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Abstract

The effects of adding small amount of aluminum to the binary CusoZrsy bulk metallic glass (BMG) on the thermal and mechanical prop-
erties were investigated. The Al addition was limited to 3 <x<10at.% in order to form fully amorphous bulk samples. Glassy rods of
3mm diameter of these alloys were prepared by copper mold suction casting. The (CusoZrsg)igo—rAl, BMGs (x=0 and 3 <x<10at.%)
were characterized with differential scanning calorimetry (DSC), X-ray diffraction (XRD), Vickers microhardness test and nanoindentation,
respectively. The glass transition temperatures, crystallization temperatures and super-cooled liquid regions of the specimens increased with
increasing Al content. The microhardness of the specimens also increases with increasing Al content. Room temperature nanoindentation
was carried out on the cross-section of the rods. The results showed that the nanohardness and creep displacement were dependent on the

Al content.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, researchers are interested in developing bulk
metallic glasses which exhibits high glass forming abilities
(GFAs) along with good mechanical properties. Inoue et al.
reported the formation of Cu-based BMGs with high tensile
strength of over 2000 MPa and good ductility [1-3]. Most of
the Cu-based BMGs are formed from much cheaper materials
than those used in other BMG families such as Zr-, Ti- and Ni-
based BMGs. The Cu—Zr—-Al BMGs, among different Cu-based
systems, were found exhibiting all the above advantages. Forma-
tion of alloy having high GFA with inexpensive materials is not
only of scientific interest but make the production of precision
mechanical parts possible as well [4].

Binary BMG such as Cu—Zr glassy alloy attracted a lot
of attention in the past few years due to its simple con-
stituents [5—10]. The Cu—Zr binary BMG exhibits high strength
[5,6,8,10], reasonable plasticity [7], high glass transition tem-
perature and wide super-cooled liquid region [5,7-10]. However,
binary Cu—Zr BMGs usually contain fine crystals of nanometer
scale which slightly reduce the strength [7,8]. Previous studies
confirmed that suitable addition of a small amount of a third ele-
ment can suppress the nucleation of crystals and hence, improve
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the GFA of the alloys effectively [8,11-15]. In this investiga-
tion, small amount of Al was added to the Cus¢Zrso alloy and
the effects on GFA and hardness were studied. Owing to the
high hardness and reasonable toughness of BMGs, it is worth-
while to explore its mechanical properties for better functional
applications in the products. The nanoindenter was commonly
used to measure the hardness (H) and modulus (E) as well as
shear band activities of BMGs. Besides, the nanoindenter can be
used to study the localized nanoindentation creep by impression
creep test [16]. In this paper, the mechanical properties includ-
ing creep behavior of (CuspZrsg)100—xAl, BMGs with different
Al content were studied using nanoindenter as well as micro-
hardness measurement.

2. Experimental procedure

A series of (CusgZrso)100—xAl; (x=0, 3, 4, 6,7, 8, 10 and 12) alloys were
prepared by arc melting the mixtures of Cu, Zr and Al with purities higher than
99.9 (at.%) in a Ti-gettered argon atmosphere. The BMG samples were produced
by suction casting into a copper mold to form 3 mm diameter and 50 mm long
rods. The amorphous structure was checked with a Siemens D500 diffractometer
with Cu Ka (A =0.1542nm) radiation. The thermal properties of the as-cast
samples were measured with a Perkin Elmer DSC 7 under a purified nitrogen
atmosphere. The DSC was calibrated with the melting transition of indium and
zinc prior to data collection. The DSC scan was made from 323 to 873K at a
constant heating rate of 20 K/min. The thermodynamic behavior including the
glass transition temperature (7y) and the onset crystallization temperature (7)
were found from the DSC curves. Vickers microhardness tests were done on the
as-cast samples with a Matsuzawa MXT-a7 digital microhardness tester with
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Fig. 1. XRD spectra of the (CusoZrsp)100—xAly (x=0, 3,4, 6,7, 8, 10 and 12)
alloys.

