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Abstract
The high-temperature oxidation of ZrAl2 upon exposure to pure O2 at 800–950 °C 
was studied in terms of the oxidation kinetics and the formation mechanism of 
the oxide layer. The alloy followed parabolic oxidation kinetics, and the activation 
energy of oxidation was 239 ± 14 kJ/mol. During the early stages of oxidation below 
850 °C, a single-layer oxide formed due to the crystallization of the initially formed 
amorphous oxide layer. A multilayer oxide structure developed at higher tempera-
tures, due to the slightly higher affinity of oxygen for Zr than for Al and the oxida-
tion-induced compositional changes.

Keywords  Thermal oxidation · Zr–Al alloys · Multilayer oxide · Oxidation kinetics

Introduction

The surficial oxide layers are inevitably formed on the in-service functional and 
structural materials, which intensively determines their surface-related properties, 
such as corrosion resistance, catalytic activity, friction, wear and long-term reliabil-
ity [1–4]. The compositions and microstructures of the oxide layers are governed by 
many factors, such as oxidation conditions (including temperature, time and oxygen 
partial pressure [5]), atomic structure and composition of the parent alloys [6].

Zr-M (M = Al, Sn, Mo and Nb) binary alloys possess good physical properties, 
such as good high-temperature creep resistances and low thermal expansion coef-
ficients [7–13], and thus are widely used as fuel cladding materials for pressur-
ized-water reactor [14, 15] and hydrogen absorbing agents [16]. Among the Zr–M 
binary alloy family, Zr–Al alloys attract intensive attentions due to their excellent 

 *	 Chong Li 
	 lichongme@tju.edu.cn

 *	 Zumin Wang 
	 z.wang@tju.edu.cn

1	 School of Materials Science and Engineering, Tianjin University, Tianjin 300350, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11085-020-10000-z&domain=pdf


432	 Oxidation of Metals (2020) 94:431–445

1 3

physical properties, such as high thermal conductivity, high hardness and super-
elastic properties [17–22]. ZrAl2 alloy has the highest bulk modulus, shear modu-
lus and Young’s modulus among the various Zr–Al intermetallic phases [23, 24], 
as shown in the phase diagram of Zr–Al binary system (Fig. 1) [25]. The atomic 
structure of ZrAl2 is similar to the topologically close-packed (TCP) MgZn2 
(Laves phase) [26], which can result in a good high-temperature stability. There-
fore, ZrAl2 is a promising high-temperature structural material, for example, in 
thermonuclear reactors [26, 27].

The thermal oxidation of ZrAl2 alloys in the temperature range of 350–750 °C 
has been studied [6, 28]. Synchronous oxidation of Zr and Al in the ZrAl2 alloy 
results in the formation of amorphous (Zr0.33Al0.67)O1.66 oxide layers with a thick-
ness of tens of nanometers to several micrometers. The amorphous Zr–Al–O 
oxide with a stoichiometric composition of (Zr0.33Al0.67)O1.66 is thermodynami-
cally stable with a lowest Gibbs forming energy in the Al2O3–ZrO2 binary system 
[5], and can stay amorphous at the temperature up to 750 °C [28]. However, the 
structural material in e.g., thermonuclear reactors often serves at higher tempera-
tures up to 1000 °C. To this end, a systematic oxidation study of ZrAl2 alloy at 
temperatures higher than 750 °C is urgently needed. The small difference between 
the affinities of Zr and Al toward oxygen [6] can have a strong influence on the 
oxidation behaviors at higher temperatures, which may disrupt the formation of 
the thermally stable amorphous Zr–Al–O oxide overlayer.

In this paper, the thermal oxidation of ZrAl2 alloy at the temperature range 
of 800–950 °C is investigated by a combinational experimental approach includ-
ing optical microscopy (OM), X-ray diffraction (XRD), cross-sectional scanning 
electron microscopy (SEM), and thermogravimetric analysis (TGA). The role of 

Fig. 1   Zr–Al alloy phase diagram [25]
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small differences in the oxygen affinities of alloy constituents at high oxidation 
temperatures on the oxidation behaviors is revealed.

