ni8.5Cu13Nb15 BMG composites.
 he monolithic BMG exhibited yielding at about 1949 M
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Fig. 7. SEM image showing the indent on the dendrite.

and subsequently followed with strain-softening, which is
often occurs for BMGs due to the structural change of the
material in the shear bands that leads to a local lowering of
the viscosity[17]. Finally, the material demonstrated an ulti-
mate strength of 1867 MPa and fracture strain of about 1%.
While for the ductile dendritic phase contained BMG com-
posites, it exhibited catastropic failure under relatively low
yielding strength of about 1523 MPa and then fractured with-
out measurable strain hardening or plastic defromation. The
deformation behavior of the composites in the present paper
is much different with those previously reported composites
containing ductile dendritic phase, which undergoes work
hardening and obvious plastic deformation prior to failure
[8,9,12,13].

Fig. 8. Stress–strain curves after room temperature compression tests for
the composite and the monolithic BMG.

Fig. 9 presents the SEM images showing the typical
fracture surface of the Zr55Al8.5Ni8.5Cu13Nb15 composite.
From the general profile of the fractured sample shown
in Fig. 9(a), the materials exhibits basically brittle frac-
ture features and seems to follow a distensile mode by
which the samples break or form multiple fracture surfaces
[18–20]. In the central region of the fracture plane shown in
Fig. 9(b), a typical fracture surface for the dendrite/matrix
composites is present, exhibiting somewhat ductile charac-
terization. However, in the outermost region of the sample
shown inFig. 9(c), rather brittle fracture features like dim-

F l profile ) fracture
p

ig. 9. Fractography of the Zr55Al8.5Ni8.5Cu13Nb15 composite: (a) genera

lane at the outermost region of the sample.
of the fractured sample, (b) fracture plane at the center region and (c
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ples illustrating particles peeling off from the matrix can be
observed.

4. Discussions

From the above description, it reveals that the Zr55Al8.5
Ni8.5Cu13Nb15 composite containing ductile dendrite in
this paper abnormally exhibits a rather low yielding
strength and no plasticity, comparing with the correspond-
ing Zr63Al10Ni10Cu14Nb3 monolithic BMG. It is well known
that the crystals in the glass matrix can significantly influence
the flow deformation and fracture behavior of the BMGs,
depending on its nature, size, volume fraction and distribu-
tion. For example, the plasticity of the BMG composites con-
taining nano-crystals or ceramic particles cannot be improved
significantly, but sometimes even display a lower strength
and zero plasticity[19]. While for the BMG composites
containing ductile dendritic phase, the dendritic phase was
assured to contribute to the strain-hardening of the materials
by dislocation motion, twinning and phase transformation
induced plasticity. Furthermore, the presence of ductile den-
dritic phase can seed the initiation of organized shear band
patterns, confine the propagation of individual shear bands
to domains having a spatial scale of the order of the primary
dendrite axes length. Therefore, plasticity is distributed more
h lts in
h
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b and
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5. Conclusions

Zr55Al8.5Ni8.5Cu13Nb15 BMG composites containing
densely distributed dendritic phase were prepared by copper
mould cast. The ductility of the dendritic phase was con-
firmed by nanoindentation tests. However, the composites
exhibit rather brittle features under room temperature com-
pression. The formation of the quasicrystalline phase at the
outermost part of the rod sample is suggested to lead to the
inhomogeneous deformation of the composites, which finally
results in catastrophic failure at relatively lower stress. It is
proposed that the microstructure homogenization will play a
greater effect on the mechanical properties of the composites
materials rather than the formation of ductile dendritic phase.
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Roy, L. Schultz, Scr. Mater. 49 (2003) 1189–1195.
[6] H. Choi-Yim, R.D. Conner, F. Szuecs, W.L. Johnson, Acta M

50 (2002) 2737–2745.
[7] R.D. Conner, R.B. Dandliker, W.L. Johnson, Acta Mater. 46 (19

6089–6102.
[8] C.C. Hays, C.P. Kim, W.L. Johnson, Phys. Rev. Lett. 84 (20

2901–2904.
[9] F. Szuecs, C.P. Kim, W.L. Johnson, Acta Mater. 49 (20

1507–1513.
10] C.C. Hays, C.P. Kim, W.L. Johnson, Mater. Sci. Eng A 304–

(2001) 650–655.
11] K.M. Flores, W.L. Johnson, R.H. Dauskardt, Scr. Mater. 49 (2

1181–1187.
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