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Abstract: In-situ formed (Cuy¢Zr3Tig1)osNbs bulk metallic glass (BMG) composite with Nb-rich dendrite randomly dispersed in
hard glassy matrix was prepared by casting into a water-cooled copper mold. The dendrite has much smaller hardness and elastic
modulus than glassy matrix, and the stress concentration at interface provides a channel for the initiating and branching of shear
bands upon loading, thus leading to a high compressive fracture strain of 6.08% and fracture strength about 2200 MPa. Comparing
with other Cu-based BMG composite, the fracture strength of present (CugZrg3Tig1)9sNbs composite is not significantly reduced,
indicating that the addition of Nb in the current work is an effective and effortless way to fabricate new practical BMG composites

with enhanced strength and good plasticity.
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1 Introduction

Bulk metallic glasses (BMGs) have been
investigated extensively regarding their importance in
science and engineering [1-3]. For this kind of
featureless structure, however, the highly localized
plastic flow in shear bands results in the occurrence of
catastrophic failure by shear softening in certain bands.
Therefore, BMGs have a limited amount of plasticity at
ambient temperature [2,3]. In order to overcome this
deficiency, much attention has been paid to the BMG
composites which are formed by in-situ introducing a
second ductile structure into hard glassy matrix. HAY'S
et al [4] developed a Zr—Ti—Nb—Cu—Ni—Be composite
with in-situ formed BCC f-Ti dendrite which displays
work hardening and a plastic strain of 6%—7%. This kind
of composites have been manufactured widely in the
Zr- [5,6], Cu- [7,8], Fe- [9] based BMGs. The excellent
plasticity of the BMG composite is attributed to the
homogeneous distributed dendrite whose size is
equivalent to the length scale of the plastic deformation
zone in glassy matrix [6]. The dendrite acts as an

obstacle to bifurcate or impede shear banding, thus
leading to a more uniform distribution of plastic strain
and the improvement of plasticity.

Recently, synthesizing Cu-based BMGs achieve
extensive research interests due to their high strength
(exceeding 2000 MPa), lower cost and high
glass-forming ability, offering the potential for wide
application of these materials as engineering materials,
such as in instruments and bipolar plates in fuel
cells [1,10]. In order to improve the plasticity and
toughness, many Cu-based BMG composites have been
developed by in-situ formation of ductile body-centered
cubic (BCC) phase [11,12]. To prevent the formation of
brittle intermetallic compounds in these kinds of
composites, some ductile refractory metals, such as Ta
and Hf, are added because they can form extended solid
solution with Zr and Ti. For example, QIN et al [11]
prepared a Cu—Hf-Ti—Ta BMG composite that exhibits
improved strength and compressive plasticity. Based on
transmission electron microscopy (TEM) observations of
the (CugpZr;oTi10)095Ta0 05 compression tests at ambient
temperature, LEE et al [12] reported that the
strengthening phenomenon of BMG composite in plastic
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regime is due to the homogeneous precipitation of
nanocrystallites in glassy matrix. The high melting point
and high-cost, however, limit the preparation and
application of this kind of composite with Ta element.

In this (CugeZrysTig )esNbs BMG
composite with in-situ formed dendrite was prepared.
The ternary CugZr;oTi;o BMG was selected as the base
alloy because of its high glass forming ability [13]. Nb
with a positive mixing enthalpy with Cu, Zr and Ti
elements, was chosen as the addition element due to its
high melting point, further rendering the precipitation
from the liquid upon cooling. Furthermore, HOFMANN
et al [14] attributed the significant tensile ductility to the
crystalline inclusion which has a lower shear modulus
than glassy matrix. Noting that the Nb element has a
lower shear modulus than the Ta element, it may be a
good choice for improving the plasticity. Using the
energy-dispersive spectroscope (EDS) and indentation
technique, the composition and mechanical properties of
dendrite and glassy matrix were investigated. The
compression tests were carried out to show the
deformation mechanism.

