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a b s t r a c t

Effect of cryogenic treatment (CT) on microstructure and mechanical properties of the Cu-based bulk
metallic glasses matrix composite (Cu46Zr46Al8) was investigated. CT brought about the refinement of
the primary CuZr phase, the formation of the martensite phase accompanying with the morphology
modification of the CuZr precipitates, contributing to the improvement in the microhardness and the
eywords:
u-based bulk metallic glass composite
ryogenic treatment
artensite

racture

compression fracture strength. The size of the CuZr crystalline phase was reduced from about 3 �m to
2 �m and the morphology of the CuZr precipitate was transformed from the rotundity to the short rod-
shape. The compression fracture strength and the microhardness of the as-cast Cu46Zr46Al8 composite
were 1340 MPa and 512 Hv respectively, while they were 1759 Mpa and 574 Hv respectively after CT.
Furthermore, CT accelerated the fracture morphology transformation from the ductile to the brittle. The
possible mechanisms involved in microstructural modification and strength as well as microhardness

ssed.
improvement were discu

. Introduction

The recent findings of the bulk glass forming alloys have
eceived much attention and are promising for the further devel-
pment of the bulk metallic glasses (BMGs) with the potential
echnological applications [1]. However, the monolithic BMGs usu-
lly exhibit poor plasticity and no stain hardening ability during
eformation at the ambient temperatures due to the highly local-

zed shear bands, which significantly limits the range of possible
pplications [2]. In the past decades, continuous attempts have
een made to enhance the ductility of the multi-component BMGs
hrough designing a composite microstructure. Usually, two pro-
essing are adopted to prepare the glass matrix based composites.
ne is the controllable annealing treatment of the amorphous pre-
ursor, while the other is the ex situ or in situ formation of the
omposite. Up to now, the rather high plasticity of the amorphous
lloys can be achieved by partial crystallization [3–5].

The Cu-based BMGs have attracted the increasing interests due
o their good glass forming ability (GFA), ultrahigh strength and
ather low cost [6,7]. In the recent years, some studies have been

onducted on improving the GFA and mechanical properties of the
Cu50Zr50)100−xAlx BMG and BMG matrix composites [6–8]. Cheung
nd Shek [7] found that the �Tx was optimized at 73 K and the alloy
xhibited the highest thermal stability with the Al content of 8 at.%.
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In addition, Yu et al. found that the alloy containing 8% Al exhibited
the best GFA in the alloy series and the amorphous rod with the
diameter over 5 mm was obtained [9]. Therefore, the Cu46Zr46Al8
alloy was selected in the present study. The Cu46Zr46Al8 compos-
ite was prepared at the given cooling rate and then experienced
CT. CT is a novel way to modify the microstructure and mechanical
properties of metallic materials. Most studies have been focused on
their deformation behaviors during cryogenic temperature, while
few investigations have been conducted on the mechanical prop-
erties of BMG and BMGC after CT. To achieve wider applications in
space exploration and liquefied gas storage, it is important to study
the mechanical properties of the BMG and BMGC at the cryogenic
temperature and after CT [10].

The present work aims to study the effect of the CT on the
microstructure and mechanical properties of the Cu-based bulk
metallic glasses matrix composite and try to identify the different
fracture features from the morphology.

2. Experimental

The (Cu50Zr50)92Al8 glass matrix composite was prepared by arc melting mix-
tures of Cu, Zr and Al with the purities higher than 99.9% in a Zr-gettered argon
atmosphere. The alloy ingots were repeatedly melted four times to ensure compo-
sition homogeneity and then was suction cast into a copper mold to form cylindrical
rods with 4 mm in diameter. Some samples were then treated by cryogenic process-

ing. The samples were immersed into liquid N2 namely CT for 4 h, 24 h, 60 h and 72 h,
respectively.

