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A B S T R A C T   

The competition between synchronous oxidation and preferential oxidation of Zr and Al in amorphous Cu-Zr-Al 
alloys has been investigated. Oxide-layer growth on Cu-poor Cu-Zr-Al alloys occurs by synchronous oxidation of 
Zr and Al. However, for relatively high Cu alloying contents, synchronous oxidation of Zr and Al becomes 
disturbed by the increased chemical interaction of Cu with Al, which immobilizes Cu and Al atoms from 
oxidation. Consequently, only Zr is preferentially oxidized. The findings provide fundamental insights on the role 
of nobler alloy constituents on the oxidation mechanism of multi-component alloys, which opens new avenues 
for rational design of surficial oxide structures.   

1. Introduction 

Amorphous alloys have demonstrated exceptional mechanical, 
chemical and biochemical properties, due to the structural and 
compositional homogeneity as compared to their crystalline counter
parts. Therefore, amorphous alloys are considered as a promising new 
family of structural and functional materials [1–7]. Amorphous Cu-Zr-Al 
alloys are one of the most attractive amorphous alloys, because of their 
very high glass forming ability (GFA) and high formability [8–13], 
which makes them especially suitable for the fabrication of 
micro/nano-sized components [14]. 

Oxidation occurs inevitably during the service of such micro/nano- 
sized alloy components, thereby affecting their surface properties 
[15–19]. Controlled pre-oxidation treatments of the fabricated alloys 
can be performed to tune and stabilize surface-related properties in an 
efficient and economical way [20, 21]. The oxidation of crystalline 
ternary metallic alloys has been studied intensively in the past decades. 
In contrast, much less is known on the oxidation of ternary amorphous 
metallic alloys. In particular, the compositional changes and inherent 
metastability of such amorphous alloys during the oxidation process 
have remained largely unclear. To this end, it is crucial to understand 

the underlying oxidation mechanism of multi-component amorphous 
alloys. 

Several studies on the oxidation of amorphous Zr-Al [22–27], Cu-Zr 
[28–33] and even Cu-Al [34–36] binary alloys have been reported in the 
literature. Cu-Zr binary alloys have the greatest glass-forming ability 
[37] among these three alloy systems. During the oxidation of amor
phous Cu-Zr binary alloys, Zr has a much larger O affinity than Cu, 
resulting in the overgrowth of an amorphous ZrO2 overlayer by the 
preferential oxidation of Zr [29, 30]. For amorphous Zr-Al binary alloys 
with medium GFA, synchronous oxidation of Zr and Al results in the 
formation of a single ternary amorphous Zr-Al-O oxide phase with a 
fixed composition of (Zr0.67Al0.33)O1.83, independent of the parent Zr-Al 
alloy composition (Zr74at.%Al26at.%–Zr32at.%Al68at.%), which is thermo
dynamically preferred [25]. Due to their very poor glass-forming ability 
[38–42], thermal oxidation studies of amorphous Cu-Al binary alloys 
have not yet been reported. However, Al has a much higher affinity for O 
than Cu, suggesting the preferential formation of Al2O3 from the alloy, 
as indeed observed for oxidation studies of their crystalline Cu-Al 
counterparts [34, 36]. 

For amorphous Cu-Zr-Al ternary alloys, it is not straightforward to 
rationalize if Zr and Al will be synchronously or preferentially oxidized, 
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depending on the alloy composition. For example, for amorphous Cu-Zr- 
Al ternary alloys with a relatively low Al content of 10 at. %, thermal 
oxidation is known to result in a double-layered structure, consisting of a 
tiny Al interfacial oxide layer and a Zr oxide top layer, depending on the 
oxidation temperature [43–49]. Based on the previous oxidation studies 
of Al2Zr binary alloys [22,25,50], it may be presumed that thermal 
oxidation of amorphous Cu-Zr-Al ternary alloys with a similar Al/Zr 
atomic ratio of ½ should also result in the formation of a stable amor
phous (Zr0.67Al0.33)O1.83 passive layer by synchronous oxidation of Zr 
and Al (since Cu has a much lower oxygen affinity). To experimentally 
verify this hypothesis, the thermal oxidation of amorphous Cu-Zr-Al 
ternary alloys were investigated as function of the nominal composi
tion, while superimposing the following two criteria: (i) the Al:Zr atomic 
ratio of the alloys is fixed at 0.5 with varying Cu content, and (ii) the 
alloys should possess a good GFA. On the basis of these two criteria, 
three different compositions with Cu concentrations in the range of 
25–50 at. % were considered in this study, i.e. Cux(Zr0.67Al0.33)100-x with 
x = 25, 40 and 50 [51]. The addition of Cu can greatly promote the GFA 
of Zr-based alloys, facilitating the formation of bulk metallic glasses 
(BMG) [13,52,53]. The amorphous Cux(Zr0.67Al0.33)100-x (25≤x≤50) 
alloys were thermally oxidized in the temperature range of 250–350 ◦C. 
A combinatorial analytical approach by X-ray diffraction (XRD), dif
ferential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA), Auger sputter depth profiling (AES) and cross-sectional high 
resolution transmission electron microscopy (HRTEM) was applied to 
study the oxide-layer microstructures, the compositional changes in the 
alloy and oxide-film growth kinetics as function of the alloy composi
tion. As such, the commonly disregarded role of nobler alloying con
stituents on the oxidation behaviors of multi-component BMGs could be 
revealed. The results can provide practical guidelines on the selection of 
oxidation conditions to tailor the microstructure of protective amor
phous oxide layers formed on BMGs. 

