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Abstract
The oxidation behaviors of as-cast, pre-deformed, and crystallized Zr47.9Ti0.3Ni3.1Cu39.3Al9.4 metallic
glasses (MGs) were studied near the glass transition point. The oxidation kinetics of the crystallized
MGs followed a parabolic-rate law, and the as-cast and pre-deformed MGs exerted a typical two-stage
behavior above the glass transition temperature (Tg). Most interesting, pre-deformed treatment can
signiﬁcantly improve the oxidation rate of MGs, as the initial oxidation appeared earlier than for the
as-cast MGs, and was accompanied by much thicker oxide scale. The EDS and XPS results showed that
the metal Al acted as the preferred scavenger that absorbed intrinsic oxygen in the near-surface region
of as-cast MGs. However, a homogeneous mixed layer without Al was observed in the pre-deformed
MGs. We speculated the accelerated diffusion of other elements in the MGs was due to the local
increase in the free volume and signiﬁcant shear-induced dilation of the local structure. The results
from this study demonstrate that MGs exhibit controllable atomic diffusion during the oxidation
process, which can facilitate use in super-cooled liquid region applications.

Introduction
Because of their unique mechanical and chemical properties, such as high strength and superior resistance to
corrosion, Zr-based metallic glasses (MGs) have attracted great interest in recent decades [1–6]. Owing to their
low viscosity in the super-cooled liquid region, they can be easily fabricated by thermo-plastic forming [7–9],
and use for functional applications as catalysts of fuel cells or binding agents for heterogeneous materials
[10–12]. Unfortunately, these amorphous alloys often exhibit severe degradation when used in thermal activated
environments. Several studies have studied the oxidation behaviors of the MGs, but with inconsistent
conclusions. Some researchers ﬁnd that the oxidation resistances of MGs are superior to the crystallized state,
due to the lack of grain boundaries that act as local active sites for corrosion and oxidation [13, 14]. There are
many MG systems that exhibit poorer oxidation resistance than their crystalline counterparts [15–19]. The
addition of adequate amounts of Al or Si in Zr-based MGs could preferentially form a protective scale, which
suppress the fast-growth of other oxides and increase the inhomogeneity of the oxide layer. Alternatively, surface
treatments, such as pre-compression, defect-printing, cold-rolling, or surface mechanical attrition can be
performed to improve the ductility of MGs, requiring suppression of the localized strain softening caused by
shear bands [20]. However, only few studies have addressed the oxidation behavior of the MGs subjected to predeformation, which is easily induced during manufacturing.
In this study, the oxidation kinetics of pre-deformed Zr-based MGs were investigated near the glass
transition temperature (Tg) and compared to as-cast and crystalline samples. Based on the results, different
diffusion mechanisms were discussed. The pre-deformed surface of MGs may act as local active sites to affect
subsequent oxidation.
© 2018 IOP Publishing Ltd

Mater. Res. Express 5 (2018) 036511

Z Hu et al

Figure 1. XRD and DSC curves of the Zr-based MGs.

Experimental procedures
The Zr47.9Ti0.3Ni3.1Cu39.3Al9.4 ingot was prepared by arc melting a mixture of pure metals under an argon
atmosphere. The alloy was re-melted several times to ensure chemical homogeneity. Cylinders of the alloys were
prepared in a 5 mm shape with suction casting in a pure argon atmosphere, and then 3 mm long specimens were
cut from these rods. The surfaces of the samples were mechanically polished to a mirror ﬁnish and cleaned
ultrasonically. The pre-deformed specimens were prepared through depth-sensing macro-indentation over the
entire surface. The crystallized samples were annealed in a vacuum at temperatures well above the crystallization
temperature to ensure a fully crystalline state. Then, these as-cast, pre-deformed, and crystallized specimens
were exposed to air under the thermal procedures isothermally for at least 3 h. The amorphous structure of the
samples was conﬁrmed by x-ray diffraction (XRD) using Cu Kα radiation. The morphology of the oxidation
surfaces was studied using a scanning electron microscope (SEM, JSM-6460). Energy dispersive spectroscopy
(EDS) line proﬁle analysis and x-ray photoelectron spectrometer (XPS) were performed to examine the changes
of the oxidation layer in the MGs as a function of depth. The mass gain during oxidation was measured by
thermo-gravimetric analysis (TGA Q50) in synthetic air with a constant ﬂow rate.