work, a

2 Experimental

Ingots of nominal compositions of CugyZr;¢Ti o and
(Cug¢Zry3Tig1)esNbs (mole fraction, %) were prepared
on a water-cooled copper hearth by arc-melting the
mixture of Cu, Zr, Ti or/and Nb with purity better than
99.9% (mass fraction) under a Ti-gettered argon
atmosphere. The ingots were re-melted at least four times
to ensure the compositional homogeneity. Both the
CugoZriTiyy and the (CugeZry;Tig1)osNbs BMG
composites were prepared by injecting the melts into a
copper mold, forming cylindrical rods with a diameter of
1.5 mm. The phases in the as-cast alloys were identified
by the X-ray diffraction (XRD: Panalytical X’pert MPD
Pro) with a Cu K, radiation. The microstructures were
further analyzed by TEM (Tecnai G2 F30, 300 kV) and
scanning electron microscopy (SEM: TESCAN VEGA 3
LMU, JSM-6390A). The compositions of dendrite and
glassy matrix were analyzed by EDS (Oxford, X-Max
20). The quasi-static compression tests were carried out
on a universal testing machine (Instron 3382) at an
engineering strain rate of 1x10™*s™'. The compression
samples were prepared with a diameter of 1.5 mm and a
length of 3 mm. The nanoindentation test samples were
mechanically polished and then cleaned by high purity
ethanol. The indentation tests were carried out with a
Berkovich diamond indenter (Nano Indenter XP, MTS).
To compare the mechanical properties of dendrite with
glassy matrix, all the samples were indented at the same
load-indentation depth of 2000 nm. In order to obtain
accurate measurements of dendrite, only the results that

indent exactly within the dendrite were adopted. For each
sample, 10 indentations were performed to obtain the
averaged hardness and elastic modulus. In order to
demonstrate the interaction between dendrite and shear
bands under the loading conditions, the as-cast samples
were indented by a series of Vickers hardness tests with a
load of 19.6 N for 3 min.

3 Results and discussion

3.1 Microstructure and composition

Figure 1(a) shows the SEM image of as-cast
(CugeZro3Tip1)osNbs BMG composite, where the
precipitated phase (volume fraction of 8%) has a
dendritic morphology with a size ranging from 10 to
50 um and appears to disperse randomly in glassy matrix.
The composite structure is evidenced by the XRD pattern
(inset of Fig. 1(a)), exhibiting a typical broad hump and
some sharp crystalline peaks (indexed as Nb phase), as
compared to the fully amorphous structure in as-cast
CugoZr3oTiyo alloy. Figure 1(b) shows a typical high-
resolution transmission electron microscopy (HRTEM)
image of the area near the boundary between dendrite
and glassy matrix, where the diffuse diffraction
ring and periodic diffraction spots of selected area
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Fig. 1 SEM image and XRD patterns (inset) of CugoZr3gTijg
BMG and (CuggZrysTig1)osNbs BMG composite (a) and
HRTEM image of (Cug¢Zro3Tig.1)osNbs BMG composite with
corresponding SEAD patterns of dendrite and glassy matrix (b)
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electron diffraction (SAED) patterns correspond to the
nature of glass and crystal (inset in Fig. 1(b)),
respectively. The dendrite is further indexed as BCC
phase, conclusively, indicating the precipitation of
Nb-rich dendrite from the melts upon cooling.

The compositions of the dendrite and glassy matrix
in the (Cuge¢ZrosTip )esNbs BMG composite were
analyzed by EDS. The dendrite composition seriously
deviates from the nominal composition and presents a
solid-solution phase enriched in Nb (79.91%, mole
fraction) and Ti (14.53%, mole fraction). It is noted that
Nb has positive mixing enthalpies of 3, 4 and 2 kJ/mol
with Cu, Zr and Ti, respectively [15]; Zr has the largest
atom size among the component elements (the atomic
size: rz=0.160 nm, r1;=0.147 nm, ry=0.146 nm and
rc,=0.128 nm[16]). This indicates that it is very difficult
for the Zr element to dissolve into Nb crystalline
structure due to its large atomic size and maximal
positive mixing enthalpy with Nb. The atomic size of Ti
is close to that of Nb and their mixing enthalpy is the
smallest one. Therefore, the Ti content in dendrite should
be much higher than the contents of the Cu and Zr
elements. The highest melting point of Nb (Nb 2750 K,
Cu 1357.77 K, Zr 2127.85 K and Ti 1941 K [17]) is also
responsible for the enrichment of Nb and Ti in
solid-solution dendrite.

