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A B S T R A C T

The thermal oxidation of amorphous Cu–Zr alloys with different Cu:Zr ratios was studied by X-ray diffraction,
Auger electron spectroscopy, and cross-sectional transmission electron microscopy. It was revealed that amor-
phous ZrO2/Cu-enriched bilayers are formed on the amorphous Cu–Zr alloys at 200–250 °C by the selective
oxidation of Zr atoms in the alloys. Amorphous Cu-enriched particles (diameter: ~10 nm) are distributed
randomly in the amorphous Cu-enriched sublayer of the am-Cu33at.%Zr67at.% alloy, due to the sluggish atomic
diffusion in the amorphous Cu-enriched layer. In contrast, crystalline Cu-enriched particles (diameter: ~20 nm)
are distributed densely in the amorphous Cu-enriched sublayer of the Cu50at.%Zr50at.% alloy. The different states
of the Cu-enriched particles in the amorphous Cu-enriched sublayer of the am-Cu33at.%Zr67at.% and
Cu50at.%Zr50at.% alloys are ascribed to thermodynamic reasons. The oxidation rate of amorphous Cu50at.%Zr50at.%

alloy is faster than that of amorphous Cu33at.%Zr67at.% alloy, since the crystalline nanoparticles in the Cu-en-
riched sublayer provide fast migration pathways for ions, whereas the thick amorphous Cu-enriched sublayer
presents as a diffusion barrier in the case of amorphous Cu33at.%Zr67at.% alloy.

1. Introduction

Oxidation occurs on the surfaces of alloys during service conditions,
and this often contributes to the unwanted corrosion or degradation of
the durability/reliability of the materials [1]. However, controlled
oxidation, giving rise to surficial oxide formation, may assist the en-
hancement of the mechanical/functional properties of alloys, e.g.,
corrosion resistance, friction, catalytic activity, and electrical con-
ductivity [2]. Therefore, comprehensive knowledge of the oxidation
behaviours and mechanism of alloys is indispensable from the point of
application.

The growth of oxide surficial layers depends strongly on the struc-
tures and compositions of the alloys. Amorphous alloys can form stable
and homogenous oxide layers [3], in light of their more homogenous
structures and the absence of defects compared to crystalline alloys.
With regard to the effect of the composition of the amorphous alloys on
the thermal oxidation, phase separation in the parent alloy can occur
during oxidation of alloys composed of components with very different
affinities to oxygen. This means that upon oxidation of an active–noble
(A–N) alloy system, an AOx/N-enriched double-layered structure is
formed, induced by preferential oxidation of A. Such productive A–N

alloys have raised intense interest for efficient synthesis (by oxidation
treatment) and their ideal potential applications. For example, amor-
phous ZrO2/Ni is used as a catalyst for the methanation reaction of H2

and CO2 [4].
Amorphous Cu–Zr alloy is a representative A–N amorphous alloy

system because of the very different affinities to oxygen of Cu and Zr
[5]. Cu–Zr-based amorphous alloys have been intensively studied due
to their high glass-forming ability (GFA) [6,7], high thermal stability
[8], and good mechanical properties, i.e., high strength and good
ductility [9,10]. Previous studies on the thermal oxidation of the Cu–Zr
amorphous system have shown good examples of favourable surface
modification. For instance, the temperature coefficients of electrical
resistivity of Cu66Zr34 amorphous ribbons can be adjusted by forming
gradient-distributed surficial oxide phases with various thicknesses
[11]. The combusted Cu60Zr40 amorphous ribbons performed good
catalytic properties in the photocatalytic degradation of methylene blue
and direct methanol fuel cells [12].