2. Experimental 

2.1. Specimen preparation and thermal oxidation 

Amorphous Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloy ribbons with a 
thickness of 35–45 μm and a width of 0.8–1.7 mm were prepared by arc 
melting the mixtures of pure Cu (purity 99.95 wt. %), Zr (purity 98.5 wt. 
%) and Al (purity 99.99 wt. %) in an argon atmosphere (99.999 vol. %), 
and subsequent melt-spinning using a single copper wheel at a surficial 
linear speed of ~30 m/s. The compositions of the amorphous Cux(Z
r0.67Al0.33)100-x (25≤x≤50) alloys have been verified by inductively 
coupled plasma optical emission spectroscopy (ICP-OES). The thus 
prepared amorphous Cux(Zr0.67Al0.33)100-x (x = 25, 40 and 50) alloys are 
designated below as am-Cu25, am-Cu40 and am-Cu50, respectively. 

The amorphous Cux(Zr0.67Al0.33)100-x (25≤x≤50) ribbons were 
sealed in quartz tubes for subsequent thermal oxidation 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 gas (purity 99.999 vol. %) for several cycles. The oxygen partial 
pressures at room temperature were 0.56, 0.52, and 0.47 bar, corre
sponding to 1 bar at 250, 300 and 350 ◦C, respectively. The amorphous 
Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys were isothermally oxidized at 
250–300 ◦C in a tube furnace (OTF-1200X, Hefei Kejing Materials 
Technology Co. Ltd.) for 2.5–10 h and quenched immediately in water 
after the thermal oxidation. 

An Au marker experiment was designed to clarify the atomic trans
port mechanism for the oxidation of the amorphous Cux(Z
r0.67Al0.33)100-x (25≤x≤50) alloys. To this end, an ultra-thin (thickness 
2–3 nm) Au film was deposited on the amorphous Cux(Zr0.67Al0.33)100-x 
(25≤x≤50) alloys by magnetron sputtering of pure Au (purity 
99.999 wt. %) in a high-vacuum sputter system (employing a target 
power of 16 W for 1 min). The ribbons were sputter-cleaned for 5 min by 
Ar+ ions with an applied acceleration voltage of 105 V prior to the layer- 

deposition process. The Au-covered amorphous Cux(Zr0.67Al0.33)100-x 
(25≤x≤50) alloys were then oxidized at 350 ◦C for 2.5 h, as described 
above. 

2.2. Microstructural analysis 

The as-spun and oxidized Cux(Zr0.67Al0.33)100-x (25≤x≤50) ribbons 
were investigated by X-ray diffraction (XRD) on a Bruker D8 Advanced 
diffractometer equipped with a Cu X-ray anode (40 kV/40 mA, λ 
=1.5418 Å). The scanning range of the diffraction angle 2θ is 10–60◦

with a step size of 0.02◦ and a collecting time of 0.2 s/step. 
Thermal analyses of the as-spun Cux(Zr0.67Al0.33)100-x (25≤x≤50) 

ribbons were carried out in a differential scanning calorimeter (DSC, 
Mettler Toledo TGA/DSC1 Star System) at a heating rate of 10 ◦C/min 
under an argon protective atmosphere with a flow rate of 50 cm3/min. 

The oxidation kinetics of the as-spun Cux(Zr0.67Al0.33)100-x 
(25≤x≤50) ribbons was investigated by thermogravimetric analysis 
(TGA, Mettler Toledo TGA/DSC1 Star System). The initial weight of the 
as-spun am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) ribbons was ~50 mg. 
Argon protective gas (purity 99.999 vol. %) was introduced into the TGA 
furnace at a flow rate of 50 cm3/min while heating up the specimens to 
300 ◦C at a rate of 40 ◦C/min. Subsequently, the isothermal oxidation of 
the specimens was performed at 300 ◦C in pure O2 (purity≥ 99.999 vol. 
%), as introduced into the furnace at a constant flow rate of 60 cm3/min. 

The oxidized Cux(Zr0.67Al0.33)100-x (25≤x≤50) ribbons were inves
tigated by Auger electron spectroscopy (AES) sputter-depth profiling 
using a PHI 700Xi scanning Auger nanoprobe (base pressure ~5 × 10− 7 

Pa), equipped with a field-emission electron gun operated at an accel
eration voltage of 5 kV. Sputter-depth profiling was performed using 
2 kV Ar+ ion sputtering cycles. The spectra of the Cu LMM, Zr MNN, Al 
KLL and O KLL Auger electrons were recorded after each successive 
sputter step. The concentration-depth profiles of oxidic Zr and Al in the 
oxide overlayer (denoted as: Zrox and Alox), as well as of metallic Zr and 
Al in the alloy substrate (denoted as: Zrmet and Almet), were obtained 
from the peak-to-peak intensities as resolved by linear least-squares 
(LLS) fitting of the corresponding differential AES spectra in the Multi
Pak software (v 9.5.0.8). Quantifications of the thus-resolved Zrox, Alox, 
Zrmet and Almet intensities, as well as of Cu and O, were carried out ac
cording to the procedure as described in Ref. [26]. The correspondingly 
determined relative sensitivity factors S (with respect to Zrmet) are: SZrmet 

= 1.000, SZrox = 0.626, SAlmet = 0.178, SAlox = 0.411, SCu = 0.408, and SO 

= 1.324. The sputtering rate was calibrated using the calibrated 
oxide-layer thickness, as determined by cross-sectional TEM. 