The microstructure was investigated by X-ray diffraction (XRD) with the Cu
K radiation, the optical microscopy (OM, Leitz-MM6) and scanning electronic
microscopy (SEM, JSM-6700F) at the same location before and after CT. The speci-
mens for mechanical testing were cut from the rods with the height and the diameter
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ig. 1. The optical micrograph and the XRD pattern of the as-cast Cu46Zr46Al8 com-
osite.

f 8 mm and 4 mm respectively. They were grounded and polished prior to testing.
he hardness testing was conducted on a HBRVU-187.5 hardness tester under a
oad of 200 g and a holding time of 15 s. The microhardness value was averaged
rom seven points on each sample and the error was below 10. The compressive
ests were conducted on a quasi-static loading apparatus at an initial strain rate
f 5 × 10−4 s−1. The compressive strength was averaged from three samples and the
rror was not beyond 15. The compression fracture surfaces were examined by SEM.
. Results and discussion

The optical micrograph and the XRD pattern of the as-cast
u46Zr46Al8 composite are shown in Fig. 1. As indicated by the
RD pattern, the visible crystalline peaks corresponding to the CuZr

Fig. 2. Optical micrographs of the Cu46Zr46Al8 composite a
Fig. 3. The XRD patterns of the Cu46Zr46Al8 composites after CT.

crystalline phase (Pdf #49-1483) was detected, which was in accor-
dance with the literature [11]. The CuZr crystalline phase was in
the form of rotundity and was mainly located in the amorphous
area. Most of the CuZr particles were about 3 �m in size and were
homogeneously dispersed in the glassy matrix, while only a small
fraction of them were agglomerated locally.

Fig. 2 shows the optical micrographs of the Cu46Zr46Al8 com-
posite experienced CT. Obviously, the significant microstructural
changes occurred after CT. As seen from Fig. 2a, the rotundity grains

with the different sizes were existent in the amorphous matrix after
CT for 4 h and the average size of the particles was about 2 �m,
smaller than those in the as-cast sample. As seen from Fig. 2b,
the crystalline phase was transformed from the rotundity to the
short rod-shape after CT for 24 h and its average size was still much

fter CT (a) CT for 4 h; (b) CT for 24 h; (c) CT for 60 h.
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Fig. 4. TEM image of the Cu46Zr46A

maller than that in the as-cast. Furthermore, as indicated by Fig. 2c,
here were three morphologies of the crystalline phase, i.e. rotun-
ity, short rod-shape and dendrite for the as-cast samples after CT
or 60 h and its distribution was more homogenous than that in the
s-cast.
The XRD patterns of the Cu46Zr46Al8 composite after CT are
hown in Fig. 3. As seen from Fig. 3, more crystalline peaks except
he general CuZr phase were observed after CT for 24 h. The extra
rystalline peaks were mainly identified as the monoclinic CuZr
hase (Pdf#49-1485).

Fig. 5. The SEM fracture images of the Cu46Zr46Al8 composites after
ples (a) before CT and (b) after CT.

It was reported that an interesting phenomenon such as a
martensitic transformation from the cubic primitive B2 (Pm-3m)
to the monoclinic B19′ (P21/m and Cm) phase was existent in the
Cu–Zr-based alloys [12–14]. The microstructural observation indi-
cated that a martensitic transformation probably occurred during

the CT for 24 h (as seen in Fig. 3). However, the crystalline CuZr
phase exists in a wide variety of morphologies and microstructures
[14]. Although the alloy composition is similar, the morphologies of
the CuZr intermetallic compound (either B2 parent phase or mono-
clinic martensite phase) are rather diverse in different alloys system

different treatments (a) as-cast; (b) CT for 4 h; (c) CT for 24 h.
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Fig. 6. The fracture surfaces of

r with the different cooling rates, ranging from the micrometer-
ized dendrite in the slowly solidified alloy to the nanometer-sized
articles formed with the high cooling rate. Therefore, TEM exam-

nation was conducted to identify the martensitic phase.
The TEM bright field images of the Cu46Zr46Al8 samples before