Isothermal and non-isothermal oxidation of amorphous Cu–Zr alloys
at or above the supercooled liquid (SCL) region have been investigated
systematically [13–16]. Studies on thermal oxidation behaviours of
Cu–Zr alloys below the temperature range of SCL are lacking. In this
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work, two amorphous Cu–Zr binary alloys with different compositions
(amorphous Cu33at.Zr67at.% and Cu50at.%Zr50at.%) have been chosen as an
A–N model system for the oxidation study due to the high GFA of Zr-
rich amorphous Cu–Zr alloy (Cu content ≤ 50 at.%) [6,7]. The oxida-
tion temperature range of 200–250 °C was chosen based on preliminary
experiments and previous studies [15,17,18] to keep the amorphous
Cu–Zr alloys in the amorphous state and eliminate the effect of crys-
tallisation on the oxidation. The thermal oxidation of amorphous Cu–Zr
alloys was investigated by a combined experimental approach, in-
cluding X-ray diffraction (XRD), Auger electron spectroscopy (AES)
depth profiling, and cross-sectional transmission electron microscopy
(TEM). On this basis, the competition of the affinity to oxygen (ther-
modynamics factor) and the activity (kinetics factor) of the respective
constituent elements during thermal oxidation of the amorphous alloys
was revealed in depth.

2. Experimental

2.1. Specimen preparation and thermal oxidation

Thin coatings (thickness: ~2 μm, determined in a Veeco DekTak 8
profilometer) of am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.% alloys
were deposited onto Si (1 0 0) substrates by cosputtering pure Cu
(purity 99.95 wt%) and pure Zr (purity 98.5 wt%) in a high-vacuum
magnetron sputter system (base pressure ~5 × 10−7 Pa) [5]. Before the
deposition, Si (1 0 0) wafers covered with amorphous Si3N4 (50 nm)/
SiO2 (50 nm) layers were sputter-cleaned by 105-eV Ar+ ions. The
chamber pressure was 0.5 Pa by introducing the Ar gas (purity
99.999 vol%, flow rate 18 sccm) during the deposition. The substrates
were rotated with a speed of 10 rpm to improve the homogeneity of the
specimens. The applied direct-current power was 100 W for the Zr
target, and 20 and 40 W for the Cu target during the deposition of
Cu33at.%Zr67at.% and Cu50at.%Zr50at.%, respectively. The alloy composi-
tions were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Thermo iCAP 7400).

The as-deposited amorphous Cu–Zr alloys were then sealed in
quartz tubes in a vacuum sealing system (MRVS-3002, Partulab
Technology Co., Ltd). The tubes were first evacuated (base pressure
~1 Pa) and then backfilled with pure oxygen (purity 99.999 vol%) for
three cycles. The oxygen partial pressures (pO2) in quartz tubes at room
temperature were pO2 = 0.62, pO2 = 0.59, and pO2 = 0.56 bar, corre-
sponding to pO2 = 1 bar at 200, 225, and 250 °C, respectively. The as-
deposited amorphous Cu–Zr alloys were isothermally heated in a tube
furnace (OTF-1200X, Hefei Kejing Materials Technology Co., Ltd.) at
200–250 °C for 1–10 h and quenched immediately in cold water.

2.2. X-ray diffraction

The as-deposited and oxidized Cu–Zr alloys were investigated by
XRD on a Bruker D8 Advanced diffractometer equipped with a Cu X-ray
anode (40 kV/40 mA, λ= 1.5418 Å). The XRD diffractograms were
recorded in the diffraction angle (2θ) range of 10–65°, with a step size
of 0.02° and a collection time of 0.15 s/step.

2.3. Auger electron spectroscopy sputter-depth profiling

The oxidized Cu–Zr alloys were investigated by AES sputter-depth
profiling in a PHI 700Xi scanning Auger nanoprobe system (base
pressure ~5 × 10−7 Pa), equipped with a field-emission electron gun
operated at 5 kV. Sputter-depth profiling was performed by sputtering
the specimens with 2-kV Ar+ ions. The sputtering rate was calibrated
by sputtering oxide layers with known thicknesses on the amorphous
Cu–Zr samples (by TEM, see Section 2.5). The Cu LMM, Zr MNN, and O
KLL Auger spectra were recorded after each successive ion-sputtering
step. The concentration-depth profiles of the oxidic and metallic Zr
were obtained by linear least-squares fitting of the corresponding