Focused ion beam (FIB) (ZEISS Helios FIB/SEM crossbeam system) 
was used to prepare cross-sectional TEM lamellae of the oxidized spec
imens. To protect the lamella area from excessive beam damage during 
focused ion beam milling, a Pt layer of 500 nm followed by a second Pt 
layer of ~2 μm were deposited on the area of interest by electron beam 
and ion beam assisted deposition from gas precursors, respectively. The 
lamellae were thinned to a thickness of ~1.5 μm before being removed 
from the bulk specimen using an in-situ lift-out technique. Finally, the 
lamellae were welded to a Cu grid and further thinned by 30 kV/ 
80–790 pA Ga+ ions, followed by cleaning with 5 keV/41 pA (90 s) and 
2 keV/23 pA (30 s) Ga+ ions. 

The composition and microstructure of the oxide overlayers were 
investigated by cross-sectional transmission electron microscopy (TEM) 
using a FEI JEOL2200FS electron microscope equipped with a field 
emission gun, operated at an acceleration voltage of 200 kV. The 
elemental distributions in the oxide cross-sections were investigated by 
energy dispersive X-ray spectroscopy (EDX) mapping inside the same 
microscope. 
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3. Results 

3.1. Microstructure of the as-prepared and oxidized alloys by XRD and 
DSC 

XRD patterns of the as-spun and the oxidized (350 ◦C, 10 h) am- 
Cu25, am-Cu40 and am-Cu50 alloys are shown in Fig. 1a and b, 
respectively. Only broad intensity humps with a 2θ range of 32–47◦ and 
a FWHM of 4.2–5.5◦ are observed in the XRD patterns, confirming the 
amorphous state of the as- spun alloys (see Fig. 1a). Notably, the position 
of the intensity hump exhibits a small shift to higher 2θ with increasing 

Cu content in the alloy. Cross-sectional TEM investigations also evidence 
the amorphous state of the as-spun alloys (see Sect. 3.4). Moreover, XRD 
analysis of the oxidized am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys 
indicate that the alloys all remain XRD amorphous after prolonged 
oxidation (10 h) at the highest oxidation temperature of 350 ◦C (see 
Fig. 1b). 

As follows from the DSC analysis (see Fig. 1c), the glass transition 
temperatures (Tg) and the crystallization temperatures (Tx) are 488 ◦C 
and 509 ◦C for am-Cu25, 483 ◦C and 506 ◦C for am-Cu40, and 487 ◦C 
and 497 ◦C for am-Cu50, respectively (see Table 1). The corresponding 
supercooled liquid regimes, ΔT (ΔT = Tx − Tg), are 21 ◦C, 23 ◦C and 
10 ◦C for the am-Cu25, am-Cu40 and am-Cu50 alloy, respectively (see 
Table 1); this suggests slightly better GFA for am-Cu25 and am-Cu40, as 
compared to am-Cu50. According to the DSC analysis, thermal oxidation 
in the temperature range of 250–350 ◦C does not induce crystallization 
of the studied am-Cux(Zr0.67Al0.33)100-x alloys, in accordance with the 
XRD analysis. 

3.2. Oxidation kinetics of the alloys by TGA 

The oxidation kinetics of the am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) 
alloys at 300 ◦C, as determined by TGA, are very similar for all three 
alloys (see Fig. 2). The initial oxidation regime, as associated with the 
formation of a dense oxide overlayer, is followed by a second parabolic 
oxidation stage, according to 

w(t)2
= Kpt (1)  

where Kp is the parabolic oxidation rate constant, w is the mass gain per 
unit surface area, and t is the oxidation time. Note that the surface area 
of the Cu-Zr-Al amorphous ribbons was calculated from the geometry of 
the specimens. All the Cu-Zr-Al ribbons, which were prepared on the 
same copper wheel by melt-spinning under exactly the same conditions, 
have a similarly small surface roughness. The Kp values for the oxidation 
of the am-Cux(Zr0.67Al0.33)100-x alloys at 300 ◦C, determined by fitting of 
the experimental growth curves according to Eq. (1) (see Fig. 2), are 
3.04 × 10− 12 kg2/(m4s) for am-Cu25, 6.88 × 10-13 kg2/(m4s) for am- 
Cu40, and 1.22 × 10− 12 kg2/(m4s) for am-Cu50, respectively. The 
parabolic growth rate (after initial formation of a dense oxide scale) 
indicates that the second oxidation stage is diffusion-controlled. It fol
lows that the am-Cu25 alloy with the lowest Cu content has the highest 
growth rate; the oxidation rate for the am-Cu50 alloy is slightly higher 
than that of the am-Cu40 alloy. 

3.3. Depth-resolved oxide composition by AES depth profiling 

The AES-concentration depth profiles of the am-Cux(Zr0.67Al0.33)100-x 
alloys oxidized at 250, 300 and 350 ◦C for 10 h are shown in Fig. 3. A 
mixed (Zr,Al)-oxide layer with a nominal composition of (Zr0.67Al0.33) 
O1.83 (i.e. having the same Al/Zr-ratio of ½ as in the alloy) and an 
approximate thickness in the range of 5–55 nm is formed on the am- 
Cu25 alloy, independent of the oxidation temperature in the range of 
250–350 ◦C: see Fig. 3a1-a3. A Cu enrichment (‘pile-up’) in the alloy 
adjacent to the alloy/oxide interface (due to the synchronous oxidation 
Zr and Al from the alloy) is only evident for the faster overgrowth of 
relatively thick oxide layers at the highest oxidation temperature of 
350 ◦C. The dissolved oxygen concentration in am-Cu25 alloy at 

Fig. 1. XRD patterns of am-Cux(Zr0.67Al0.33)100-x alloys (25≤x≤50) (a) as-spun 
and (b) oxidized at 350 ◦C for 10 h, and (c) DSC curves of am-Cux(Z
r0.67Al0.33)100-x alloys (25≤x≤50) at a heating rate of 10 ◦C/min. The glass 
transition temperatures Tg and crystallization temperatures Tx are marked 
by arrows. 

