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bstract

Cu46Zr47Al7 ternary bulk metallic glass (BMG) and its composite containing CuZr crystallizing phases were obtained through water-cooled
opper mold casting. There is an obvious microstructure transition of CuZr crystallizing phase due to the decrease in the cooling rate: disperse small
endrites–regular radial dendrites–martensite phase. Under compression, the CuZr crystallizing phases particularly for martensite phase yield first
nd stimulate the formation of multiple shear bands in the matrix, which enhanced the ductility of the composite. The quasi-static compression

racture surface of the BMG its composites display a mixture of three distinct patterns: vein-like, smooth regions and river-like patterns. The
iver-like pattern was related with the secondary shear bands or tertiary shear bands and its area fraction on the fracture surface was dependent on
he plasticity.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Bulk metallic glasses (BMGs) have long been regarded as
potential structural material since their first emergence some
0 years ago. However, monolithic BMGs usually exhibit poor
lasticity and no strain hardening ability during room temper-
ture deformation due to highly localized shear bands, which
ignificantly limits the range of possible applications. In order
o overcome the limited plastic deformability of BMGs, compos-
tes containing ceramic particles [1,2], ductile micrometer-sized
articles [3,4], bcc-� dendrites [5,6] or nanostructure-dendrites
7,8] were prepared by ex situ or in situ methods. In these com-
osites, the second phase hinders single shear band to extend
ritically through the whole sample at the onset of plastic
eformation and seeds the initiation of multiple shear bands.
herefore, the plastic strain is distributed more homogeneously
n the shear band patterns, which results in high strains to failure
f the composites.

∗ Corresponding author. Fax: +86 2982663453.
E-mail address: junsun@mail.xjtu.edu.cn (J. Sun).
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Recently, the progress of bulk glass formation in binary
u–Zr alloys has triggered a lot of interest in rather simple
nd easy glass-forming systems [9–11]. Moreover, some Cu–Zr-
ased BMGs such as Cu50Zr50 [12,13] and Cu47.5Zr47.5Al5
14] have exhibited large plastic strain with extensive “work-
ardening” due to introduce atomic-scale inhomogenities or
anocrystals. Besides, Zr48.5Cu46.5Al5 BMG composites were
eveloped by in situ precipitation martensite phase and had
xhibited good plastic deformability and hardening-like behav-
or due to the presence of the martensite phase [15]. Comparing
ith former Zr-, Cu- and Ti-based BMG composites [1–8] and
ther ductile Pt- and Pd-based BMGs [16,17], the Zr–Cu–Al (or
u–Zr–Al) ternary alloys have a better combination of strength,
uctility and lower production cost. Moreover, as a structure
aterial for BMG and its composites, high yield strength, good

uctility and large size are all necessary to meet the require-
ent. On one hand, BMG composites with large size and good

lasticity have so far always been accompanied by poor yield
trength due to the high reinforcement content required [18].

or example, Zr73.5Nb9Cu7Ni1Al9.5 composite with bcc-� den-
rites has large size of 10 mm in diameter and high fracture
lastic strain of 15.8%. However, its yield strength is as low
s 1291 MPa [19]. The as-arc melted Ti-based samples exhibit

mailto:junsun@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.msea.2007.02.093
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ery large plastic strains of 16.5–17.9% with relatively lower
ield strengths of 1037–1073 MPa [8]. On the other hand, the
MGs and BMG composites with good ductility and high
ield strength previously reported are seldom larger than 3 mm
n diameter [3,4,12,14]. Following this, in the previous work
20], Cu46Zr47Al7 BMG and its composites in plate with dif-
erent thicknesses up to 6 mm were prepared by copper mold
asting. Primary crystallizing phases with different microstruc-
ures and volume fractions could be obtained under different
ooling rate, forming some composites with different mechan-
cal properties. In particular, under compression test, the 2 mm
hick monolithic BMG has an yield strength of 1894 MPa and
igh fracture strength of up to 2250 MPa at plastic strain up
o 6% exhibiting apparent “work-hardening” behavior. The
mm thick Cu46Zr47Al7 BMG composite containing marten-

ite phase yields at 1733 MPa and finally fails at 1964 MPa
ith plastic strain of 3.7% [20]. Very recently, a group of
u–Zr and Ti(Cu,Ni)-base ductile “work-hardenable” BMGs
ased on “supercooled martensitic alloys” has also been reported
21]. The study on the formation and fracture mechanism of
u–Zr–Al composite containing CuZr crystallizing phase par-

icular for martensite phase is important to develop BMGs and
heir composites with a combination of high yield strength, good
lasticity, large size and low production cost.