differential AES spectra (MultiPak software, v.9.5.0.8). The quantifi-
cations of Zr in metallic (Zrmet) and oxidic (Zrox) states, as well as of Cu
and O, were performed according to the procedure described in a
previous work [19]. The relative sensitivity factors for metallic Cu and
Zr were determined from the resolved peak-to-peak intensities of the
am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.% alloys (after sputtering the
surficial oxides) and their known compositions (by ICP-OES). The re-
lative sensitivity factors for oxidic Zr and O were determined from the
resolved peak-to-peak intensity ratios, as recorded from thermally
grown ZrO2 on pure Zr. The determined relative sensitivity factors S
(with respect to Zrmet) are: SZrmet = 1.000, SZrox = 0.624, SCu = 0.408,
and SO = 1.336.

2.4. Cross-sectional transmission electron microscopy specimen preparation

A focused ion beam (FIB) system (ZEISS Helios FIB/scanning-elec-
tron-microscopy crossbeam) was used to prepare cross-sectional TEM
lamellae of the oxidized specimens. A Pt layer of 200 nm, followed by a
second Pt layer of ~1 µm, was deposited on the area of interest by
electron-beam evaporation and FIB deposition, respectively, to protect
the lamella area from excessive ion beam damage during the FIB mil-
ling. The lamellae were then cut to a thickness of approximately 1.5 µm
before being removed from the bulk specimen using an in situ lift-out
technique. The lamellae were attached to the Cu grid and further
thinned by 30-kV Ga+ ions, with an ion beam current of 80–790 pA,
and finally cleaned with 5-keV/14-pA and 2-keV/23-pA Ga+ ions.

2.5. Transmission electron microscopy

The composition and structure of the oxide layers formed on the
surface of the Cu–Zr alloys were examined by high-resolution TEM
(HRTEM) using a FEI Tecnai G2 F30 S-TWIN electron microscope with a
field emission gun operated at an acceleration voltage of 300 kV. The
element distributions of specimens were investigated by energy dis-
persive X-ray spectroscopy (EDX) included in the microscope.

3. Results

3.1. Characterization of Cu–Zr alloys by XRD

The XRD patterns of the as-deposited and oxidized amorphous
Cu–Zr alloys are shown in Fig. 1. Only a broad intensity hump max-
imum at approximately 36° in the 2θ range of 31–43° can be observed
in the XRD pattern of as-deposited am-Cu33at.%Zr67at.% alloy, as shown
in Fig. 1a, thereby confirming its amorphous state. The amorphous state
of the as-deposited alloy was further verified by the corresponding
cross-sectional TEM observations (see Section 3.3). XRD patterns of the
am-Cu33at.%Zr67at.% alloy oxidized at temperatures of 200–250 °C for as
much as 10 h further indicate that the thermal oxidation does not in-
duce the crystallization of am-Cu33at.%Zr67at.% alloy. Similarly, only a
broad intensity hump maximum at approximately 38° in the 2θ range of
33–45° is observed in the XRD patterns of as-deposited and oxidized
am-Cu50at.%Zr50at.% alloys (Fig. 1b), also indicating the amorphous state
of the as-deposited and oxidized am-Cu50at.%Zr50at.% alloys.

3.2. AES measurements of the oxidized am-Cu–Zr alloys

The AES depth profiles of the am-Cu33at.%Zr67at.% and am-
Cu50at.%Zr50at.% alloys oxidized at 200–250 °C for 1–10 h are shown in
Figs. 2 and 3, respectively. It follows that the surficial regions of the
thermally oxidized am-Cu33at.%Zr67at.% and oxidized am-
Cu50at.%Zr50at.% alloys are composed of two sublayers: a ZrO2 top layer
and a Cu-enriched CuZr alloy layer underneath, as deduced by the AES
element constitution as a function of the depth. Zr atoms react with O
preferentially forming a ZrO2 layer on top of the Cu–Zr alloy, and Cu
atoms accumulate below the ZrO2 to form a Cu-enriched layer. The
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thicknesses of oxide layers (dox) and the Cu-enriched layer (dCurich) and
the concentration of dissolved oxygen (cO) in the amorphous Cu–Zr
alloys are listed in Table 1. The following conclusions can be drawn.