Table 1 
Thermal properties (Tg glass transition temperature, Tx crystallization temper
ature, and ΔT supercooled liquid regime) of the am-Cux(Zr0.67Al0.33)100-x 
(25≤x≤50) alloys as determined by DSC (heating rate 10 ◦C/min).  

alloy Tg (◦C) Tx (◦C) ΔT (◦C) 

am-Cu25 488 509 21 
am-Cu40 483 506 23 
am-Cu50 487 497 10  
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250–350 ◦C can be neglected. 
The depth-resolved compositions of the oxide layers formed on the 

am-Cu40 and am-Cu50 alloys after the thermal oxidations for 10 h in the 
range of 250–350 ◦C are all very similar: compare Fig. 3b1–b3 and c1–c3. 
At the lowest oxidation temperature of 250 ◦C, mixed-(Zr,Al) oxide 
layers with a nominal composition (Zr0.67Al0.33)O1.83 and an approxi
mate thickness of ~5 nm are formed on both alloys and only a slight Cu- 

enrichment is observed in the alloy underneath: compare Fig. 3b1 and c1. 
Also there are no obvious traces of dissolution and/or inward diffusion 
of O from the oxide overlayer into the alloy at 250–350 ◦C. Interestingly, 
at the higher oxidation temperatures of 300 and 350 ◦C, a double- 
layered oxide layer evolves, as composed of a ZrO2 top layer (thick
ness: 6–12 nm) and a mixed (Zr,Al)-oxide bottom layer (thickness: 
4–24 nm): see Fig. 3b2–b3 and c2–c3. Notably, the formation of a bilay
ered oxide overgrowth on the am-Cu40 and am-Cu50 alloys in the range 
of 300–350 ◦C is independent of the studied oxidation time (data not 
shown here). Enrichments of both Cu and Al are observed in the alloy 
adjacent to the alloy/oxide interface, in particular, for the oxidations of 
the am-Cu40 and am-Cu50 alloys at 300 ◦C: see Fig. 3b2 and c2. Notably, 
the Cu enrichment is the most pronounced for the oxidized am-Cu40 at 
300–350 ◦C among the three Cu-Zr-Al amorphous alloys (Fig. 3b2 vs. a2 
and c2, Fig. 3b3 vs. a3 and c3). 

The approximate thicknesses of the ZrO2 sublayer (dZrO2 ), the Zr-Al-O 
sublayer (dZrAlO), the Cu-enriched layer (dCu-rich), as well as the respec
tive total oxide layer thicknesses (dox=dZrO2+dZrAlO), as estimated from 
the AES analyses, are listed in Table 2. The nominal oxide-layer thick
nesses formed on the am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys at the 
same temperatures decrease in the sequence r(am-Cu25) > r(am-Cu50) 
> r(am-Cu40), in accordance with the TGA analysis (see Sect. 3.2). 
Continued oxide film growth on the am-Cu40 and am-Cu50 alloys is 
primarily realized by a thickening of the Zr-Al-O sublayer (i.e. from 2.5 h 
to 10 h at 350 ◦C, see Table 2). For identical oxidation conditions, the 
Cu-enriched zone in the alloy (dCu-rich) is the thickest for the Cu-rich am- 
Cu50 alloy, in accordance with its higher oxidation rate (as compared to 
the am-Cu40 alloy; see Table 2). 

Fig. 2. TGA curves of am-Cux(Zr0.67Al0.33)100-x alloys (25≤x≤50) during 
thermal oxidation at 300 ◦C. 

Fig. 3. AES concentration-depth profiles of the am-Cu25 alloy oxidized at (a1) 250 ◦C, (a2) 300 ◦C, and (a3) 350 ◦C for 10 h; the am-Cu40 alloy oxidized at (b1) 
250 ◦C, (b2) 300 ◦C, and (b3) 350 ◦C for 10 h; and the am-Cu50 alloy oxidized at (c1) 250 ◦C, (c2) 300 ◦C, and (c3) 350 ◦C for 10 h. 
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Au marker experiments were conducted for the oxidation of am- 
Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys at 350 ◦C for 2.5 h, followed by 
AES depth-profiling analyses (see Fig. 4). The pre-deposited ultra-thin 
(thickness: 2–3 nm) inert Au markers remained on top of the oxide 
surface, instead of being buried within or below the thickening oxide 
overlayer. This suggests that oxide-layer growth occurred mainly at the 
interface between the developing oxide layer and the parent alloy 
(further designated as the oxide growth front) through inward diffusion 
of oxygen anions (with concurrent outward diffusion of anion vacancies, 
as generated at the oxide/alloy interface by continuous dissolution of 
oxygen into the parent alloy), in accordance with the oxidation mech
anism for pure Zr metal [54, 55] and Zr-Al alloys [22]. 

3.4. Microstructure of the oxidized alloys by cross-sectional TEM 

The am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys oxidized at 350 ◦C 
for 10 h were also investigated by cross-sectional TEM. The amorphous 
states of the oxide layer and the parent am-Cu25 alloy are confirmed by 
the selected area electron diffraction pattern (SAED) (see the inset of 
Fig. 5a), consistent with the XRD results (see Fig. 1b). As shown in the 
TEM image of Fig. 5a (with corresponding EDX elemental mapping in 
Fig. 5b), a uniform and homogenous amorphous oxide layer (thickness: 
~54 nm) is formed on the oxidized am-Cu25 alloy. Fig. 5c shows an 
HRTEM investigation of the interfacial region between the oxide layer 
and the am-Cu25 substrate, which indicates the existence of nano-sized 
crystalline domains in the Cu-enriched region of the alloy adjacent to the 
oxide growth front (see the fast Fourier transform (FFT) in the inset of 
Fig. 5c). 

