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Effect of Nb content on the microstructure and mechanical properties
of Zr–Cu–Ni–Al–Nb glass forming alloys
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Abstract

(Zr65Al10Ni10Cu15)100−xNbx glass forming alloys with Nb contents ranging from 0 to 15 at.% were prepared by water-cooled copper
mould cast. The alloys with different Nb contents exhibited different microstructures and mechanical properties. Unlike the monolithic
Zr Al Ni Cu bulk metallic glass, only a few primary bcc�-Ti phase dendrites were found to distribute in the glassy matrix of the alloys

atrix of
he
s with
te fracture

ising
uc-
ith

en-
band
hear
ucle-
xtend
las-
ore
ult in
hav-

Be
hase
ly
and

,

65 10 10 15

with x = 5. For alloys withx = 10, more�-phase dendrites forms, together with quasicrystalline particles densely distributed in the m
the alloys. For alloys withx = 15, the microstructure of the alloy is dominated by a high density of fully developed�-phase dendrites and t
volume fraction of quasicrystalline particles significantly decreases. Room temperature compression tests showed that the alloyx = 5
failed at 1793 MPa and exhibited an obvious plastic strain of 3.05%, while the other samples all failed in a brittle manner. The ultima
strengths are 1793, 1975 and 1572 MPa for the alloys withx = 0, 10 and 15 at.% Nb, respectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first emergence of bulk metallic glass (BMG)
some 40 years ago, a large number of multicomponent metal-
lic glass alloys with strong glass forming ability (GFA) and
high thermal stability have been synthesized. In spite of their
metallic bonding, the deformation behavior of BMGs dif-
fers greatly from those of their crystalline counterpart due
to the absence of long-range order in the atomic arrange-
ment. Nearly all the BMGs discovered so far exhibit shear
localization under loading at room temperature, leading to
catastrophic shear failure immediately after yielding under
unconstrained conditions[1–5]. With a purpose to improve
the plasticity of BMG, the development of BMG matrix com-
posites has attracted lots of attentions recently. Among the
composites, those with a microstructure of ductile dendrites
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and glassy/nanocrystalline matrix seem to be most prom
[6–9]. The BMG matrix composites with such a microstr
ture often exhibit a high fracture strength combined w
improved global plasticity. Upon loading, the ductile d
dritic phase acts to seed the initiation of organized shear
patterns, and to confine the propagation of individual s
bands by the interaction between the dendrite and the n
ated shear bands. This hinders a single shear band to e
critically through the whole sample at the onset of p
tic deformation and therefore plasticity is distributed m
homogeneously in the shear band patterns, which res
high strains to failure and an apparent work hardening be
ior of the materials[10,11].

Recently, Hays et al. developed Zr–Ti–Nb–Cu–Ni–
BMG composites by coupling a high-strength glassy p
with ductile dendritic bcc�-Ti phase, which significant
improves the deformation behavior of the composites
displays a plastic strain of 6–7%[11–13]. Shortly after this
Kuhn et al. developed a series of ductile�-Ti dendrites
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reinforced Be-free Zr-based BMG matrix composites with
a plastic strain in the range of 0.6–14.8%[6,14]. Up to
now, some Zr-based and Ti-based BMG matrix composites
exhibiting such a microstructure of ductile dendrites and
glassy/nanocrystalline matrix have been successfully syn-
thesized. However, it is difficult to synthesize BMG matrix
composites reinforced solely with dendritic�-phase simply
by modifying the original BMG composition, because the
formation of �-phase lies in a narrow composition range.
The glass forming alloys usually have more than five con-
stituents, between which intermetallic compounds can easily
form [15]. Therefore, the attempt to synthesize the compos-
ites with such a dendrite/amorphous microstructure often lead
to the formation of dendritic phase together with other inter-
metallic compounds or quasicrystalline particles, which will
deteriorate the mechanical properties due to their intrinsic
brittleness. Meanwhile, it is noted that the casting conditions
also have an important effect on the microstructure of the
composites, and subsequently affect their mechanical prop-
erties[6,14].