Results and discussion
Figure 1(a) shows the x-ray diffraction (XRD) result of the as-cast Zr-based MGs. The curve contains only one
broad peak, demonstrating the amorphous nature of the substrate. Figure 1(b) shows the continuous differential
scanning calorimeter (DSC) curve with a heating rate of 20 °C min−1. As shown in ﬁgure 1(b), there is one
exothermic peak after reaching 650 °C. This corresponds to the sequential phase transition of the amorphous
phase to the crystalline phase. The glass transition point Tg occurs at 427 °C, and the crystalline point Tx occurs
at 495 °C. The temperature range of the study is set as 390 °C and 450 °C to observe the complete oxidation
behaviors of Zr-based MGs below and above the Tg value.
Figure 2 shows the surface morphologies of Zr-based MGs after oxidation at different temperatures. No
white nodules form in the as-cast MGs below Tg, but some white line-like structures become more obvious along
the original grinding grooves. After oxidation above Tg, many white nodules are observed on the surface in a
uniform distribution (ﬁgure 2(b)). For the pre-deformed specimens, the white line-like structures preferentially
form along the track of prefabricated shear bands below Tg, and numerous white nodules form along the grooves
of shear bands above Tg. The shear bands observed around the indents are the shear offsets along the shear plane.
These surface imperfections may provide easier nucleation sites for oxidation [21, 22]. Therefore, the
preferential oxidation on the shear bands may be attributed to microstructural change at the surface due to the
appearance of shear bands. The oxidation features of the fully crystalline alloy are also investigated for
comparison. The specimens are annealed in vacuum to reach a fully crystalline state. As shown in ﬁgures 2(e)
and (f), no oxides are found on the smooth surface at both 390 °C and 450 °C, which means that the fully
crystalline state has better oxidation resistance than the as-cast and pre-deformed states.
Figure 3 shows the corresponding XRD patterns of oxide phases formed at different temperatures. Before Tg,
tetragonal ZrO2 (t-ZrO2) are found after oxidation in the as-cast samples. The formation of t-ZrO2 is commonly
seen in the oxidation process of Zr-based MGs. However, a broad peak still can be observed from the XRD
pattern which could be due primarily to the slow nucleation and growth of the oxides at this temperature. At
2
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Figure 2. SEM images showing the oxidation features of the Zr-based MGs: (a) and (b) the as-cast specimens oxidized at 390 °C and
450 °C, respectively; (c) and (d) the pre-deformed specimens oxidized at 390 °C and 450 °C, respectively; (e) and (f) the fully
crystallized specimens oxidized at 390 °C and 450 °C, respectively.

Figure 3. XRD curves of the (a) as-cast and (b) pre-deformed Zr-based MGs oxidized at 390 °C and 450 °C.

450 °C, except for the major t-ZrO2 phase, minor amounts of Cu2O and CuO phases are observed. The
oxidation products of pre-deformed MGs are similar to those of as-cast ones except for the increased intensity of
t-ZrO2 phase. Actually, the XRD patterns cannot provide the detailed structural and chemical information on
the growing oxides owing to the limited resolution.
Figure 4 shows the square of mass change curves as a function of the time of oxidation duration for the ascast Zr-MGs and their pre-deformed and crystallized counterparts. The oxidation kinetics of crystalline alloy
follows a single parabolic-rate law with a constant oxidation rate Kp. However, more complex kinetics is
3
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Figure 4. Plots of the mass gain (mg/cm2) versus the square root of time (s1/2) for the as-cast, pre-deformed, and crystallized MGs at
(left) 390 °C and (right) 450 °C.

Figure 5. Cross section of the SEM images of the as-cast samples oxidized at (a) 390 °C and (b) 450 °C; corresponding EDS line
proﬁles at (c) 390 °C and (d) 450 °C.

observed for the as-casted and pre-deformed MGs, consisting of an accelerated oxidation rate stage up to about
15 min, followed by a steady-state stage from 15 min to about 3 h. The parabolic-rate constant Kp of the steadystate is calculated as 6×10−11 g2/cm4/s, which is nearly identical to that observed for the crystalline
4
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Figure 6. Cross-section of the SEM image of the pre-deformed samples oxidized at (a) 390 °C and (b) 450 °C; Corresponding EDS line
proﬁles at (c) 390 °C and (d) 450 °C.

counterpart, implying that the diffusion mechanism is dominant for the whole reaction. This might be due to
crystallization of the amorphous alloy after an extended period of oxidation. Most interesting, pre-deformed
treatment can signiﬁcantly improve the oxidation of MGs in the initial short-term oxidation stage, and the onset
of initial oxidation appears earlier than for the as-cast ones.
To examine the oxidation and diffusion mechanism in the Zr-based MGs, the cross section of the oxide scale
formed in the as-cast MGs is shown in ﬁgure 5, after exposure to air under different thermal conditions for 3 h.
As shown in ﬁgure 5, the thickness of the formed oxide scale was about 1.38 μm below Tg, and 9.57 μm above Tg.
Two different oxide layers formed above Tg, corresponding to the above-mentioned diffusion-controlled
oxidation behavior, and probably due to a mismatch in the thermal expansion coefﬁcients between the outer
and inner oxide scales.
Figures 5(c) and (d) show the concentration depth proﬁles of the oxidized MGs at different temperatures.
The concentrations of Zr and Cu show similar distribution with depth in the oxide layer below Tg, and the
oxidation products may correspond to ZrO2 and oxide of copper [23]. The concentrations of other elements
exhibit a slight change with depth. Previous studies showed deteriorated oxidation resistance of Zr-based MGs
with the addition of Cu [24]. This oxide layer forms because Zr and Cu are present at high concentration and has
high oxidative activity, allowing the oxidation of the binary Zr-Cu MGs even at room temperature [19].
However, this is not true above Tg. As shown in ﬁgure 5(d), Al diffuses predominantly outward and spreads over
the outermost oxide surface. Because Al ions have the smallest ionic radii, the sample surface undergoes rapid
and preferential oxidation of Al during the initial period, with the near surface predominately consisting of
5
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Figure 7. XPS spectra of of Al, Zr and Cu bands obtained from the surface native oxide layer of the as-cast (left) and pre-deformed
(right) MGs at 450 °C: (a), (b) 2d Al peaks; (c), (d) 3d Cu peaks; (e), (f) 3d Zr peaks.