The cross-sectional TEM analysis of the am-Cu40 alloy oxidized at 
350 ◦C for 10 h is shown in Fig. 6. The SAED of the parent alloy, as 
shown in the inset of Fig. 6a, confirms the amorphous state of the am- 
Cu40 alloy, in accordance with XRD analyses (see Fig. 1b). A double- 
layered oxide composed with individual layer thicknesses of about 
13 nm (top) and 15 nm (bottom) are formed on the oxidized am-Cu40 
alloy (see Fig. 6a). As revealed from the corresponding EDX elemental 
mapping (see Fig. 6b), the top oxide sublayer consists of pure ZrO2, 
while the bottom oxide sublayer is composed of Zr-Al-O, which is fully 
consistent with the AES depth profiling results (see Fig. 3b3). The 
HRTEM analysis indicates that both the ZrO2 (top) and Zr-Al-O (bottom) 
sublayers are TEM amorphous (see Fig. 6c–i). A Cu-Al-enriched region is 
observable beneath the two amorphous oxide sublayers adjacent to the 
oxide growth front (see Fig. 6a-b). HRTEM observation indicates that 
this Cu-Al-enriched layer consists of tiny crystalline Cu9Al4 nanograins 
(see the HRTEM image and FFT in Fig. 6b-ii). 

The cross-sectional TEM analysis of the am-Cu50 alloy oxidized at 
350 ◦C for 10 h is shown in the Fig. 7. The amorphous state of the parent 
am-Cu50 alloy is confirmed by the SAED, as shown in the inset of the 
Fig. 7a. Similar to the oxidized am-Cu40 alloy, a double-layered oxide, 
composed of two uniform and homogenous oxide sublayers with 
thicknesses of 8 nm (top) and 24 nm (bottom), are formed on the 
oxidized am-Cu50 alloy (see Fig. 7a and the high angle annular dark 
field (HAADF) image in Fig. 7b). The two oxide sublayers are also 
amorphous, as evidenced by HRTEM and corresponding FFT analysis 
(see the inset of Fig. 7c-i). The EDX elemental mapping (see Fig. 7b) and 

the AES depth-profiling (see Fig. 3c3) confirm the homogenous com
positions of the two surficial oxide layers as (amorphous) ZrO2 and 
(amorphous) (Zr0.67Al0.33)O1.83, respectively. A Cu-Al-enriched layer is 
observed in the alloy adjacent to the oxide growth front, which again 
contains crystalline Cu9Al4 nanograins (see Fig. 7c-ii and FFT of Fig. 7a- 
iii in the bottom inset Fig. 7c-ii). The Cu-Al-enriched region in the 
oxidized am-Cu50 alloy is much thicker than that in the oxidized am- 
Cu40 alloy (Figs. 6a vs. 7 a, and Figs. 6b vs. 7 b), in accordance with 
the AES results. 

4. Discussion 

4.1. Microstructure of oxide layers 

At the lowest oxidation temperatures of 250 ◦C, amorphous Zr-Al-O 
films with a stoichiometric composition of (Zr0.67Al0.33)O1.83 are 
formed on top of the am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys 
(Fig. 3a1, b1 and c1). This indicates that oxide-layer growth at these 
relatively low temperatures occurs by synchronous oxidation of Zr and 
Al from the parent alloy, which complies with the much higher O af
finities of Zr and Al as compared to Cu, as well as the deep minimum for 
the Gibbs energy of formation of the amorphous am-(AlO1.5)y(ZrO2)1-y 
phase of fixed composition y = 0.33 (corresponding to (Zr0.67Al0.33) 
O1.83), as predicted in the previous study of oxidation of amorphous Zr- 
Al alloys [25]. As shown in our previous work on the oxidation of 
crystalline and amorphous binary Zr-Al alloys [22], the formation of an 
amorphous (Zr,Al)-oxide layer (with the same Al/Zr-ratio as compared 
to the alloy) results from the continuous dissolution of O into the 
amorphous alloy matrix at the oxide growth front. Oxide nucleation is 
triggered if the solubility product zone for the formation of the am-(A
lO1.5)y(ZrO2)1-y phase in the O-dissolution zone is exceeded. The for
mation of a single-phase crystalline oxide polymorph is 
bulk-thermodynamically unfavorable, since crystalline ZrO2 and crys
talline Al2O3 oxide phases are mutually insoluble within the studied 
temperature range [25]. The competing formation of phase-segregated 
single crystalline ZrO2 and Al2O3 oxide phases would require substan
tial atomic arrangements of Zr and Al in the amorphous alloy, which are 
kinetically obstructed in the amorphous alloys within the investigated 
temperature range [25]. 

