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bstract

The effects of adding small amount of aluminum to the binary Cu50Zr50 bulk metallic glass (BMG) on the thermal and mechanical prop-
rties were investigated. The Al addition was limited to 3 ≤ x ≤ 10 at.% in order to form fully amorphous bulk samples. Glassy rods of
mm diameter of these alloys were prepared by copper mold suction casting. The (Cu50Zr50)100−xAlx BMGs (x = 0 and 3 ≤ x ≤ 10 at.%)
ere characterized with differential scanning calorimetry (DSC), X-ray diffraction (XRD), Vickers microhardness test and nanoindentation,

espectively. The glass transition temperatures, crystallization temperatures and super-cooled liquid regions of the specimens increased with

ncreasing Al content. The microhardness of the specimens also increases with increasing Al content. Room temperature nanoindentation
as carried out on the cross-section of the rods. The results showed that the nanohardness and creep displacement were dependent on the
l content.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, researchers are interested in developing bulk
etallic glasses which exhibits high glass forming abilities

GFAs) along with good mechanical properties. Inoue et al.
eported the formation of Cu-based BMGs with high tensile
trength of over 2000 MPa and good ductility [1–3]. Most of
he Cu-based BMGs are formed from much cheaper materials
han those used in other BMG families such as Zr-, Ti- and Ni-
ased BMGs. The Cu–Zr–Al BMGs, among different Cu-based
ystems, were found exhibiting all the above advantages. Forma-
ion of alloy having high GFA with inexpensive materials is not
nly of scientific interest but make the production of precision
echanical parts possible as well [4].
Binary BMG such as Cu–Zr glassy alloy attracted a lot

f attention in the past few years due to its simple con-
tituents [5–10]. The Cu–Zr binary BMG exhibits high strength
5,6,8,10], reasonable plasticity [7], high glass transition tem-
erature and wide super-cooled liquid region [5,7–10]. However,
inary Cu–Zr BMGs usually contain fine crystals of nanometer

cale which slightly reduce the strength [7,8]. Previous studies
onfirmed that suitable addition of a small amount of a third ele-
ent can suppress the nucleation of crystals and hence, improve
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he GFA of the alloys effectively [8,11–15]. In this investiga-
ion, small amount of Al was added to the Cu50Zr50 alloy and
he effects on GFA and hardness were studied. Owing to the
igh hardness and reasonable toughness of BMGs, it is worth-
hile to explore its mechanical properties for better functional

pplications in the products. The nanoindenter was commonly
sed to measure the hardness (H) and modulus (E) as well as
hear band activities of BMGs. Besides, the nanoindenter can be
sed to study the localized nanoindentation creep by impression
reep test [16]. In this paper, the mechanical properties includ-
ng creep behavior of (Cu50Zr50)100−xAlx BMGs with different
l content were studied using nanoindenter as well as micro-
ardness measurement.

. Experimental procedure

A series of (Cu50Zr50)100−xAlx (x = 0, 3, 4, 6, 7, 8, 10 and 12) alloys were
repared by arc melting the mixtures of Cu, Zr and Al with purities higher than
9.9 (at.%) in a Ti-gettered argon atmosphere. The BMG samples were produced
y suction casting into a copper mold to form 3 mm diameter and 50 mm long
ods. The amorphous structure was checked with a Siemens D500 diffractometer
ith Cu K� (λ = 0.1542 nm) radiation. The thermal properties of the as-cast

amples were measured with a Perkin Elmer DSC 7 under a purified nitrogen
tmosphere. The DSC was calibrated with the melting transition of indium and

inc prior to data collection. The DSC scan was made from 323 to 873 K at a
onstant heating rate of 20 K/min. The thermodynamic behavior including the
lass transition temperature (Tg) and the onset crystallization temperature (Tx)
ere found from the DSC curves. Vickers microhardness tests were done on the

s-cast samples with a Matsuzawa MXT-�7 digital microhardness tester with

mailto:apchshek@cityu.edu.hk
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against the Al content in Fig. 3, and the data are also summarized
in Table 1.