i. Passivation behaviour occurs for the am-Cu33at.%Zr67at.% and am-
Cu50at.%Zr50at.% alloys. The ZrO2 layers on the surface of the am-

Cu33at.%Zr67at.% alloy (thickness: 5.2–12.6 nm) and am-
Cu50at.%Zr50at.% alloy (thickness: 8.3–16.5 nm) grow very slowly at
200–250 °C due to the low oxygen diffusion in the passive amor-
phous ZrO2 layers (3.2 × 10−8 m2/s for ZrO2 at 1000 °C [20]). By
comparing the dox of 1, 4, and 10 h, the kinetics of oxidation of the
am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.% alloy at 200–250 °C

Fig. 1. XRD patterns of as-deposited and oxidized (a) am-Cu33at.%Zr67at.% and (b) am-Cu50at.%Zr50at.% alloys.

Fig. 2. AES depth-profiles of am-Cu33at.%Zr67at.% alloy oxidized at (a1) T= 200 °C and t= 1 h, (a2) T= 200 °C and t= 4 h, (a3) T= 200 °C and t= 10 h, (b1)
T= 225 °C and t= 1 h, (b2) T= 225 °C and t= 4 h, (b3) T= 225 °C and t= 10 h, (c1) T= 250 °C and t= 1 h, (c2) T= 250 °C and t= 4 h, and (c3) T= 250 °C and
t= 10 h.
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practically obey a parabolic law, implying that the oxidations of
both the two amorphous Cu–Zr alloys are controlled by ion diffu-
sion.

ii. The oxidation of am-Cu50at.%Zr50at.% alloy is obviously faster than
that of the am-Cu33at.%Zr67at.% alloy, as shown by comparing the dox

formed on the two amorphous Cu–Zr alloys at the same oxidation
condition (see Table 1 and Fig. 3).

iii. The Cu-enriched CuZr alloy layers (8.4–17.3 nm thick) formed in
the am-Cu50at.%Zr50at.% alloy are much thinner than those in the am-
Cu33at.%Zr67at.% alloy (14.0–28.4 nm thick).

iv. The Cu-enrichment is much more pronounced in am-
Cu50at.%Zr50at.% alloy. The highest Cu:Zr ratio of the Cu-enriched

layer in the am-Cu33at.%Zr67at.% alloy is approximately 1, whereas it
is about 2.5 for that in the am-Cu50at.%Zr50at.% alloy.

v. Approximately 2.8–6.9 ( ± 0.1) at.% oxygen dissolves in the am-
Cu33at.%Zr67at.% alloy at 200–250 °C, and the cO increases slightly
with increasing temperature. A obviously smaller amount of oxygen
(1.8–2.6 at.%) dissolves in the am-Cu50at.%Zr50at.% alloy than in the
am-Cu33at.%Zr67at.% alloy at 200–250 °C, irrespective of tempera-
ture. This is understandable, considering that O has high solubility
in pure Zr, and practically no solubility in Cu [21,22]. Similar alloy-
composition-dependent O solubility has also been observed in
amorphous Al-Zr alloys [23].

Fig. 3. AES depth-profiles of am-Cu50at.%Zr50at.% alloy oxidized at (a1) T= 200 °C and t= 1 h, (a2) T= 200 °C and t= 4 h, (a3) T= 200 °C and t= 10 h, (b1)
T= 225 °C and t= 1 h, (b2) T= 225 °C and t= 4 h, (b3) T= 225 °C and t= 10 h, (c1) T= 250 °C and t= 1 h, (c2) T= 250 °C and t= 4 h, and (c3) T= 250 °C and
t= 10 h.

Table 1
Thicknesses of oxide layers (dox) and Cu-enriched region (dCurich) on the amorphous Cu-Zr alloys and concentration of dissolved oxygen in the amorphous Cu-Zr alloys
(cO).