At higher oxidation temperatures of 300 and 350 ◦C, a single-phase 
am-(Zr0.67Al0.33)O1.83 oxide overlayer is also found for the oxidized 
am-Cu25 alloy (Figs. 3a2–a3 and 5). However, an am-ZrO2/am- 
(Zr0.67Al0.33)O1.83 bilayered oxide develops on the Cu-rich am-Cu40 
and am-Cu50 alloys at 300 ◦C and 350 ◦C (Fig. 3c2–c3 and b2–b3, as well 
as Figs. 6 and 7). This suggests that, for Cu alloying concentration up to 
25 at.%, the presence of Cu in the alloy does not hinder the nucleation 
and growth of the am-(Zr0.67Al0.33)O1.83 oxide phase by synchronous 
oxidation of Zr and Al. However, for higher Cu concentrations, the 
synchronous oxidation of Zr and Al is hindered, resulting in the forma
tion of a bilayered oxide scale, as explained below. 

For the oxidation of amorphous and crystalline Zr-Al alloys [22], the 
rate-limiting step of the observed parabolic oxidation kinetics could be 
unambiguously attributed to the diffusional constraints of Zr, Al and 
dissolved O in the parent crystalline or amorphous alloy directly behind 

Table 2 
Thicknesses of the oxide layers (dox) [composed of thicknesses of am-ZrO2 (dCu-rich) and am-ZrAlO (dZrAlO) sublayers], and Cu-enriched layers (dCu-rich) formed on the 
am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys after oxidation at 250 − 350 ◦C for 10 h.  

alloy 

dox (nm) dCu-rich (nm) 

250 ◦C 300 ◦C 350 ◦C 
250 ◦C 300 ◦C 350 ◦C 

dox  dZrO2  dZrAlO  dox  dZrO2  dZrAlO  dox  

am-Cu25 5 0 16 16 0 (10 h) 55 (10 h) 55 (10 h) NA NA 12 
am-Cu40 4 6 8 14 11→13 (2.5 h→10 h) 11→17 (2.5 h→10 h) 22→30 (2.5 h→10 h) 9 11 20 
am-Cu50 6 7 8 15 10→11 (2.5 h→10 h) 17→23 (2.5 h→10 h) 27→34 (2.5 h→10 h) 9 12 33  
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the oxide growth front. Analogously, for the ternary Cu-Zr-Al alloys 
under study, the role of Cu on the relative atomic mobilities of Zr, Al and 
dissolved O in the parent alloy directly behind the oxide growth front 
should be considered. 

The activities of the constituent elements in the amorphous Cu-Zr-Al 
alloys at 300 ◦C were calculated via the CALPHAD method using the 
thermodynamic parameters in Ref. [56], as gathered in Table 3. Since 
there is no thermodynamic description for the amorphous phase, the 
activities of the pure elements in the undercooled (configurationally 
frozen) liquid (below the glass transition temperature Tg) were calcu
lated as an approximation. The chemical activity of Cu strongly in
creases with the addition of Cu in the amorphous Cu-Zr-Al alloys 
(Table 3). Note that the chemical activity of Al also increases, though the 
Al concentration decreases in the amorphous Cu-Zr-Al (Table 3). By 
comparing the Gibbs energies of formation of possible Cu-Zr [37] and 
Cu-Al [57] intermetallic phases in the respective compositional range, it 
follows that Cu has a much higher affinity to Al than to Zr (see Table 4, 
one order of magnitude difference). This implies that the synchronous 
oxidation of Zr and Al is strongly disturbed particularly for the oxida
tions of the Cu-rich am-Cu40 and am-Cu50 ternary alloys. Namely, the 
relatively strong chemical interaction of Cu with Al will reduce their 
atomic mobilities (as compared to Zr) in the alloy and can even selec
tively immobilize Cu and Al atoms by the nucleation of tiny nano
crystalline Cu-Al intermetallic precipitates. 

Consequently, only Zr is preferentially oxidized during the initial 
stages of fast oxidation stage for the Cu-rich am-Cu40 and am-Cu50. The 
synchronous oxidation of Zr and Al and associated continuous growth of 
the (Zr0.67Al0.33)O1.83 bottom layer presumably only dominates after 
formation of a dense ZrO2 top layer (during the initial non-parabolic 
growth stage) with an associated depletion of Zr from the alloy 
directly behind the oxide growth front (as might be speculated from the 
AES depth-profiles in Fig. 3). Continuous growth mainly proceeds by a 
thickening of the (Zr0.67Al0.33)O1.83 bottom layer during the oxidation 
stage with a parabolic-type kinetics (Table 2). 

Such a transition from synchronous oxidation (of Zr and Al) to 
preferential oxidation (of Zr) with the addition of Cu can also occur in 
amorphous Cu-Zr-Al alloys with an Al/Zr ratio other than 0.5. At lower 
oxidation temperatures, such as room temperature, a synchronous 
oxidation of Zr and Al tends to occur on the amorphous Cu-Zr-Al alloys 
irrespective of the Cu content, forming a very thin (<5 nm) amorphous 
Zr-Al-O oxide. 

4.2. Microstructure of Cu-enriched regions 

Formation of an (Zr,Al)-oxide phase at the inwardly migrating oxide 
growth front by synchronous oxidation of Zr and Al requires continuous 
diffusion of Cu into the interior of the alloy. If the diffusion of expelled 
Cu from the alloy at the oxide growth is much slower than the rate of the 
inwardly moving growth front, Cu will be piled up directly behind the 
oxide growth front (analogous to the pile-up of Cr for the high- 
temperature oxidation of NiAlCr alloys [19]). Indeed, the AES 
depth-profiling and TEM analyses (Figs. 3, 5–7) evidence such pile-up of 
Cu directly behind the oxide growth front for the oxidation of the 
am-Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys towards higher tempera
tures. A higher oxidation temperature results in a higher oxidation rate 
and thus a faster inward migration of the growth front. It thus results in a 
distinct Cu enrichment in the alloy directly behind the oxide growth 
front towards higher oxidation temperatures, which is most pronounced 
for the oxidation of the am-Cu40 alloy. 