Al2O3. This Al oxide layer is so dense that it can limit the migration and diffusion of other ions towards O ions,
resulting in an enriched Al layer at the surface.
Al plays a dominant role in the oxidation process of as-cast MGs. There is a great deal of research interest in
investigating pre-deformed MGs, in which a distinct oxidation response may occur due to pre-existing shear
bands in the surface. Figure 6 shows the cross section and EDS line proﬁle of the oxide scale formed during
oxidation of pre-deformed MGs. The thickness of the oxide scale is estimated to be about 1.67 μm and 10.37 μm
below and above Tg, which is slightly larger than the thickness in as-cast MGs. An obvious separated oxide layer
is also observed above Tg. However, a different oxidation mechanism is observed in the pre-deformed MGs
compared to that in the as-cast ones, where the Al-rich oxidation layer does not appear in the outermost oxide
surface. The diffusion of other ions is enhanced, as shown in ﬁgure 6(d).
In order to investigate the oxidation states of the constituent elements in the native oxide layer, surface XPS
analyses of the as-cast and pre-deformed Zr-based MGs at 450 °C are conducted [25–27]. The XPS spectra are
shown in ﬁgure 7 and these data are summarized in table 1. As shown in table 1, Al in the native oxide layer of ascast MGs has its highest oxidation state and forms Al2O3. Only a minor fraction of metallic Al (about 28.6%) can
6
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Table 1. Chemical composition of the native oxide layer on the MG surface measured
by XPS, C t denotes total content of the elements in the native oxide layer; C p denotes
the partial content of different compounds.
As-cast
C t, %

Pre-deformed
C p, %

C t, %

C p, %

Al

22.2

Al
Al2O3

28.60
71.40

9.11

Al
Al2O3

66.65
33.35

Zr

42.72

Sub-oxide
ZrO2

34.81
65.19

81.35

Sub-oxide
ZrO2

27.61
72.39

Cu

32.47

CuO
Cu2O

41.43
58.53

5.92

CuO
Cu2O

20.25
80.68

be present. Most of Zr atoms (i.e. 65 at%) are oxidized forming ZrO2 phase. A small amount of Zr atoms (i.e.
35 at%) is found to be in the form of sub oxide states. About half of Cu atoms (i.e. 58 at%) are connected in Cu2O
compound. The other half of Cu atoms (i.e. 42 at%) correspond to CuO compound. As also shown in table 1, the
fraction of Al in the native oxide layer of as-cast MGs is about 22.2%, which is much larger than that in
unoxidized as-cast MGs. It demonstrates that Al may act as a scavenger for both absorbed and intrinsic oxygen
[28]. After pre-deformed treatment, the total Zr content in the upper layer increases with the decrease of Al and
Cu. The phenomenon correlates well with the formation of a Zr-depleted region at the oxide-metallic glassy
matrix interface: Zr migrates to the oxide while Cu diffuses towards metallic glassy phase, which results in the
formation of the obvious separated oxide layer as shown in ﬁgures 5 and 6. That is to say, the diffusion of Zr and
Cu in MGs is enhanced owing to the pre-deformed treatment, which agrees well with our previous assumptions.
Actually, the MGs could be viewed as tightly bonded atomic clusters that overlap to form the percolating
‘skeleton’ of the glassy structure, with loosely bonded free-volume regions when subjected to the pre-deformed
treatment [29]. The formed oxide layer is defective due to the local increase in free volume and the signiﬁcant
shear-induced dilation in MGs. The easy migration of Zr- and Cu-ion is possible through the loose free-volume
regions. Thus, the local increase in the free volume and signiﬁcant shear-induced dilation of the local structure
may explain the accelerated inward diffusion of other elements.

Conclusion
In this study, the oxidation behaviors of the as-cast, pre-deformed, and crystallized Zr-based MGs were explored
near the glass transition point. The oxidation kinetics of the crystallized MGs followed a parabolic-rate law, and
the as-cast and pre-deformed MGs exerted a typical two-stage behavior above Tg. Many white nodules were
observed on the as-cast and the pre-deformed MGs above Tg. Pre-deformed treatment signiﬁcantly improved
the oxidation rate of MGs, in which the onset of initial oxidation occurred earlier than for the as-cast ones. The
Al element acted as a preferred scavenger that absorbed intrinsic oxygen in the near-surface of as-cast MGs, with
no effect in the pre-deformed MGs. We speculated that the local increase in free volume and signiﬁcant shearinduced dilation of the local structure in MGs may be the reason for the accelerated diffusion of other elements.
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