Specimen Time dox ± 0.5 (nm) dCurich ± 0.5 (nm) cO ± 0.1 (at.%)

200 °C 225 °C 250 °C 200 °C 225 °C 250 °C 200 °C 225 °C 250 °C

am-Cu33at.%Zr67at.% 1 h 5.2 9.6 11.5 14.8 14.0 15.6 2.8 3.9 4.7
4 h 7.9 11.9 12.3 16.5 14.1 20.1 3.3 4.5 5.5
10 h 10.7 12.6 10.9 21.8 25.8 28.4 4.4 4.9 6.9

am-Cu50at.%Zr50at.% 1 h 8.3 9.2 9.2 10.1 8.4 11.8 2.4 2.1 2.0
4 h 11.0 12.2 14.0 10.2 9.8 14.7 1.8 2.3 2.1
10 h 13.8 14.9 16.5 15.7 11.8 17.3 2.0 2.6 1.8
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3.3. Microstructure of the oxidized Cu–Zr alloys by cross-sectional HRTEM

The am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.% alloys oxidized at
250 °C for 10 h were investigated by cross-sectional HRTEM. The se-
lected-area electron diffraction (SAED) pattern (shown in the inset of
Fig. 4a) shows that oxidized am-Cu33at.%Zr67at.% alloy keeps the amor-
phous state. Fig. 4a shows that an am-ZrO2 layer (thickness: ~9 nm, in
accordance with the AES measurements) with a small roughness formed
on top of the am-Cu33at.%Zr67at.% alloy. The corresponding EDX map-
ping, as shown in Fig. 4c, also indicates that the surficial oxide layer
was made of ZrO2. Small spherical particles (diameter: ~10 nm) were
distributed randomly in the Cu-enriched region (thickness: ~30 nm)
between the am-ZrO2 layer and the am-Cu33at.%Zr67at.% alloy. Detailed
fast Fourier transform (FFT) investigations in HRTEM images of those
particles, as, for example, shown in the inset of Fig. 4b, indicate that the
Cu-enriched particles are also amorphous.

Cross-sectional TEM investigation results of the oxidized am-
Cu50at.%Zr50at.% alloy are shown in Fig. 5. The SAED shown in the inset

of Fig. 5a indicates the amorphous state of the am-Cu50at.%Zr50at.% alloy
after oxidation. A homogenous ZrO2 layer with a thickness of ~15 nm
formed on top of the am-Cu50at.%Zr50at.% alloy, as observed in the cross-
sectional TEM image in Fig. 5a. The corresponding EDX mapping, as
shown in Fig. 5c, confirms that the surficial oxide layer was made of
ZrO2. The corresponding HRTEM observation shows that the ZrO2

overlayer was also amorphous (Fig. 5b). A Cu-enriched layer, shown
with dark contrast in Fig. 5a, formed underneath the amorphous ZrO2

top layer. Some large nanoparticles (diameter: ~15–20 nm) were dis-
tributed densely in the Cu-enrich region (see Fig. 5a). In the corre-
sponding HRTEM micrographs of the Cu-enriched particles (see
Fig. 5b), clear lattice fringes are observed with lattice spacings of 3.064
and 3.30 Å (see also FFT in the inset), corresponding to the (1 0 3)
lattice plane of the Cu8Zr3 phase [PDF#42-1186, Pnma(62)] and (0 2 2)
lattice plane of the Cu10Zr7 phase [PDF#47-1028, C2ca(41)], respec-
tively. The concentration ratios of Cu:Zr in Cu8Zr3 and Cu10Zr7 (2.2 and
1.5, respectively) are in accordance with the AES measurements
(1.4–2.7, shown in Fig. 3). As a result, in contrast with the case of
Cu33at.%Zr67at.%, the Cu-enriched layer between the top am-ZrO2 layer
and am-Cu50at.%Zr50at.% alloy contains crystalline discrete/isolated
Cu8Zr3 and Cu10Zr7 spherical particles.