Both the Tg and Tx increase with increasing Al content. The
Tg increases from 673 to 704 K when Al content increases from
ig. 1. XRD spectra of the (Cu50Zr50)100−xAlx (x = 0, 3, 4, 6, 7, 8, 10 and 12)
lloys.

load of 100 g (0.98 N). The samples were cut into cylinders with thickness of
mm and the surfaces were ground flat to parallel before hardness test. Speci-
ens for nanoindentation tests were prepared similar to that for microhardness

est but were polishing to a mirror like finish before the test. Nanoindentation test
ere performed on the as-cast samples with a Nano Indenter® XP for studying

he creep behavior while hardness and modulus measurement were made with a
SEM nanohardness tester. Deformation load was applied through a Berkovich

riangular diamond indenter in the Nano Indenter® XP driven by an electromag-
et. The indentation cycle consisted of a constant loading part up to a maximum
oad of 200 mN followed by a first hold period of 900 s at the maximum load,
he unloading part and a second hold period of 40 s at 10% of the maximum
oad.

. Results and discussions

.1. X-ray diffraction

Fig. 1 shows the XRD spectra of the as-cast 2 mm diameter
u50Zr50 BMG, and other samples, with diffraction angle 2θ

rom 25◦ to 60◦. The XRD pattern exhibits broad diffuse peak
etween diffraction angles 30◦ and 45◦, indicating the glassy
tate of the binary alloy sample. In recent work by Yu et al.
17], the XRD spectrum for 3 mm Cu50Zr50 rod exhibits sharp
rystalline peaks, which indicated that the metastable crystalline
u51Zr14 phase existed. Besides, Inoue et al. [7] and Das et al.

8] also found that there are tiny crystals present in the glassy
atrix. After adding 2 at.% of Al content, crystalline ZrAl2 and

ther unknown phases formed instead of forming the Cu51Zr14
hase [17]. It reveals that the Cu–Zr binary system can no longer
e formed in fully amorphous state when the sample diameter
xceeds 2 mm.

The X-ray diffraction patterns of the as-cast (Cu50
r50)100−xAlx rods with 3 mm diameters are also shown in Fig. 1.
or x = 3, 4, 6, 7, 8 and 10, the spectra only consist of broad
iffraction peaks, indicating their glassy state. When x = 12,
ome peaks are detected from the pattern though it shows a
road diffuse background. Those peaks of crystallized phases

annot be indexed unambiguously. The XRD results clearly
how that there is a critical Al content for the formation of
Cu50Zr50)100−xAlx BMGs. In order to form fully amorphous
tructure, the Al content is limited to 3 ≤ x ≤ 10 at.%.

F
p
o

ig. 2. DSC curves of the (Cu50Zr50)100−xAlx (x = 0, 3, 4, 6, 7, 8 and 10) glassy
lloys.

.2. Thermal analysis with DSC

Fig. 2 shows the DSC traces of the as-cast (Cu50Zr50)100−xAlx
x = 3, 4, 6, 7, 8 and 10 at.%) glassy alloys in the tempera-
ure range from 650 to 850 K. The alloys exhibit distinct glass
ransitions, followed by super-cooled liquid regions (SLR), and
hen the exothermic reaction corresponding to crystallization.
he glass transition temperatures (Tg), the onset temperatures
f crystallization (Tx) and the SLR (�Tx = Tg − Tx) are plotted
ig. 3. Variations in the glass transition temperature (Tg), crystallization tem-
erature (Tx) and super-cooled liquid region (�Tx) as a function of Al content
f the (Cu50Zr50)100−xAlx (x = 0, 3, 4, 6, 7, 8 and 10) glassy alloys.
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Table 1
Thermal parameters and mechanical properties of (Cu50Zr50)100−xAlx glassy alloys

Composition (at.%) Tg (K) Tx (K) �Tx (K) Vickers microhardness (Hv) H (GPa) E (GPa)