nd after CT are shown in Fig. 4. As shown in Fig. 4a, the as-cast
ample exhibited a mixed structure, i.e. the amorphous phase, the
artial crystalline and the fully crystalline phase. Obviously, the
ooling rate is not sufficient to prevent partial crystallization of the
elt. At first the B2 CuZr phase precipitates and the remaining melt

olidifies into a glass. It is well known that the growth of the CuZr
ntermetallic compound is rather fast [14]. Once the cooling rate
rops to a critical degree during the solidification process, the CuZr
hase instead of the amorphous phase will nucleate at the L/S inter-
ace and subsequently grow at a high rate. The solute redistribution
n the remaining liquid thus results in the no longer formation of
he amorphous phase.

As shown in Fig. 4b, the CT sample revealed the strip-like phase
ith several hundreds of nanometer in length and 5–10 nm in
idth. From the corresponding SAED pattern inserted in Fig. 4b, the

rystalline phase was composed of the cubic primitive structure B2
uZr phase and the monoclinic martensitic B19′ CuZr phase, which
as consistent with the XRD results. Furthermore, the superlattice
as also observed in the SAED pattern of the CT sample. It is known

hat there are two kinds of martensites found in the CuZr inter-
etallic compound, i.e. the normal martensite and the superlattice

f the former [15]. As indicated by the weak points in the SAED pat-
ern inserted in the Fig. 4b, the superlattice may be corresponding
o the superstructure of the normal martensites.

The mechanical properties of the composite in the different
tates were summarized in the Table 1. The maximum of the micro-

ardness and the compression strength were 574 Hv and 1759 MPa
espectively after CT for 24 h. In addition, the maximum compres-
ive fracture strength and the microhardness increased with the
ncrease of the CT time. Due to the intrinsic brittle nature of the

able 1
icrohardness and compression strength of the composites after CT.

Processing parameter Mechanical properties at room temperature

Microhardness,
Hv

Compression yield
strength �y , MPa

Compression
fracture strength
�f , MPa

CT 0 h 512 1340 1340
CT 4 h 520 1476 1476
CT 24 h 574 1759 1759
mple experienced CT for 24 h.

composite, almost zero plastic strain was existent after CT, which
was in good agreement with the literatures that the plasticity of
the BMG at cryogenic temperature was not distinctly improved but
albeit certain increase in strength was found [16–19]. Therefore,
the data of the compression yield strength were the same as those
of the compression fracture strength. However, the intrinsic brit-
tleness of the Cu46Zr46Al8 composite was aggravated, which was
indicated by Figs. 5 and 6.

The fracture images of the composite after CT are shown in Fig. 5.
As shown in Fig. 5a, the as-cast composite exhibited a vein-like
fracture pattern typical of the other metallic glasses [20–24]. Fur-
thermore, the arrangement of the veins was in agreement with
the flow direction in the shear plane, which was consistent with
the previous literatures [25,26]. As shown in Fig. 5b, there was a
sharp discontinuity between the fine striations and the intermit-
tent smooth regions in the form of transversal steps for the sample
experienced CT for 4 h, which indicated that the fracture occurred
on a coarse plane after CT. The analogous morphologies of transver-
sal steps were obtained in the different testing conditions and were
observed on the fracture surface of a Zr-based amorphous alloy at
high temperature [27]. As shown in Fig. 6c, the total brittle fail-
ure feature was observed for the sample experienced CT for 24 h,
indicating that the CT accelerated the brittleness transition.

The fracture process of the sample experienced CT for 24 h is
shown in Fig. 6. Fracture propagation was initiated with a few vein
patterns and then continued to a zone in which cracks and mircov-
oids were formed, indicating micro-cracks joined together to form
continuous cracks and then led to the final brittle fracture during
the compression loading. Therefore, the plastic deformation ability
of the amorphous matrix was reduced, which was similar to the
phenomenon reported by Concustell et al. [28].