a load of 100 g (0.98 N). The samples were cut into cylinders with thickness of
2 mm and the surfaces were ground flat to parallel before hardness test. Speci-
mens for nanoindentation tests were prepared similar to that for microhardness
test but were polishing to a mirror like finish before the test. Nanoindentation test
were performed on the as-cast samples with a Nano Indenter® XP for studying
the creep behavior while hardness and modulus measurement were made with a
CSEM nanohardness tester. Deformation load was applied through a Berkovich
triangular diamond indenter in the Nano Indenter® XP driven by an electromag-
net. The indentation cycle consisted of a constant loading part up to a maximum
load of 200 mN followed by a first hold period of 900 s at the maximum load,
the unloading part and a second hold period of 40s at 10% of the maximum
load.

3. Results and discussions
3.1. X-ray diffraction

Fig. 1 shows the XRD spectra of the as-cast 2 mm diameter
CuspZrso BMG, and other samples, with diffraction angle 20
from 25° to 60°. The XRD pattern exhibits broad diffuse peak
between diffraction angles 30° and 45°, indicating the glassy
state of the binary alloy sample. In recent work by Yu et al.
[17], the XRD spectrum for 3 mm CuspZrso rod exhibits sharp
crystalline peaks, which indicated that the metastable crystalline
Cus1Zr14 phase existed. Besides, Inoue et al. [7] and Das et al.
[8] also found that there are tiny crystals present in the glassy
matrix. After adding 2 at.% of Al content, crystalline ZrAl, and
other unknown phases formed instead of forming the CusiZri4
phase [17]. It reveals that the Cu—Zr binary system can no longer
be formed in fully amorphous state when the sample diameter
exceeds 2 mm.

The X-ray diffraction patterns of the as-cast (Cusg
Z150)100—xAly rods with 3 mm diameters are also shown in Fig. 1.
For x=3, 4, 6, 7, 8 and 10, the spectra only consist of broad
diffraction peaks, indicating their glassy state. When x=12,
some peaks are detected from the pattern though it shows a
broad diffuse background. Those peaks of crystallized phases
cannot be indexed unambiguously. The XRD results clearly
show that there is a critical Al content for the formation of
(Cus0Zrsp)100—xAly BMGs. In order to form fully amorphous
structure, the Al content is limited to 3 <x < 10 at.%.
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Fig. 2. DSC curves of the (CusoZrsg)100—xAly (x=0, 3,4, 6,7, 8 and 10) glassy
alloys.

3.2. Thermal analysis with DSC

Fig. 2 shows the DSC traces of the as-cast (CusoZrs0)100—xAly
(x=3,4, 6,7, 8 and 10at.%) glassy alloys in the tempera-
ture range from 650 to 850 K. The alloys exhibit distinct glass
transitions, followed by super-cooled liquid regions (SLR), and
then the exothermic reaction corresponding to crystallization.
The glass transition temperatures (7), the onset temperatures
of crystallization (7)) and the SLR (AT, =T, — T) are plotted
against the Al content in Fig. 3, and the data are also summarized
in Table 1.

Both the T and T increase with increasing Al content. The
T, increases from 673 to 704 K when Al content increases from
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Fig. 3. Variations in the glass transition temperature (Ty), crystallization tem-
perature (7y) and super-cooled liquid region (ATy) as a function of Al content
of the (CusoZrsp)100—xAly (x=0, 3, 4, 6,7, 8 and 10) glassy alloys.