In this paper, the microstructure evolution of CuZr crys-
allizing phase under different cooling rates and mechanical
roperties of Cu46Zr47Al7 BMG composite containing CuZr
rystallizing phases under compression are systematically inves-
igated.

. Experimental procedure

The processing and microstructure information about a
u46Zr47Al7 BMG and its composite containing CuZr crystal-

izing phases have been reported in the previous paper [20].
lates with different thicknesses up to 6 mm were prepared by
opper mold casting. The 2 mm plate is a fully amorphous struc-
ure and the 4 mm plate is composed of CuZr crystallizing phases
33.1% in volume) and a metallic glass matrix (66.9% in vol-
me). The Vickers hardness was measured using a MH-5 Vickers
icro-hardness tester with a load of 200 g holding for 15 s. The

ompressive tests were conducted on a computed-controlled,
ervo-hydraulic MTS 810 testing machine at a strain rate of
× 10−4 s−1 at room temperature. After mechanical tests, all

he specimens were observed by a HITACHI S-2700 SEM to
eveal deformation and fracture features.

. Results

.1. Microstructure evolution of CuZr crystallizing phases

The 2 mm sample has a fully amorphous structure and the
mm plate is composed of CuZr crystallizing phases (33.1% in

olume) and a metallic glass matrix (66.9% in volume), which
as been confirmed by the results of XRD, DSC traces, OM and
EM observations [20]. Fig. 1(a) shows the whole cross section
f 4 mm sample. It can be seen that there are some grains with
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ifferent size in different regions of the cross section. All the
rystallization phases were identified as CuZr phase by XRD. It
hould be noted that there might be other crystallization phases
uch as Cu10Zr7 and CuZr2 phases that have not been distin-
uished by XRD due to the limit of resolution. Detailed optical
icroscopy observations (see Fig. 1(b–d)) show there are three

ypical sub-microstructures in gains with different sizes. The
rst is disperse small dendrites within the small round grains in

he edge with sizes less than 150 �m; the second is a regular
adial distribution of dendrites in bigger grains locating mainly
etween the edge and center, whose sizes are in the range of
50–380 �m, and the third is blocky grains with different sizes
ithin the biggest grain mainly in the center part, whose sizes

re range from 380 to 600 �m. The blocky grains display an
neven surface and contain plates with different lengths inside
nd the plates are self-arranged and align in different subcrys-
alline regions (see Fig. 1(d)). The surface morphology of the
rains reveals that a martensite phase formed during the rapid
ooling of the alloy melts [15].

.2. Mechanical properties

Under compression test at a constant strain rate of
× 10−4 s−1, the 2 mm Cu46Zr47Al7 BMG displays an initial
lastic deformation behavior with an elastic strain of about 2.0%
nd has yield strength about 1894 MPa and fracture strength
250 MPa and exhibits apparent “work-hardening” with sig-
ificant plastic strain up to 6%. The compressive specimen of
mm Cu46Zr47Al7 composite yields at 1733 MPa, followed by
n obvious strain hardening up to a plastic strain of 3.7% before
racture. Its compressive fracture stress, σF

C, is 1964 MPa [20].
Vickers hardness test was performed to investigate the local

echanical properties of grains with different sizes and sub-
icrostructure. Fig. 2 shows the Vickers hardness of the grains
ith different size and sub-microstructure (assuming the size of
MG matrix as zero) in the 4 mm plate. The hardness of BMG
atrix is about HV 550 and is slightly lower than that of 2 mm
MG (about HV 580). The hardness decreases with the increase

n grain size and that of grains with disperse small dendrites are
igher than those of grains with regular radial dendrites and CuZr
artensite phase. It can be seen that CuZr martensite phase has

he lowest hardness of HV (about HV 370).

.3. Fracture surface observations

From Fig. 3(a), it can be seen that the compressive speci-
en of 2 mm BMG fails in a shear mode and its compressive

hear fracture angle θC is quite close to 45◦. Fig. 3(b) shows that
he compressive specimens of 4 mm BMG composite also fails
n a shear mode and its compressive shear fracture angle θC is
pproximately quite to 43◦. Fig. 4(a) shows the surface deforma-
ion morphology of the compressed 2 mm BMG by SEM. Many
nd closely spaced shear bands on side surface should contribute

o its large plasticity under compression, which should originate
rom a unique microstructure correlated with atomic-scale inho-
ogeneity, leading to an inherent capability of extensive shear

and formation, interactions, and multiplication of shear bands
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Fig. 1. Optical images of microstructures of the cross-sectional areas of 4 mm Cu4

regular radial dendrites and (d) martensite phase.