The GFA of the amorphous Cu-Zr-Al alloy system, as reflected by the 
temperature of supercooled liquid region (ΔT = Tx − Tg), from previous 
studies [13, 49, 51, 53, 58–61] and the present work (see Table 1, c.f. 
Fig. 1c) are shown in Fig. 8. It follows that the Cu enrichment in the alloy 
adjacent to the oxide growth front leads to a reduced GFA. The ΔT of the 
Cu-enriched region of am-Cu25 alloy is relatively large, whereas ΔT of 
Cu-enriched regions of am-Cu40 and am-Cu50 alloys becomes negligible 

Fig. 4. AES concentration-depth profiles of 2-nm Au-covered (a) am-Cu25, (b) 
am-Cu40, and (c) am-Cu50 alloys oxidized at 350 ◦C for 2.5 h. 
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small. As a result, the less distinct Cu-enriched layer in the am-Cu25 
alloy oxidized at 350 ◦C for 10 h preserves its initial amorphous state 
(Fig. 5b); the more pronounced Cu-enriched layers in the am-Cu40 and 
am-Cu50 alloys oxidized at 350 ◦C for 10 h have partially transformed 

into a crystalline state by the precipitation of intermetallic nano
crystallites (Figs. 6b and 7b). Only a limited number of stable ternary 
Cu-Zr-Al intermetallic phases, e.g. τ3 (Cu28Zr51Al21), τ4 (Cu2ZrAl) and τ5 
(Cu36Zr38Al26) can form, all of which are far away from the nominal 

Fig. 5. TEM investigations of the am-Cu25 alloy oxidized at 350 ◦C for 10 h: (a) cross-sectional TEM image and the corresponding SAED shown in the inset, (b) 
HAADF image and EDX elemental mapping of the oxide layer region, and (c) HRTEM of the interfacial region between the oxide layer and the parent am-Cu25 alloy, 
and the corresponding FFT shown in the inset. 

Fig. 6. TEM investigations of the am-Cu40 alloy oxidized at 350 ◦C for 10 h: (a) cross-sectional TEM image and the corresponding SAED shown in the inset, (b) 
HAADF image and EDX elemental mapping of the oxide layer, and (c) HRTEM images of the marked regions i and ii in (a) and the corresponding FFTs shown in 
the inset. 
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compositions in the Cu-enriched zones of the oxidized am-Cu40 and 
am-Cu50 alloys (Fig. 8) [12, 51]. Possible binary Cu-Zr and Cu-Al 
intermetallic phases in the corresponding compositional range, as well 
as their Gibbs energies of formation (ΔGf) [37, 57], are collected in 
Table 4 (as derived from thermodynamic assessments of Cu-Zr [62] and 
Cu-Al binary alloys [63]). The Cu9Al4 phase is thermodynamically 
preferred (having the lowest ΔGf of -760.5 kJ/mol Al at 300 ◦C; see 
Table 4). Indeed, the TEM analysis (Figs. 6 and 7) indicates the forma
tion of crystalline Cu9Al4 nanograins in the Cu-enriched zone for the 
oxidized am-Cu40 and am-Cu50 alloys. The Cu-Al-enriched layer of 
am-Cu50 is thicker than that of the am-Cu40 alloy (Table 2, Figs. 6 and 
7), as attributed to the higher activities of both Cu and Al in the initial 
am-Cu50 alloy (Table 3). 

4.3. Oxidation kinetics 

After initial formation of a dense oxide scale, the oxidation kinetics 
of three amorphous Cu-Zr-Al alloys in the second oxidation stage follow 
a diffusion-controlled parabolic growth law. Au marker experiments 
indicate that oxide layer growth during the parabolic growth stage oc
curs by the formation of new oxide phase at the interface between the 
developing oxide layer and the parent alloy, independent of the alloy 
composition. The am-Cu25 alloy with the lowest Cu content has the 

Fig. 7. TEM investigations of the am-Cu50 alloy oxidized at 350 ◦C for 10 h: (a) cross-sectional TEM image and the corresponding SAED shown in the inset, (b) 
HAADF image and EDX elemental mapping of the oxide layer, and (c) HRTEM images of the marked regions i and ii in (a) and the corresponding FFTs shown in 
the inset. 

Table 3 
Thermodynamic activities a of various elements in the am-Cux(Zr0.67Al0.33)100-x 
alloys (25≤x≤50) at 300 ◦C.  

alloy aCu aZr aAl 

am-Cu25 5.18 × 10− 3 2.58 × 10− 2 6.33 × 10− 10 

am-Cu40 4.12 × 10− 2 5.22 × 10− 3 8.03 × 10− 10 

am-Cu50 1.14 × 10− 1 1.17 × 10− 3 1.30 × 10− 9  

Table 4 
Gibbs energies of formation ΔG0

f (T) of possible Cu-Zr and Cu-Al intermetallic 
compounds in the composition range of the Cu-Al-enriched region in the 
oxidized am-Cu40 and am-Cu50 alloys.  

intermetallic phase Cu (at. 
%) 

ΔG0
f (T) (J/mol)  ΔG0

f (300◦C) [kJ/ 
mol Zr(Al)]  

Cu-Zr 
[37] 

CuZr 50.0 − 12442− 2.703T − 28.0 
Cu10Zr7 58.8 − 16133− 1.905T − 41.8 
Cu24Zr13 64.9 − 17216+1.121T − 47.2 
Cu2Zr 66.7 − 17659+1.535T − 50.3 

Cu-Al 
[57] 

Cu3Al2 60.0 − 106700+3T − 175.0 
Cu2Al 66.7 − 280501+379.6T− 52TlnT − 756.7 
Cu9Al4 69.2 − 200460− 58.5T − 760.5  

Fig. 8. The supercooled liquid temperature region (ΔT) of the am-CuZrAl al
loys [13,49,51,53,58–61]. Red points represent the ternary Cu-Zr-Al interme
tallic phases in the composition range of this GFA diagram: τ3 (Cu28Zr51Al21), τ4 
(Cu2ZrAl) and τ5 (Cu36Zr38Al26). The areas corresponding to the Cu-enriched 
regions in the oxidized am-CuZrAl alloys are shown in the white circles. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 
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highest growth rate; the oxidation rate for the am-Cu50 alloy is slightly 
higher than that of the am-Cu40 alloy. 