4. Discussion

4.1. Microstructure of oxidized amorphous Cu–Zr alloys

Schematic illustrations of the microstructures of the thermally oxi-
dized am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.% alloys are shown in
Fig. 6.

4.1.1. Formation of amorphous ZrO2

Upon exposure of the amorphous Cu–Zr alloys to oxygen, Zr is
preferentially oxidized (forming ZrO2) due to its much higher affinity to
oxygen than that of Cu. Although the crystalline (monoclinic) ZrO2 is
the most stable state for the zirconia
[( < <G G G(m - Zro ) (t - Zro ) (am - Zro )f 2 f 2 f 2 ] [24], amorphous
ZrO2 with a thickness of several nanometres, rather than crystalline
phases, forms at the initial oxidation of Zr-based alloys [5,19]. It is
prevalent that the early overlapping of eOeMeOeMe chains with

Fig. 4. (a) Cross-sectional TEM image of am-Cu33at.%Zr67at.% alloy oxidized at
250 °C for 10 h, (b) HRTEM image and (c) EDX mapping of the surficial region
on the oxidized am-Cu33at.%Zr67at.% alloy.

Fig. 5. (a) Cross-sectional TEM image of am-Cu50%Zr50at.% alloy oxidized at 250 °C for 10 h, (b) HRTEM image and (c) EDX mapping of the surficial region on the
oxidized am-Cu50at.%Zr50at.% alloy.
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each other (M refers to metal ions) subsequently promotes the emer-
gence of an amorphous surficial oxide phase [19,25]. The formation of
the new phase is basically related to the change of the Gibbs energy of
formation, and it is significantly determined by the difference of strain
and surface/interface energy between parent and product phases
( = + +G G Gbarrier strain f ). The formation and growth of am-ZrO2

are preferred due to negligible misfit-strain associated with amorphous
ZrO2 ( G 0strain ) and, further, to the lower surface and interface en-
ergies of am-ZrO2 (( <(am - Zro ) (m - Zro )2 2 ). As a result, an
amorphous ZrO2 layer formed on top of the am-Cu33at.%Zr67at.% and am-
Cu50at.%Zr50at.% alloys oxidized at 200–250 °C, as shown in Fig. 6a and
b.

4.1.2. Formation of nanoparticles in the Cu-enriched region below am-ZrO2

Due to the selective oxidation of Zr upon oxidation of am-
Cu33at.%Zr67at.% and Cu50at.%Zr50at.% alloys, Cu accumulated beneath
the amorphous ZrO2 layer, forming a Cu-enriched region. Spherical
nanoparticles were distributed in the Cu-enriched regions between the
top am-ZrO2 layer and the amorphous Cu–Zr substrates. Atomic diffu-
sion is rather sluggish in the amorphous Cu–Zr alloys [17,26]. As a
result, the accumulation of Cu in the amorphous Cu–Zr alloys as a result
of the selective oxidation of Zr would occur in a rather localized and
nonhomogeneous way, leading to the formation of Cu-enriched nano-
particles distributed in the Cu-enriched region.

4.1.3. Structure of nanoparticles in the Cu-enriched region
It is known [6,7,27,28] that the Gibbs energy of formation ( Gf ) for

amorphous Cu–Zr alloys decreases and then increases with increasing
Zr fraction, and the lowest Gf corresponds to a Zr fraction of 0.5, as
shown in Fig. 6c. As reported by Lim et al. [13], oxidation induces the
stabilization of the amorphous state of the subsurface region in the
Cu30Zr70 metallic glass. The Zr-consumed subsurface region can keep an
amorphous state, even at a temperature above the crystallization tem-
perature (Tc) of the am-Cu30Zr70 substrate. In the case of the oxidized
am-Cu33at.%Zr67at.% alloy, the Cu-enriched layer beneath the surficial
am-ZrO2 layer has an average composition of CuxZr1−x