3.2 Mechanical properties

The engineering stress—strain curves of the
CugoZripTiiy BMG and (CugeZry3Tip1)osNbs BMG
composites under the quasi-static compression with a
diameter of 1.5 mm are shown in Fig. 2. The yielding
strength (o), yielding strain (e,), fracture strength (o)
and fracture strain (g of the CugpZr;oTi;p BMG and
(CugZry3Tip1)esNbs BMG composite are listed in
Table 1. For the CugyZr3Ti;o BMG, the sample fractured
immediately after compression strength reached
2025.52 MPa. For the (CuggZrg3Tig1)osNbs BMG
composite, the samples have an obvious plasticity after
yielding at 1798.09 MPa and with a fracture strain of
6.08%. Comparing CugyZr3gTi;p BMG with (Cug¢Zrg ;-
Tig.1)9sNbs BMG composite, the fracture strain increases
from 1.92% to 6.08%. This result indicates clearly that
the mechanical properties of Cu-based BMGs were
improved by the dispersion of ductile dendritic phase,
which is consistent with the studies in Ta-bearing BMGs
composites [11,12]. For the (Cug¢Zry;3Tig1)99Ta; BMG, it
has a high fracture strength about 2250 MPa. With the
increase of the Ta content to 5% (mole fraction), the
(CugZr3Tig1)9sTas BMG composite formed, which has
a high fracture strength about 2332 MPa. Despite the
substitution of Ta by Nb, the present (CuggZro3Tig1)os-
Nbs BMG composite has a comparable fracture strength
as compared with Ta-bearing BMG composites.
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Fig. 2 Compressive engineering stress—strain curves of
Cu(,()Zr30Ti10 BMG and (Cu0_6Zr0_3Ti0_1)g5Nb5 BMG composite

Table 1 Compressive mechanical properties of CuggZrzgTijg
BMG and (Cuy ¢Zr(3Tig.1)9sNbs BMG composite

Alloy o,/MPa &,/% o/MPa &%
Cllﬁ()ZI'30Ti1() - - 2025.52 1.92

(CugeZry3Tip1)esNbs  1798.09 1.86 2203.15 6.08

Figure 3 shows the fracture surfaces of the
CugZrypTigy BMG and (CuggZrg3Tig1)esNbs BMG
composite. The CugZr;Ti;p BMG failed in a typical
brittle manner with few shear bands on the lateral surface
(Fig. 3(a)). The fracture surface of the CugyZr3¢Ti;0 BMG
presents the river-like vein pattern originating from shear
deformation (Fig. 3(b)). Due to the BMG having a high
elastic strain [18], there will be a high elastic strain
energy density of the sample upon deformation. Then
these elastic strain energies will be dissipated in the thin
shear bands, rather than the entire sample. Therefore, the
temperature will rise sharply in the shear bands [19] and
lead to shear softening and fracture accompanying with
vein patterns on the fracture surface. Compared with the
CugoZrygTi;p BMG, the lateral fracture of the
(Cug¢Zry3Tig 1 )9sNbs BMG composite presents different
characteristics (Fig. 3(c)), where abundant primary shear
bands and secondary shear bands distribute on the lateral
surface of sample. The random distribution of shear
bands without a fixed propagating direction suggests a
uniform deformation of the BMG composite. Its fracture
surface  exhibits  resolidified  liquid  droplets
accompanying with vein patterns (Fig. 3(d)).

3.3 Nanoindentation tests

Since there is a clear boundary between dendrite
and glassy matrix, it is possible to investigate their
mechanical properties by nanoindentation tests [20,21].
The hardness—displacement curves (the evolution of
hardness with contact depth) are shown in Fig. 4(a). The
average hardnesses of the glassy matrix, dendrite and
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Fig. 3 Lateral surface (a, ¢) and fracture surface (b, d) of CugpZr3¢Ti;o BMG and (Cuy¢Zr3Tig1)9sNbs BMG composite, respectively
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Fig. 4 Hardness—displacement curves for pure Nb, dendrite and glassy matrix in (Cug¢Zrg3Tig1)esNbs BMG composite (a), and
elastic modulus—displacement curves for CugyZr;0Ti;o BMG, glassy matrix and dendrite in (Cug¢Zr3Tig 1)9sNbs BMG composite (b)