The mechanism of CT remains unclear up to now. Some
researchers [29] have proposed that structural relaxation may be
one of the microscopic mechanisms responsible for the variations in
the macroscopic properties and microstructure after CT. However,
Zaichenko et al. [30] has pointed out that the influence of structural
relaxation is negligible at low temperatures since its intensity I is
determined by the expression:

I∼ exp
[
− Ui

kT

]
(1)
where Ui is the mean value of the energy barrier, k is the Boltz-
mann constant and T is the temperature. As demonstrated above,
the effect of CT on the Cu46Zr46Al8 composite may be explicated
from the following aspects: the effect on the glass matrix and the
effect on the crystalline distributed in the matrix. Free volume is
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efined as that part of the thermal expansion, or excess volume
hich can be redistributed without energy changes and the free

olume theory has been used in the glass formation [31,32]. Accord-
ng to the literatures [16,33], the share band initiation in glassy
lloys is related to free volume coalescence and the shear bands
orm just in the higher free volume fraction. However, it is well
nown that the diffusion of the free volume is related to the tem-
erature [10,16]. In the cryogenic condition, increased stiffness of
he atomic bond makes the squeezed free volume coalescence more
ifficult, since the mobility of the free volume at cryogenic tempera-
ure is much lower that that at room temperature. The coalescence
f the free volume requires a higher applied load which results
n the improvement of the microhardness and the compression
trength [16,34]. Furthermore, the lower free volume leads to the
ewer shear bands and suppress the propagation of the share bands.
hus, the brittle fracture was accelerated, as seen in Fig. 5. The effect
f CT on the crystalline could be explained that the cryogenic con-
ition can effectively slow down the mobility and the diffusion of
toms [10], and consequently suppress the growth of the crystalline
hases, contributing to the smaller size of the crystalline phase. The
artensitic phase was also induced by the internal stress during CT,
hich was in accord with the previous study [35]. Furthermore, the

nternal stress induced by CT can crumble the crystalline phase and
hus lead to the smaller crystalline phases and the modification of
he morphology of the CuZr phase [36]. In the crystalline mate-
ials, the relation of strength to the grain size is followed by the
all–Pecth formula:

s = �i + kyd−1/2 (2)

here �i and ky are constants at a certain temperature and a certain
tain velocity, and d is the diameter of the crystalline phase. Assum-
ng the Hall–Pecth formula is also applicable in the crystalline phase
f the BMG composites, it can be concluded that the smaller size of
he crystalline phase results in the higher strength of the compos-
tes. Therefore, the effect of CT on the modifications of the matrix
nd the crystalline phase contributes to the superior hardness and
he compression fracture strength to those of the as-cast samples.

CT can improve the strength and the hardness of the Cu46Zr46Al8
omposite but accelerate the brittle fracture. However, for the
ctual applications, the materials with high strength and large
lasticity are desirable. Although CT may open a new strategy to
abricate the high-strength structural materials in the future, the
etails of the ductile to brittle transition at the cryogenic environ-
ent are still unclear and need further study.
. Conclusions

In this work, the effects of CT on the microstructure evolution
nd mechanical properties were studied. CT refined the primary

[
[
[

[
[

mpounds 505 (2010) 319–323 323

CuZr phase, induced the martensite phase and modified the mor-
phology of the CuZr precipitates in the as-prepared Cu-based bulk
metallic glasses matrix composite (Cu46Zr46Al8), contributing to
the improvement in the microhardness and the compression frac-
ture strength from 512 Hv and 1340 MPa to 574 Hv and 1759 MPa,
respectively before and after CT. The size of the CuZr crystalline
phase was reduced from about 3 �m to 2 �m and the morphol-
ogy of the CuZr precipitate was transformed from the rotundity to
the short rod-shape. Furthermore, CT accelerated the fracture mor-
phology transition from the ductile to the brittle. CT may be a novel
way to achieve the microstructural refinement and the strength as
well as microhardness improvement of the BMG composites.
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