In this paper, (Zr65Al10Ni10Cu15)100−xNbx glass forming
alloys with different microstructure were prepared by adjust-
ing the Nb content in the range from 0 to 15 at.%. The phase
constituent, microstructural evolution and room temperature
mechanical properties of the alloys were investigated.
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ratio HF:HClO4:CH4O = 1:1:9. Room temperature uniaxial
compression tests were conducted under quasistatic loading
(strain rate of 1× 10−4) with an Instron 8852 device, which
has an axial stiffness of 100 kN/mm and a strain measure-
ment accuracy of 0.05% of full scale and 0.5% of reading.
Samples with an aspect ratio of about 2:1 were used for the
compression tests.

3. Results and discussions

The XRD patterns of the as-cast (Zr65Al10Ni10Cu15)100−x

Nbx glass forming alloys are shown inFig. 1. For alloys A and
B, a typical broad hump was observed with no visible crys-
talline diffraction peak, indicating that these as-cast samples
were fully amorphous. On the other hand, there are some
obvious crystalline diffraction peaks on the XRD curve of
alloys C and D. Similar to the Be-free Zr-based BMG com-
posites reinforced with bcc ductile dendrites[15], alloys C
and D in this paper have bcc�-Ti phase precipitated from the
amorphous matrix and the simultaneous appearance of qua-
sicrystalline phase, which is also verified by microstructure
characterization discussed in a later section. From the XRD
pattern, the diffraction peak of quasicrystalline phase of alloy
C are relatively stronger in intensity than that of alloy D. It
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. Experimental procedure

Four different master alloy ingots with compositio
f Zr65Al10Ni10Cu15 (alloy A), (Zr65Al10Ni10Cu15)95Nb5
alloy B), (Zr65Al10Ni10Cu15)90Nb10 (alloy C) and
Zr65Al10Ni10Cu15)85Nb15 (alloy D) were prepared by a
elting pure Zr, Al, Ni, Cu and Nb under a Ti-gettered ar
tmosphere. For getting a homogeneous master alloy
hich has a much higher melting point compared with
ther four elements, and Zr were first arc melted to pro
n intermediate binary Zr–Nb alloy. The master alloys w

hen made by arc melting the mixture of the intermed
lloy and the other pure metals. From these master a
lloy rods with 3 mm in diameter and 70 mm in length w
repared by suction casting into a water-cooled copper m

The phase constitutions of the as-cast alloys were
yzed by X-ray diffraction (XRD) using a Siemens D 500/5
iffractometer with Cu K� radiation. The thermal stability
ll samples was assessed by differential scanning calo

ry (DSC) in a Perkin-Elmer DSC7 with flowing arg
tmosphere and a heating rate of 20 K/min. The micros

ures of the alloys were examined with scanning elec
icroscopy (SEM) and energy dispersive X-ray spectros

EDXS) using a Jeol 5200 SEM and Oxford energy dis
ive X-ray spectrometer, respectively. Transmission ele
icroscopy (TEM) was carried out with a Philips TECNAI
lectron microscope, operating at 200 kV. The TEM sam
ere first mechanically ground to a 30�m thick plate and

hen twin-jet electropolished using a solution mixed in
ndicates that the nucleation and growth of quasicrysta
hase is suppressed with increasing Nb contents and th
-phase will form preferentially. Some additional reflecti

esembling the pattern of a phase with Zr73Cu14Al13 com-
osition but unknown structure was also found in the X
attern of alloy D[14].