pure Nb metal are 12.28, 6.93 and 2.078 GPa,
respectively. It is easy to see that the hardness of dendrite
is three times of pure Nb metal due to solution strength.
Figure 4(b) shows the elastic modulus—displacement
curves (the evolution of elastic modulus with contact
depth). The average elastic moduli of the dendrite and
glassy matrix in (CugeZro;Tip1)9sNbs BMG composite
and CugyZr3oTi;o BMG are 112.3, 128.1 and 164.6 GPa,
respectively, namely, the dendrite precipitation results in
the decrease of elastic modulus. Nb has a positive mixing
enthalpy with other component elements; it is difficult
for Nb to form strong chemical bonding with other
elements and to have a densely packed structure, which

corresponds to a small elastic modulus [22].

3.4 Evolution of shear bands

In order to clarify how the dendrite interacts with
shear bands and contributes to the plasticity, a Vickers
hardness test was carried out. Figure 5 shows the SEM
images of the indent on BMG composite. Under the
deformation of indent loading, the shear bands form in
glassy matrix. It can be seen that the shear bands
propagate and bifurcate through glassy matrix and
interact with dendrite (Fig. 5). The dendrite phase
effectively impedes the rapid propagation of shear bands,
and then induces branches and multiplication of shear
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Fig. 5 SEM images of indent on glassy matrix in
(CugZry3Tig1)esNbs composite: (a) Shear bands bifurcation;
(b) Shear bands hindering by dendrite; (c) Shear bands
migrating across dendrite

bands at the interface between the dendrite and glassy
matrix. Upon severe plastic deformation, the crack forms
in glassy matrix and propagates through these shear
bands. The crack grows along the matrix/dendrite
boundary or across the dendrite (Figs. 5(b) and (c)).
When the crack density exceeds the limitation of
dendrite accommodated, fracture happens. Together with
Figs. 3(a) and (c), during the loading deformation, the
migratory primary shear bands propagate through glassy
matrix and interact with dendrite, and then are hindered
by the soft dendrite. In order to bear deformation, the
shear bands have to bifurcate to change their propagating
direction and form abundont secondary shear bands in
glassy matrix, thus greatly improving the plasticity of
BMG composites.

It is well accepted that the metallic glass without
any defects is not capable of plastic flow [23]. For in-situ
BMG composite, the dendrite firstly deformed because

of its lower elastic modulus and yielding strength upon
loading. Since the stress concentration at the interface
can provide a channel for the initiation of shear bands,
the plastic strain can be accommodated by shear bands
within glassy matrix and the dislocations within
dendrites. The dendrite thus can inhibit the rapid
propagation of shear bands. Further deformation needs to
initiate new shear bands. From Fig. 4(a), under loading
of the nanoindent, the hardness of glassy matrix
gradually increases when the displacement exceeds
1000 nm. The work-hardening in dendrite appears
because of the existence of dislocations upon drastically
plastic  deformation  [24-26]. Compared with
(CuggZry3Tip )osTas BMG composite, the present
(Cug¢Zry3Tip1)osNbs BMG composite has a higher
work-hadening ability (Compression strength increases
from about 1800 to 2200 MPa with 6.08% fracture
strain). Meanwhile, the (CugeZro3Tip1)osNbs BMG
composite can be esaily prepared due to a relatively low
melting point of Nb.

4 Conclusions

1) The (Cug¢Zry3Tip1)9sNbs BMG composite with a
random distribution dendrite structure was prepared. The
dendrite has higher hardness than the pure Nb metal
because of the solid solution strengthening effect.

2) The addition of the Nb element into CugyZr3¢Tijo
BMG significantly increases the strength and plasticity,
and leads to the (CuggZro3Tig;)9sNbs BMG composite
with a high compression fracture strength of about
2200 MPa and compression fracture strain of 6.08%.

3) Under the deformation, the ductile dendrite acts
as the sites for the arrest barriers of shear bands, and also
induces the formation of multiple shear bands.

4) Since the Nb element has lower melting point
and cost as compared with Ta element, the substitution of
Ta by Nb in the present work is of practical implication.
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