Fig. 2. The Vickers hardness of grains with different sizes and sub-
microstructure.
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6Zr447Al7 alloys for (a) whole cross section, (b) disperse small dendrites, (c)

14]. The observations to the side surface of the compressed
mm BMG composite reveal that the CuZr martensite phase
eformed firstly due to relative lower yield strength compar-
ng with other grains and BMG matrix, as shown in Fig. 4(b).
ense shear bands were activated as meeting the CuZr crystal-

izing phases with different grain sizes as shown in Fig. 4(c). The
econdary and tertiary shear bands on the deformation surface
trongly interact with each other, forming numerous branches.
he severe plastic deformation or stress concentration induced
racking of grains with radial dendrites (see Fig. 4(d)). Finally,
he compressed specimen fails still in a shear mode as shown in
ig. 4(e). The fracture surface feature of the compressed 2 and
mm specimens are exhibited in Fig. 5(a and b). The fracture

urfaces are both composed of mixed fracture morphology—(I)
ein-like pattern, (II) river-like pattern and (III) intermittent
mooth regions. Similar fracture surface feature could also be
ound in the fracture surfaces of Zr-based BMG composite and
u-based BMG (Cu60Zr30Ti10) [22]. An enlarged micrograph
Fig. 5(c)) presents the localized formation of a river-like pat-
ern. And a typical feature of a combination of veins and some
ores under tension of 2 mm Cu46Zr47Al7 BMG is given in
ig. 5(d).
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ig. 3. Fracture feature under compression (a) for 2 mm BMG and (b) for 4 mm
MG composite.

. Discussions

During the casting, when the cooling rate is higher than
he critical cooling rate 370 K/s (estimated from 2 mm plate),
u46Zr47Al7 fully amorphous glass can be obtained. With the
ecrease in cooling rate, CuZr crystallizing phase precipitates as
he B2 structure (CsCl type bcc based), which exists as line phase
bove 715C. Below this temperature, this phase decomposes
nto the neighbouring stable phases Cu10Zr7 and CuZr2 with
n orthorhombic and tetragonal structure, respectively. By rapid
ooling to <140 ◦C the decomposition process is suppressed and
he B2 structure transforms into two metastable structures with

onoclinic symmetry. These phases have martensitic charac-
eristics and show shape memory behavior [23]. For the 4 mm
uZrAl plate, although the cooling rate is less than the critical
ooling rate 370 K/s (estimated from 2 mm plate) and crys-
allizing phase CuZr precipitates, it is still higher enough to
uppress the decomposition process (decomposing into Cu10Zr7
nd CuZr2). Part of CuZr crystallizing phases has transformed

nto martensite phase and the other remained as disperse small
endrites and regular radial dendrites. It is reasonable there is
n obvious microstructure transition of crystallizing CuZr from
he edge to the center: disperse small dendrites–regular radial
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endrites–martensite phase structure, which emerged and grew
igger with the decrease in cooling rate. With further decrease
n the cooling rate, part of CuZr crystallizing phases would
ecompose into Cu10Zr7 and CuZr2 crystallizing phases.

During the compression, these CuZr crystallizing phases
ield first due to their relative lower yield strength. Then dense
hear bands were activated as meeting these grains with dif-
erent grain size. Similarly, a BMG composite with dendritic
hase precipitates was investigated using neutron diffraction
nd self-consistent modeling (SCM) was adopted to ascertain its
eformation mechanisms. It was shown that the ductile second
hase yielded first upon loading, and this was followed by multi-
le shear band formation in the matrix, a process which enhanced
he ductility of the composite [24]. It could be found that present
esult has a good agreement with their work. Otherwise, on the
dge of 4 mm specimen, many and closely spaced shear bands
ould be found (Fig. 4(d)). Under loading, the ductility of 4 mm
ample is still lower than that of 2 mm thick monolithic BMG
ecause there are grains with various sub-microstructures in the
ifferent regions of 4 mm sample in which disperse small den-
rites and radial dendrites as “weak spots” reduce the ductility.
ecently, a group of Cu–Zr and Ti(Cu,Ni)-base ductile work-
ardenable BMGs based on ‘supercooled martensitic alloys’
as been prepared [21]. These composites have a good com-
ination of yield strength, plasticity and large size and are better
o meet the requirement as a structure material comparing with
heir counterpart BMG alloys. However, owing to the different
ooling rate from edge to center during casting, the composite
btained generally contains crystallizing phases with differ-
nt microstructures and mechanical properties. Measurement
hould be taken to obtain more uniform martensite phases in
hese casting BMG composites.