Fig. 2shows the DSC scans for the as-cast (Zr65Al10Ni10
u15)100−xNbx alloys. A distinct glass transition with a
upercooled liquid region can be observed in each indiv
ample. From the DSC scans, the glass transition tem
ureTg increases and the undercooled liquid region decre
ith increasing Nb contents. For alloys A and B, there is
ne exothermic peak during the heating process, while

ig. 1. X-ray diffraction pattern for the as-cast (Zr65Al10Ni10Cu15)100−xNbx

lloys.
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Fig. 2. DSC scans for the as-cast (Zr65Al10Ni10Cu15)100−xNbx alloys.

exothermic peaks can be seen from the DSC curve of alloys
C and D. Since there was metastable quasicrystalline phase
formed in the two later samples, the additional exothermic
event is therefore the extra phase transformation related to
the quasicrystalline phase before the primary crystallization.

Fig. 3shows the SEM images of the polished and etched
cross-sections of the (Zr65Al10Ni10Cu15)100−xNbx alloys. No
obvious crystalline precipitate is observed in the homoge-
neous amorphous matrix of alloy A, as shown inFig. 3(a).
Fig. 3(b) shows the image of the alloy B, a few dendritic pre-
cipitates can be seen at the center of some of the dark gray
areas. The size of the dendritic phase is about 10�m and the
primary dendrite arm can be seen. However, the volume frac-
tion of the small sized dendrites is too small to be detected
by XRD. For alloy C, about 100�m thick fully glassy shell
was found in the outermost region of the alloy rods. Some

Fig. 3. SEM images of the cross-section of the as-cast (Zr65Al10Ni10Cu15)100−xN
alloy D.
bx alloys: (a) alloy A; (b) alloy B; (c) alloy C; (d) alloy C; (e) alloy D; (f)
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Fig. 4. TEM image and SAED pattern of the (a) quasicrystalline and dendritic phase in alloy C with five-fold symmetry SAED pattern inset; (b) bcc phase in
alloy D with SAED pattern taken along [1 1 1] zone inset.

dendrites form at the center of the sample rod, as shown in
Fig. 3(c). Fig. 3(d) shows the dendrites at higher magnifi-
cation, dense particles can be found around the developing
dendrites.Fig. 4(a) is the TEM image of the dense particles
and the dendritic phase. The corresponding selected area elec-
tron diffraction (SAED) pattern of the particles is also shown
as an inset. The five-fold symmetry of the diffraction pattern
corroborates the formation of quasicrystalline phase. A fully
glassy shell of about 100�m thick was also found in the out-
ermost regions of the alloy D rods. Going deeper from the
shell, a 200�m thick region with a microstructure of qua-
sicrystalline particles and dendrite phase, which is similar
to that of alloy C, can be found inFig. 3(e). Towards the
center of the sample rod, the microstructure is dominated
by a high density of the dendrite phase distributed in the
matrix, as shown inFig. 3(f). The dendrite structure has pri-
mary dendrite axes with length of 10–20�m and a radius
of about 500 nm. The composition of the dendrite phase is
about 60.8 at.% Zr, 6.7 at.% Al, 3.4 at.% Ni, 7.2 at.% Cu and
21.9 at.% Nb, while that of the matrix is about 48.8 at.% Zr,
12.2 at.% Al, 14.16 at.% Ni, 19.23 at.% Cu and 5.43 at.% Nb.
It reveals that the composition of the dendrite phase strongly
deviate from the nominal composition. This phase is depleted
in Ni and enriched in Zr and Nb. The highest Nb content
of the �-phase can reach about 21.9 at.%, which is much
higher than that of the�-phase in other Zr-based composites
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tively. However, alloy B exhibits initial elastic deformation,
followed by yielding, plastic deformation and finally frac-
ture under compressive loading. The serrated flow can be
clearly seen on the stress–strain curve inFig. 5(b). The sam-
ples exhibit yield strength of 1793 MPa and fracture strength
of 1713 MPa, which reveals some work softening during the
end of the deformation process. The total plastic strain of the
sample is about 3.05%.