(0.42 < x < 0.56, see the AES results in Section 3.2), which is more
stable than the am-Cu33at.%Zr67at.% substrate (ΔGf(Cu-rich) < ΔGf(am-
Cu33at.%Zr67at.%), see Fig. 6c). Furthermore, according to the Cu–Zr
binary phase diagram [29], the crystalline phase closest to the com-
position of CuxZr1−x (0.42 < x < 0.56) is CuZr, whose Gibbs energy
of formation ( Gf ) at 250 °C is (only) 6.8 kJ/mol lower than that of its
amorphous counterpart. This is shown in Fig. 6c; for Gf of am-
Cu50at.%Zr50at.% please refer to [7], and for Gf of CuZr please refer to
[30]. As a result, the Cu-enriched nanoparticles with an average com-
position of CuxZr1−x (x= 0.49 ± 0.05) tend to stay amorphous, as was
observed (see Fig. 4), at a temperature lower than the glass transition
temperature (Tg) of am-Cu33at.%Zr67at.% alloy.

As for the am-Cu50at.%Zr50at.% alloy, because of the enrichment of Cu

under the ZrO2 top layer, the formation Gibbs energy ( Gf ) of the am-
CuxZr1−x alloy (0.56 < x < 0.80) is higher than that of the am-
Cu50at.%Zr50at.% alloy, as shown in Fig. 6c [28], which leads to a larger
driving force for the crystallization of the Cu-enriched layer. The Cu–Zr
crystalline phases corresponding to the Cu composition of 0.56–0.80
are Cu8Zr3 and Cu10Zr7, according to the binary phase diagram of the
Cu–Zr system [29]. The Gibbs energies of formation ( Gf ) of the Cu8Zr3

and Cu10Zr7 phases are 12.1 and 9.8 kJ/mol lower than those of their
amorphous counterparts ( Gf of Cu8Zr3 and Cu10Zr7 at 250 °C [30]),
large enough to drive the amorphous–crystalline transition. Indeed,
observed by HRTEM in Fig. 6a, crystalline Cu8Zr3 and Cu10Zr7 nuclei
grow to nanoparticles with a diameter of ~20 nm in the Cu-enriched
sublayer.

4.1.4. Size and spatial distribution of nanoparticles in the Cu-enriched
region

In the case of am-Cu33at.%Zr67at.%, the growth of amorphous nano-
particles is strongly obstructed because of the sluggish diffusion of Cu
and Zr atoms in the Cu–Zr matrix. The enrichment of Cu during con-
tinuous selective oxidation of Zr from the Cu–Zr matrix can, therefore,
only be realised by continuous formation of new, small nanoparticles
(diameter: ≤10 nm) distributed broadly and randomly in the (wide)
Cu-enrichment sublayer.

In contrast, during oxidation of am-Cu50at.%Zr50at.% alloy, crystalline
Cu–Zr alloy nanoparticles are formed. Compared with that in the am-
Cu50at.%Zr50at.% matrix, the local atomic diffusion is faster in those
crystalline nanoparticles because of the fast diffusion pathway com-
posed of energetically favourable interstitial sites [31]. As a result, the
continued Cu-enrichment during oxidation of Cu50at.%Zr50at.% alloys
leads to the growth of crystalline Cu10Zr7 and Cu8Zr3 nanoparticles
(diameter: ~20 nm), and the formation of new nanoparticles deep in
the Cu-enriched region is hindered.

4.2. Oxidation kinetics of amorphous Cu–Zr alloys

It is indicated from the dox (see Table 1, Figs. 2 and 3) that the
oxidation kinetics of am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.% alloys
both obey a parabolic law. Therefore, the outward diffusion of metallic
ions and/or the inward diffusion of oxygen ions are the controlling step
of the thermal oxidation of am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.%

alloys at 200–250 °C. Kai et al. [15] found that the oxidation kinetics of
the Cu50Zr50 bulk metallic glass generally followed a parabolic-rate law
at 350–425 °C. Other studies [32–38] have also shown the parabolic
kinetics and, thus, the ion diffusion controlled oxidation of Cu–Zr-based
amorphous alloys.