In the present work, the fracture surfaces of the 2 mm BMG
nd 4 mm BMG composites both display a mixture of three dis-
inct patterns: vein-like, smooth regions and river-like patterns as
hown in Fig. 5(a and b). However, the previously reported com-
ressed BMGs usually only consist of a quite uniform vein-like
tructure [25,26]. The vein-like pattern was attributed to local
elting within the main shear band induced by the high elastic

nergy in instantaneous fracture [27,28]. The smooth regions
re believed to form when a crack propagates at a high speed
fter overcoming the trap of a crystalline particle [29]. Those on
he fracture surfaces of the Zr-based BMG composite [22] are
ttributed to the existence of crystals with low volume fraction.
he crystalline particle in the present 2 mm BMG and previous
u60Zr30Ti10 [22] should be related with nanocrystallization

nduced by mechanical deformation. It is reported that quasi-
tatic uniaxial compression imposed on the monolithic Cu–Zr
ontaining amorphous alloys with pronounced plasticity pro-
ote nanocrystallization even at room temperature, which was

onfirmed with high resolution electron microscopy examina-
ion [30]. It should be similar to the present Cu–Zr containing
u46Zr47Al7 BMG and previous Cu60Zr30Ti10 [22]. Moreover,
he area fraction of smooth regions on the fracture surface should
e related with the volume fraction of crystalline particle. It
s clear that the area fraction of smooth regions of the 4 mm
omposites is larger than that of the 2 mm BMG while there is
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ig. 4. Surface deformation morphology (a) profuse shear bands on 2 mm BMG
he matrix of 4 mm BMG composite.

arger volume fraction of CuZr crystallizing phases in the for-
er. Correspondingly, the area fraction of smooth regions of
r-based BMG [26] is zero due to the absence of crystalline
article.

Besides vein-like pattern and smooth regions, there is river-
ike pattern on the fracture surface. Kusy et al. [22] has proposed
hat the river-like pattern formed on transversal steps resembled
orphology similar to the one observed on the fracture planes
f samples loaded in tension. And it was explained by easy sep-
ration along the secondary shear bands at the instability prior
o failure due to the significant difference between values of

m
t
b
t

surface, (b–f) deformed CuZr crystallizing phase and multiple shear bands in

ritical strain accommodation along perpendicular and parallel
irections with respect to the shear band planes. The typical fea-
ure of a combination of veins and some cores under tension of
mm CuZrAl BMG as shown in Fig. 5(d)) is similar with these
f other many BMGs under tension [25]. It is considered that
he radiating cores on the fracture surface are produced by the
ormal tension stress in the initial stage of fracture, the veins are

ainly created by the shear stress during rapid shear propaga-

ion [26]. However, it can be seen that there is great difference
etween this river-like pattern (as shown in Fig. 5(c)) and the
ypical tension feature. This difference should attribute to the
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ig. 5. Fracture surfaces of 2 mm BMG (a) and 4 mm BMG (b) are both comp
III) intermittent smooth regions. (c) Enlargement of a region with river-like pa

tress state. The more ductile the alloy BMGs or BMG com-
osites are, there are more secondary shear bands or tertiary
hear bands. It seems that the river-like pattern is related with
he secondary shear bands or tertiary shear bands. Accordingly,
ts area fraction on the fracture surface is dependent on the plas-
icity. In the BMGs with poor plasticity, fewer secondary shear
ands or tertiary shear bands could be formed. And the fracture
urface only consists of a quite uniform vein-like structure and
ewer river-like patterns were found [26]. With the BMG with
nhanced plasticity, the increase of secondary shear bands or
ertiary induced the increase in area fraction of river-like pattern
22]. In the present 2 mm Cu–Zr–Al BMG with good plastic-
ty (εp = 6%), the secondary and tertiary shear bands interact
trongly each other, forming numerous branches. Large area
raction of vein-like pattern could be found in the fracture sur-
ace (see Fig. 5(c)). Similarly, river-like pattern should be found
n the fracture surface of ductile BMGs or BMG composites
12–15].

. Conclusions
1) There is an obvious microstructure transition of CuZr
crystallizing phase due to the different cooling rate
during casting: disperse small dendrites–regular radial
dendrites–martensite phase.

f
N
t
P

f mixed fracture morphology—(I) vein-like pattern, (II) river-like pattern and
d) typical feature of a combination of veins and some cores under tension.

2) Under compression, the CuZr crystallizing phases particu-
larly martensite phase yield first and introduce the formation
of multiple shear bands in the matrix, which enhanced the
ductility of the composite. However, the plasticity of com-
posite is still lower than that of counterpart BMG alloy
whose enhanced compressive plasticity is attributed atomic-
scale inhomogenities because disperse small dendrites and
radial dendrites as “weak spots” reduce the ductility.

3) The quasi-static compression fracture surfaces of BMGs and
their composites display a mixture of three different distinct
patterns: vein-like, smooth regions and river-like patterns.
The river-like pattern was related with the secondary shear
bands or tertiary shear bands and its area fraction on the
fracture surface is in direct proportion to the plasticity.
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