With different Nb content, the as-cast (Zr65Al10Ni10
Cu15)100−xNbx alloys exhibit different fracture feature.Fig. 6
shows the fracture surfaces of alloys B, C and D. The com-
pressive failure of alloys A and B all took place along the
maximum shear plane, which was inclined by about 45◦ to
the direction of the compressive load.Fig. 6(a) shows the
profile of the lateral surface near the fracture plane of alloy
B. Branching of the slip bands can been clearly seen. The
slip bands formed before branching can be called the pri-

F as-cast
( )
a

14,16]. Fig. 4(b) is the TEM image and the SAED p
ern of the dendrite phase. The SAED pattern taken a
he [1 1 1] zone axis corroborates the formation of a
hase.

A series of mechanical tests were conducted on the a
lloys with different Nb contents.Fig. 5 shows the typica
niaxial compressive stress–strain curves, in which the
ins of the curves have been displaced for clarity. Excep
lloy B, all the other samples exhibit brittle fracture but w
ifferent fracture strength. The fracture strength for al
, C and D are about 1793, 1975 and 1572 MPa, res
ig. 5. Room temperature compressive stress–strain curves of the
Zr65Al10Ni10Cu15)100−xNbx: (a) alloy A; (b) alloy B; (c) alloy C; (d
lloy D.
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Fig. 6. Fractography of as-cast (Zr65Al10Ni10Cu15)100−xNbx alloy shows: (a) the sample surface near fracture plane, alloy B; (b) fracture surface, alloy B; (c)
fracture surface, alloy C; (d) fracture geometry, alloy D and (e) fracture surface, alloy D.

mary slip bands, while the slip bands after branching can be
called the secondary slip bands. Lin et al. has studied the
enhanced plastic strain in Zr-based BMG and believed that
the slip bands forming in groups is due to the branching of
individual shear bands as they propagate through the mate-
rial [17]. However, no obvious slip bands can be found on
the lateral surface of other as-cast alloys.Fig. 6(b) shows
the morphology of the fracture surface of alloy B. A sub-
stantial portion of the fracture surface has a vein pattern that
extends along the maximum shear stress direction. The vein
patterns are more branched and the branching presumably
redistributes plastic strain or diverse the stress into different
shear plane. The resultant shear strain in any one branch thus
may be much smaller than that of a single, unbranched shear
band. This makes it more difficult for a propagating shear

band to nucleate a crack that will cause failure. The fracture
was thus retarded and shows significant plastic strain before
failure.

For alloy C, the fracture surface shown inFig. 6(c)
exhibits a honeycomb-like morphology, which was formed
via peeling-off of the quasicrystalline particles. The deforma-
tion behavior shows high strength but brittle fracture at room
temperature, which is typical for quasicrystalline materials
[18].

The overall profile of the fracture surface of alloy D is
shown inFig. 6(d). There are different fracture planes on
the fracture surface. The arrows show the interactions of the
deformation bands indicating inhomogeneous deformation
during the fracture.Fig. 6(e) shows the morphology of the
center part of the fracture surface. No vein patterns were
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found and the fracture surface reveals typical brittle features.
It was reported that the bcc dendrites is unstable against shear
and has a very low shear modulus of 22.7 GPa[10]. The den-
drites deformed via plastic deformation mechanisms such as
dislocation motion and twining, which contribute to the plas-
tic strain and initiate shear bands, while the matrix provides
high strength. Therefore, the higher the volume fraction of the
dendrite phase, the larger is the plastic strain. However, the
plasticity does not occur for this alloy[19]. The embitterment
of the as-cast alloys might be caused by the microstructure
difference between the center part and the peripheral part of
the materials.

4. Conclusion

The microstructure, mechanical properties and fracture
features of as-cast (Zr65Al10Ni10Cu15)100−xNbx alloys with
different Nb contents are investigated. The following conclu-
sions can be made:

(1) The glass transition temperature slightly increased and
the supercooled liquid region decreased with increasing
Nb content. For alloys with 10 and 15 at.% Nb, the DSC
curves exhibit more than one exothermic peak due to the
precipitation of quasicrystalline phase.
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ultimate compression stresses of the four alloys are of
1793, 1793, 1975 and 1572 MPa, respectively.
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