The amorphous Cu-enriched layer in the thermally oxidized am-
Cu33at.%Zr67at.% alloy induced by the preferential oxidation of Zr, is
14.0–28.4 nm thick and 1.5–2 times that of the ZrO2 layers above, be-
cause of the growth of the amorphous nanoparticles (see Section 4.1.4).

Fig. 6. Schematic illustration of microstructure of thermally oxidized (a) am-Cu33at.%Zr67at.% and (b) am-Cu50at.%Zr50at.% alloys, and (c) the calculated Gibbs energy
of formation ( Gf ) of am-CuxZr1−x alloys ( Gf

am) [7], c-Cu-Zr alloys ( Gf
c) [30] at 250 °C (top inset) and the driving force ( G Gf

c
f
am) of the amorphous-crystalline

transition of the Cu-enriched layer in the corresponding am CuxZr1−x alloys (bottom inset).
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The energy barrier of oxygen inward diffusion and metallic-ion outward
diffusion in the thick amorphous Cu-enriched layer of the am-
Cu33at.%Zr67at.% alloy is substantially elevated as a result of the absence
of the diffusion pathways made up of periodic arranged interstitial sites.
The oxidation of am-Cu33at.%Zr67at.% alloy is restricted with the growth
of the amorphous Cu-enriched layer.

However, the subsurface layer of am-Cu50at.%Zr50at.% alloy crystal-
lizes to Cu8Zr3 and Cu10Zr7 phases as result of the Cu enrichment during
thermal oxidation (see Fig. 5a and Section 4.1). The crystalline Cu-
enriched particles (Cu8Zr3 and Cu10Zr7), as well as their interfaces with
the amorphous alloy matrix, can provide pathways for diffusion of
oxygen and metallic ions [31]. Although the diffusion rate of ions in the
am-Cu50at.%Zr50at.% alloy is lower than that in am-Cu33at.%Zr67at.% alloy,
the oxidation of the am-Cu50at.%Zr50at.% alloy is accelerated by the
presence of a high density of crystalline Cu-enriched particles compared
with the Cu33at.%Zr67at.% alloy, whose oxidation is hindered by the thick
amorphous Cu-enriched diffusion barrier.

5. Conclusions

• Amorphous ZrO2 layers (thickness: 5.2–16.5 nm) were formed at
200–250 °C on top of am-Cu33at.%Zr67at.% and am-Cu50at.%Zr50at.%

alloys by the selective oxidation of Zr because of the lower strain
energy and interface energy of the amorphous oxide phase.

• Due to the sluggish atomic diffusion in the amorphous Cu–Zr alloys,
the Cu accumulation underneath the top ZrO2 as a result of the se-
lective oxidation of Zr occurred in a rather localised and non-
homogeneous way, leading to the formation of Cu-enriched nano-
particles.

• The Cu-enriched spherical nanoparticles in the Cu-enriched region
of Cu33at.%Zr67at.% and Cu50at.%Zr50at.% alloys were amorphous and
crystalline, respectively, due to the different driving force for the
corresponding crystallisation of the amorphous Cu-enriched layer.

• Small amorphous Cu-enriched nanoparticles (diameter: ~10 nm),
whose growth was restricted by the sluggish atomic diffusion in the
amorphous Cu-enriched region, distributed in a dispersed manner in
the Cu-enriched region of am-Cu33at.%Zr67at.% alloy with the thick-
ening of Cu-enrichment region. In contrast, large Cu8Zr3 and
Cu10Zr7 crystalline nanoparticles (diameter: ~20 nm), growing
faster due to the faster ion diffusion in the crystalline nanoparticles,
were distributed densely in the Cu-enriched region of the am-
Cu50at.%Zr50at.% alloy.

• The oxidation rate of the am-Cu33at.%Zr67at.% alloy was lower than
that of the am-Cu50at.%Zr50at.% alloy because of the thick amorphous
Cu-enriched layer as an ion diffusion barrier and the lack of crys-
talline Cu8Zr3 and Cu10Zr7 particles providing ion migration path-
ways, i.e., ordered interstitial sites and defects.
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