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Abstract. Cu58.1Zr35.9Al6 bulk metallic glass (BMG) rod samples were prepared by suction casting
into a water-cooled copper mould. The amorphous structure was confirmed with X-ray diffraction.
The Tg and Tx were 760K and 799K, respectively, from differential scanning calorimetry (DSC)
results. Thin disc samples were cut and oxidized at temperatures from 573K to 773K in an oxygen
atmosphere inside a thermogravimetric analyzer. The oxidation kinetics can be described with a
parabolic rate law from 673K to 753K but follows a linear rate law at 573K to 653K and 773K. The
oxidation products are mainly Cu2O, CuO and tetragonal ZrO2 based on X-ray diffraction and
grazing incidence XRD (GIXRD) results. However, a very thin layer of Al2O3, with thickness of only
tens of nanometers, on the top surface of the oxide layer was revealed by Auger electron spectroscopy (AES) depth profiles. This aluminium oxide layer is thought to contribute to the exceptionally
good oxidation resistance at elevated temperatures compared with that of Cu60Zr30Ti10 we reported
previously.

1. INTRODUCTION
In the last decade, lots of efforts were devoted to
the development and investigation of Zr based
metallic glasses due to their excellent glass forming ability. Recently, researchers pay particular attention to the Cu based bulk metallic glasses (BMG)
owing to their superior mechanical properties [1,2],
and the possibility of casting them into bulk form
even with a binary copper alloy [3]. The prospect
of developing Cu based BMG with very good glass
forming ability is therefore promising.
In order for a Cu based BMG to be a practical
structural material, the issue of the resistance to
environmental attacks such as corrosion and oxidation must be carefully addressed in addition to
the mechanical performance. Large number of

works were done on the oxidation of metallic glass
ribbons [4-11] but only a few can be found on BMGs
[12-14]. Kimura et al. [15] reported that ZrO2, copper oxides and metallic copper formed after oxidation of Cu-Zr metallic glass ribbon. Besides, pervious studies [16,17] revealed that Cu segregation
phenomenon occurred during surface oxidation of
Cu-Zr metallic glass. Investigation of the surface
properties such as corrosion [18-21],
nanoindentation [22], and nanoscratch [23] have
been done in Cu based BMGs. However, few literatures [24] can be found in the oxidation behavior of Cu based bulk metallic glasses. The purpose
of this present paper is to examine the oxidation
behavior of a Cu based bulk metallic glass with
good glass forming ability and the effects of aluminium on the resistance to oxidation.
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Fig.1. Oxidation kinetic of Cu58.1Zr35.9Al6 metallic
glass.
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Fig. 2. XRD pattern of as-cast and oxidized
Cu58.1Zr35.9Al6 metallic glasses.

2. EXPERIMENTAL PROCEDURE
Cu58.1Zr35.9Al6 (denoted as CZA hereafter) bulk
metallic glass sample with 3mm diameters were
prepared by arc melting the mixtures of Cu, Zr, and
Al metals with purities better than 99.9 wt.% in a
Ti-gettered argon atmosphere followed by suction
casting into a copper mold. The Tg and Tx of the
BMG are 760K and 799K, respectively, as measured in a purified nitrogen atmosphere with a
Perkin Elmer DSC 7 using a constant heating rate
of 20 K/min. The oxidation treatment and subsequent characterizations of the samples were performed with procedure and equipment similar to
those described in our previous papers [25] for
comparison of the effect of substituting aluminium
for titanium.
The amorphous structure and oxide phases
were identified with a Siemens D500 diffractometer
using CuKα (λ=0.15406 nm) radiation. Samples of
around 2 mm thick for oxidation experiments were
cut from the 3 mm diameter sample rods. The disc
samples were ground with SiC paper and then
polished with 5 micron aluminium oxide powder to
mirror surface before performing the oxidation test.
The mass gain during oxidation was measured by
a Seiko Instrument TG/DTA 220 in oxygen environment with a constant flow rate of 500 mL/min.
The samples were heated at a heating rate of 20
K/min from room temperature to the selected temperatures between 573K and 773K at which the
samples were held isothermally for 10 hours. Grazing incidence X-ray diffraction (GIXRD) of the oxi-

dized samples was carried out using CuKα radiation on a Bruker AXS D8 Discover X-ray
diffractometer with parallel beam optics. AES measurements of the oxide layer were done with an
ULVAC-PHI 5802 system equipped with a LaB6 filament and the electron beam energy set at 10 keV.
Depth profiles were obtained using Ar+ sputtering
at 4 keV. The oxide morphologies were examined
with a JEOL JSM-820 scanning microscope operating at 20 kV.

3. RESULTS AND DISCUSSIONS
The variations of mass gains of the CZA BMG with
oxidation time at different temperatures are shown
in Fig. 1. In general, the oxidation rate increases
with temperature up to 753K, and then drops significantly at 773K. The drop in oxidation rate at
773K, which is close to Tx, may result from the formation of the stable intermetallic crystalline phase
as shown in Fig. 2. Besides, it can be seen that the
metallic glass has two distinct types of oxidation
kinetics at different temperature ranges. It exhibits
linear behavior when oxidized at 573K to 653K while
a parabolic rate law is obeyed at 673K to 753K. At
773K, it reverts to the linear rate law again and the
oxidation kinetics is similar to that of the sample
oxidized at 623K. When oxidized at low temperatures, only surface reaction between the adsorbed
oxygen and the atoms on the metallic glass surface occurs and results in linear oxidation. However, during high temperature oxidation, the pro-
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Fig. 3. GIXRD curve of Cu 58.1Zr 35.9Al 6 metallic
glass oxidized at 573K.