As discussed in Sect. 4.1, the relatively strong chemical interaction of 
Cu with Al reduces their atomic mobilities as compared to Zr and may 
even immobilize Cu and Al by the nucleation of tiny intermetallic pre
cipitates in the Cu-enriched zone directly behind the oxide growth front. 
Namely, both the required inward diffusion of Cu and the synchronous 
oxidation of Zr and Al are suppressed in the Cu-enriched zone directly 
behind the oxide growth front. This rationalizes the slower parabolic 
growth rates of the Cu-rich am-Cu40 and am-Cu50 alloys, as compared 
to the am-Cu25 alloy. It even explains why the parabolic oxidation rate 
of the am-Cu40 alloy is slightly lower than that of the am-Cu50 alloy, 
since the Cu-enrichment (pile-up) directly behind the oxide growth front 
is more pronounced for the oxidation of the am-Cu40 alloy at 300 ◦C and 
350 ◦C. 

5. Conclusions 

The competition between synchronous oxidation and preferential 
oxidation of Zr and/or Al in amorphous alloys of Cux(Zr0.67Al0.33)100-x 
(25≤x≤50) has been investigated systematically to reveal the role of the 
addition of a noble alloy constituent (here: Cu) on the oxidation mech
anism of amorphous ternary alloys. 

At the lowest oxidation temperature of 250 ◦C, single-phase amor
phous Zr-Al-O films with a fixed stoichiometric composition of 
(Zr0.67Al0.33)O1.83 are formed on top of the am-Cux(Zr0.67Al0.33)100-x 
alloys, independent of the Cu alloying content in the range of 25–50 at. 
%. Hence, oxide-layer growth at relatively low temperatures occurs by 
synchronous oxidation of Zr and Al from the parent alloy, which is 
thermodynamically preferred due to the favorable nucleation of the am- 
(Zr0.67Al0.33)O1.83 oxide phase. 

The effect of Cu addition on the oxidation behavior becomes evident 
for the oxidations of the Cu-rich alloys towards higher oxidation tem
peratures of 300 ◦C and 350 ◦C. For these elevated temperatures, syn
chronous oxidation of Zr and Al with concurrent formation of a single- 
phase am-(Zr0.67Al0.33)O1.83 overlayer only occurs for Cu alloying con
tents up to 25 at. %. An am-ZrO2/am-(Zr0.67Al0.33)O1.83 bilayered oxide 
develops on the Cu-Zr-Al amorphous alloys with higher Cu alloying 
contents of 40 at. % and 50 at. %. For such relatively high Cu alloying 
contents, the relatively strong chemical interaction of Cu with Al will 
reduce their atomic mobilities (as compared to Zr) in the alloy and 
selectively immobilizes Cu and Al atoms from oxidation by the nucle
ation of tiny nanocrystalline Cu-Al intermetallic precipitates at the oxide 
growth front. Consequently, the synchronous oxidation of Zr and Al 
becomes strongly disturbed, and only Zr is preferentially oxidized dur
ing the initial stages of fast non-parabolic oxidation for the Cu-rich am- 
Cu40 and am-Cu50. During the subsequent oxidation stage with a 
parabolic-type kinetics (after formation of a dense ZrO2 top layer), 
continuous oxide growth mainly proceeds by a thickening of the 
(Zr0.67Al0.33)O1.83 bottom layer. 

Both the required inward diffusion of Cu and the synchronous 
oxidation of Zr and Al are suppressed in the Cu-enriched zone directly 
behind the oxide growth front. Therefore, the preferential oxidation of 
Zr in am-Cu40 and am-Cu50 show much slower oxidation rates as 
compared to the am-Cu25 alloy. The parabolic oxidation rate of the am- 
Cu40 alloy is slightly lower than that of the am-Cu50 alloy, since the Cu- 
enrichment (pile-up) at the oxide growth front is more pronounced for 
the oxidation of the am-Cu40 alloy. 

Strong Cu enrichment in the alloy adjacent to the oxide growth front 
leads to a reduced glass forming ability. The less distinct Cu-enriched 
layer in the oxidized am-Cu25 alloy preserves its initial amorphous 
state, whereas the more pronounced Cu-enriched layers in the oxidized 
am-Cu40 and am-Cu50 alloys have partially transformed into a crys
talline state by the precipitation of intermetallic nanocrystallites. 

These findings reveal a change in oxidation mode of amorphous 
ternary Cux(Zr0.67Al0.33)100-x (25≤x≤50) alloys from synchronous to 

preferential oxidation for Cu concentrations >25 at. %. The crucial role 
of noble alloy constituents (here: Cu) on the oxidation behavior of 
ternary alloys is thus disclosed and may provide new perspectives for 
surface engineering of ternary alloys by defined pre-oxidation 
treatments. 
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