Cu50Ar50 673 716 43 449 7.3 100.5
(Cu50Zr50)97Al3 677 725 48 477 7.4 103.0
(Cu50Zr50)96Al4 681 737 56 489 7.8 107.6
(Cu50Zr50)94Al6 689 752 63 506 8.0 109.0
( 521 8.5 111.6
( 526 8.6 115.2
( 541 8.7 117.3
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Cu50Zr50)93Al7 693 762 69
Cu50Zr50)92Al8 692 766 73
Cu50Zr50)90Al10 704 763 58

to 10 at.%, while the Tx increases from 716 to 766 K for Al
ontent of 0–8 at.%. The highest value of �Tx, 73 K, is obtained
hen x = 8, which is a relatively large value and indicates that

Cu50Zr50)92Al8 has an excellent thermal stability against crys-
allization. This agrees quite well with the result of Yu et al.
17]. Besides, the �Tx increases from 43 to 73 K for Al content
f 0–8 at.%. It clearly shows that a small amount of Al addition
an improve the thermal stability of this alloy.

.3. Microhardness measurement

Fig. 4 presents the changes of Vickers microhardness (Hv)
ith Al content. The data are also summarized in Table 1.
he hardness increases almost linearly from 449 to 541 Hv for
= 0–10. The substitution of Al in Cu–Zr glassy alloy can effec-

ively increase its mechanical hardness. The experimental error
ars in Fig. 5 are below 5%. The minor fluctuation may be
ttributed to experimental errors during the test, or to some minor
ompositional fluctuation [18].

.4. Nanohardness

The nanohardness (H) and elastic modulus (E) as a func-

ion of Al content are shown in Fig. 5 and Table 1. The term

odulus is used instead of Young’s modulus, as it is still not
ompletely confirmed that the conventional Young’s modulus
an be obtained from every indentation experiment [19]. The H

ig. 4. Microhardness vs. Al content of the (Cu50Zr50)100−xAlx (x = 0, 3, 4, 6,
, 8 and 10) glassy alloys.
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ig. 5. Nanohardness vs. Al content of the (Cu50Zr50)100−xAlx (x = 0, 3, 4, 6, 7,
and 10) glassy alloys.

nd E increases from 7.3 to 8.3 GPa and from 100 to 117 GPa,
espectively, for the increase of x from 0 to 10. The microhard-
ess measured above is relatively smaller than the nanohardness
n the same specimen. The major reasons are due to the differ-
nce in geometry, size, indentation depth and loading mode of
he indenters of the two different tests [18].

.5. Creep behavior

Fig. 6 shows that the result of displacement versus time curves

f the (Cu50Zr50)90Al10 glassy alloy measured with a Nano
ndenter® XP. The corresponding load/unload profile is also
hown in the same figure for reference. After holding the load for
00 s at the maximum load of 200 mN, a positive creep behavior

ig. 6. Displacement vs. time graph during holding at peak load by nanoinden-
ation test on (Cu50Zr50)90Al10 glassy alloy.
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[
[17] P. Yu, H.Y. Bai, M.B. Tang, W.L. Wang, J. Non-Cryst. Solids 351 (2005)
ig. 7. Creep displacement vs. Al content during holding at peak load for the
Cu50Zr50)100−xAlx (x = 0, 3, 4, 6, 7, 8 and 10) glassy alloys.

s observed in the (Cu50Zr50)100−xAlx metallic glass. The creep
isplacement versus Al content curve is shown in Fig. 7. The
reep displacement decreases from 191 �m for x = 0–12 nm for
= 10. Creep is closely related to plastic deformation, and hard-
ess is a measure of material’s resistance to localized plastic
eformation. Thus creep has a close relationship with mechan-
cal strength. From the above results, the hardness increases
ith increasing Al content, in contrast, the creep displacement
ecreases with increasing Al content. This shows that the trend
f creep behavior is in line with the trend of the hardness.

. Conclusions

The influences of adding a minor Al content to the Cu–Zr
lassy alloys can improve the thermal stability, mechanical prop-
rties and GFA. When 8 at.% of Al content is added, the �Tx

s optimized at 73 K and the alloy has the highest thermal sta-
ility among the series of samples. The hardness was enhanced

o 541 Hv by adding 10 at.% of Al. Due to the close relation-
hip between creep and hardness, the creep displacement is the
argest for the Cu50Zr50 bulk glassy alloy and thus the smallest
or (Cu50Zr50)90Al10 glassy alloy.
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