Fig. 4. Cross-sections of Cu58.1Zr35.9Al6 BMGs oxidized at 673K. The thickness of the oxide layers
are indicated with the arrows.

cess is controlled by the diffusion of ions through
the oxide layer. The process can be either by the
diffusion of the metal ions through oxide layer to
the adsorbed oxygen ions on the metallic glass
surface or the diffusion of the oxygen anions
through the oxide to the metallic glass. The types
of elements dominating the oxidation process of
the metallic glass determine the direction of ionic
diffusion in the oxide layer. For the Cu based metallic glass used in this investigation, the oxidation
process is thought to proceed by inwards diffusion
of oxygen reacting with Zr to form ZrO2 [25].
Fig. 2 displays the XRD pattern of as-cast and
oxidized metallic glasses. The XRD pattern of the
sample oxidized at 573K is similar with that of the
as-cast sample, showing an amorphous peak, but
with an additional ZrO2 peak. In the sample oxi-
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Fig. 5. AES depth profiles of CZA oxidized at
773K and 573K.

Fig. 6. AES spectrum of Al in CZA oxidized at
573K.

dized at 673K, the oxide phases become dominant
and they are identified as ZrO2 and Cu2O. The
sample crystallized at 773K and the crystalline
phase is mainly found to be Cu10Zr7 which is consistent with the previous report [26].
The sample oxidized at 573K was also examined with GIXRD, results as shown in Fig. 3, for a
detailed study of the structure of the surface oxide
film. The angle of incidence (a) of the X-rays was
kept at 0.5°. The penetration depth of X-ray in ZrO2
and copper oxides are estimated with Eq. (1) to
be around 0.4 µm and 0.9 µm, respectively.
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where x is the effective depth of penetration and µ
is the linear absorption coefficient .
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In addition to the amorphous diffuse peak and
ZrO2 peak as shown in Fig. 2, two more oxide
phases, namely, Cu2O and CuO are found. The
grain sizes of the ZrO2 and copper oxides were
estimated with the Scherrer formula, d = λ/∆.cosθB
[27] to be around 25 nm and 21 nm, respectively.
Fig. 4 displays the cross section of the oxide
formed at 673K. The oxide thickness is around 36 mm. Comparing with our previous results for
Cu60Zr30Ti10 BMG [25], the oxide thickness and the
rate of oxidation of the CZA BMG used in this study
are only about one-third and one-third to one-sixth,
respectively, of those for Cu60Zr30Ti10 BMG. This
difference may be explained in terms of the surface analysis results in the following.
Fig. 5 presents the Auger electron spectroscopy
(AES) depth profiles of CZA oxidized at 573K and
773K. In both cases, the concentration of oxygen
maintains at high level on the surface layer while
those of other elements remain relatively low. The
oxygen penetration depths, where the oxygen content drop rather abruptly to zero and the amount of
the others return to the bulk level, of samples oxidized at 573K and 773K are found to be 400 nm
and 3500 nm, respectively. Although no aluminium
oxide is detected in XRD and GIXRD curves, the
presence of Al2O3 in the oxidized CZA samples is
apparent as shown in the AES spectrum in Fig. 6.
The kinetic energy of Al (KLL) spectrum in the first
70 nm oxide layer is found to be 1387 eV, as shown
in the 23-nm curve in Fig. 6, which shows good
agreement with the oxide state of aluminium reported in previous finding [28]. The formation of
Al2O3 can be attributed to its high negative heat of
formation [29] compared with the oxides of Cu and
Zr. However, owing to the low aluminium content
in the alloy, only a very thin oxide layer can form.
The Al2O3 at the topmost layer in CZA is a dense
and stable oxide film that can protect the sample
against further oxidation [30]. On the contrary, the
copper oxides formed on Cu60Zr30Ti10 BMG are not
protective [25].
The heats of formation of CuO, Cu2O, ZrO2, and
Al2O3 at 600K are -308.02, -339.90, -1094.97, and
-1116.9 kJ/mol O2, respectively [29]. Although formation of Al2O3 should be the most thermodynamically favorable, composition effect may dictate the
reaction path in this case. The formation of ZrO2
as the major oxidation product, as shown in Figs.
2 and 3, can be explained by the preferential oxidation owing to its high negative heat of formation
as well as the high content. Kimura et al. [15] reported that only ZrO2 was observed in oxidized
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Zr70Cu30 metallic glass but ZrO2, Cu2O and Cu were
found in both Zr50Cu50 and Zr37Cu63. It is thought
that the relatively low Al content in the Cu-Zr-Al
metallic glass used in this investigation rendered
the formation Al2O3 rather limited.

4. CONCLUSIONS
Cu58.1Zr35.9Al6 bulk metallic glass exhibits good oxidation resistance in oxygen atmosphere even at
temperatures close to its crystallization temperature. The oxidation kinetics follows a linear rate law
at temperatures 573K to 653K and at 773K, while
parabolic rate law was observed for temperatures
673K to 753K. In general, the oxidation rate increases with increasing oxidation temperature but
decreases drastically at 773K, possibly due to the
formation of the stable Cu10Zr7 intermetallic crystalline phase. The major oxide phases on the surface of the sample oxidized at 573K are ZrO2, Cu2O,
and CuO. A very thin layer of Al2O3 with thickness
in the order of tens of nanometers was revealed
by the Auger electron spectra of the topmost layer
of the oxidized surface. The surface layers of the
sample oxidized at 773K consist mainly of ZrO2
and a Cu10Zr7 crystalline phase.
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