T.L. Cheung, C.H. Shek / Journal of Alloys and Compounds 434—435 (2007) 71-74 73

Table 1
Thermal parameters and mechanical properties of (CusoZrsg)100—xAly glassy alloys
Composition (at.%) Ty (K) T, (K) AT, (K) Vickers microhardness (Hy) H (GPa) E (GPa)
Cu50Ar50 673 716 43 449 7.3 100.5
(CuspZrsp)o7Al3 677 725 48 477 7.4 103.0
(CuspZrsg)ocAly 681 737 56 489 7.8 107.6
(CuspZrsp)oaAlg 689 752 63 506 8.0 109.0
(CusoZrsp)o3Aly 693 762 69 521 8.5 111.6
(CuspZrsp)o2 Alg 692 766 73 526 8.6 115.2
(CusoZrsp)ooAljg 704 763 58 541 8.7 117.3
0 to 10 at.%, while the T, increases from 716 to 766 K for Al 10.5 r
content of 0—8 at.%. The highest value of AT\, 73 K, is obtained — LF f2d
when x =8, which is a relatively large value and indicates that ‘ + 115
(Cus0Zrsp)92Alg has an excellent thermal stability against crys- 9.5 ' = E 110
tallization. This agrees quite well with the result of Yu et al. = } : Toi
[17]. Besides, the AT increases from 43 to 73 K for Al content & 20 - o m
of 0-8 at.%. It clearly shows that a small amount of Al addition T & 5---‘%" * + E 100 %
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can improve the thermal stability of this alloy. F95 =
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Fig. 4 presents the changes of Vickers microhardness (Hy) 0 1 2 3 4 5 8 7 8 9 10

with Al content. The data are also summarized in Table 1.
The hardness increases almost linearly from 449 to 541 H, for
x=0-10. The substitution of Al in Cu—Zr glassy alloy can effec-
tively increase its mechanical hardness. The experimental error
bars in Fig. 5 are below 5%. The minor fluctuation may be
attributed to experimental errors during the test, or to some minor
compositional fluctuation [18].

3.4. Nanohardness

The nanohardness (H) and elastic modulus (E) as a func-
tion of Al content are shown in Fig. 5 and Table 1. The term
modulus is used instead of Young’s modulus, as it is still not
completely confirmed that the conventional Young’s modulus
can be obtained from every indentation experiment [19]. The H
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Fig. 4. Microhardness vs. Al content of the (CusoZrsp)100—xAlx (x=0, 3, 4, 6,
7, 8 and 10) glassy alloys.
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Fig. 5. Nanohardness vs. Al content of the (CusoZrso)100—xAlx (x=0,3,4,6,7,
8 and 10) glassy alloys.

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

3.5. Creep behavior

Fig. 6 shows that the result of displacement versus time curves
of the (CusgZrsp)opAljp glassy alloy measured with a Nano
Indenter® XP. The corresponding load/unload profile is also
shown in the same figure for reference. After holding the load for
900 s at the maximum load of 200 mN, a positive creep behavior
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Fig. 6. Displacement vs. time graph during holding at peak load by nanoinden-
tation test on (CusoZrsg)9oAljg glassy alloy.
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Fig. 7. Creep displacement vs. Al content during holding at peak load for the
(CusoZrsp)100—xAly (x=0, 3,4, 6,7, 8 and 10) glassy alloys.

is observed in the (CusgZrsp)100—Al, metallic glass. The creep
displacement versus Al content curve is shown in Fig. 7. The
creep displacement decreases from 191 pm for x =0-12 nm for
x=10. Creep is closely related to plastic deformation, and hard-
ness is a measure of material’s resistance to localized plastic
deformation. Thus creep has a close relationship with mechan-
ical strength. From the above results, the hardness increases
with increasing Al content, in contrast, the creep displacement
decreases with increasing Al content. This shows that the trend
of creep behavior is in line with the trend of the hardness.

4. Conclusions

The influences of adding a minor Al content to the Cu—Zr
glassy alloys can improve the thermal stability, mechanical prop-
erties and GFA. When 8 at.% of Al content is added, the AT
is optimized at 73 K and the alloy has the highest thermal sta-
bility among the series of samples. The hardness was enhanced
to 541 Hy by adding 10at.% of Al. Due to the close relation-
ship between creep and hardness, the creep displacement is the
largest for the Cus0Zrso bulk glassy alloy and thus the smallest
for (Cus0Zrs0)90Alg glassy alloy.
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