Experimental Procedures

Specimen Preparation and Thermal Oxidation

The ZrAl2 alloy ingots were prepared by magnetic levitation melting technology. 
Further details of this procedure can be found elsewhere [28]. The as-cast ZrAl2 was 
confirmed by XRD to be single phase with a hexagonal close-packed (hcp) struc-
ture (“Microstructural and Compositional Characterizations” section). Specimens 
with dimensions of 6 mm × 5 mm × 3 mm were cut from the ZrAl2 alloy ingots by 
wire electro-discharge machining. All six surfaces of each specimen were polished 
by using polishing papers and diamond polishing liquid, ultrasonically cleaned, and 
dried by a stream of compressed N2. Finally, the initial mass of each ZrAl2 specimen 
was measured by an electronic balance (Sartorius Bsa 124S) with a resolution of 
0.1 mg.

Each experiment of isothermal oxidation was done separately. The isother-
mal experiment process is as follows. The as-polished ZrAl2 specimen was 
inserted into a separate quartz tube (inner diameter: 17  mm, outer diameter: 
20  mm and length: 250  mm). The tube was evacuated, backfilled with pure oxy-
gen (purity ≥ 99.999  vol%), and sealed using a rotary vacuum sealing device 
(MRVS-3002, Partulab Technology). To ensure an oxygen partial pressure of 
pO2 = 1 × 105 Pa at the oxidation temperatures of 800 °C, the oxygen partial pres-
sure was set to 2.8 × 104 at room temperature (RT) in the tube. The ZrAl2 specimen 
in the quartz tube was then subjected to isothermal oxidation for 3 h in a tube fur-
nace (OTF-1200X) preheated at 800 °C. The oxidized specimen was removed from 
the furnace and cooled naturally to RT. The above steps were repeated with fresh 
ZrAl2 specimens for other isothermal oxidation experiments for 6, 12, 18 and 24 h 
at 800 °C. Similarly, the isothermal oxidation experiments were also carried out at 
850 °C (pO2 = 2.7 × 104 Pa at RT), 900 °C (pO2 = 2.5 × 104 Pa at RT) and 950 °C 
(pO2 = 2.4 × 104  Pa at RT) for different oxidation times (3, 6, 12, 18 and 24  h), 
respectively. The masses of the ZrAl2 specimens oxidized at different oxidation tem-
peratures for different times were measured using an electronic balance to calculate 
the mass gain after thermal oxidation. For all experiments, no scale spalling could 
be observed by optical microscope.

X‑ray Diffraction and Microstructural Characterization

The phase constitution of the oxidized ZrAl2 specimens was investigated by XRD. 
To this end, the XRD diffractograms of the specimens before and after oxida-
tion were recorded over a diffraction angle 2θ range of 20°–70° with a step size 
of 0.2° using a Bruker D8 Advance diffractometer with a Cu-Kα radiation anode 
(40 kV/40 mA, λ = 1.5418 Å).
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The metallographic structure of the as-cast ZrAl2 was investigated by optical 
microscopy (OM, OLYMPUS GX51F). The cross-sectional microstructure of the 
as-oxidized ZrAl2 was investigated by SEM in backscattered electron (BSE) mode 
(JEOL JSM-7800F) equipped with an energy-dispersive x-ray spectrometer (EDX, 
EDAX Octane Plus). The spatial distributions of elements in the ZrAl2 specimens 
oxidized at different oxidation temperatures for different oxidation times were 
investigated by EDX line scans and EDX mapping along the cross sections of the 
specimens.

Results

Microstructural and Compositional Characterizations

The original metallographic structure of the as-cast ZrAl2 observed by optical 
microscopy is shown in Fig.  2a. The grain sizes of the as-cast ZrAl2 varied over 
a range of 10–100 μm. Therefore, the grain-boundary (GB) density in the as-cast 
ZrAl2 was rather low, and the effect of the GBs on the oxidation process in the inves-
tigated ZrAl2 can be neglected. The XRD pattern shown in Fig. 2b confirms that the 
as-cast ZrAl2 specimens possessed a hexagonal close-packed (hcp) structure. After 
thermal oxidation, the observation of a broad diffraction hump suggested that an 

Fig. 2   a The OM image of the 
as-cast ZrAl2, b XRD pattern of 
the as-cast ZrAl2 alloy and the 
ZrAl2 alloy oxidized at 800 °C 
for 3 h
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amorphous oxide formed on the ZrAl2 surface at 800 °C for 3 h (Fig. 2b). According 
to a recent study of ZrAl2 oxidized in the 550–750 °C range, the composition of the 
amorphous oxide layer was (Zr0.33Al0.67)O1.66 [28].

The evolution of the composition and microstructure of the surface oxide layer 
during the oxidation process was further investigated by XRD, cross-sectional BSE, 
cross-sectional EDX mapping, and line scanning. The XRD patterns of the ZrAl2 
oxidized at different temperatures for different times are shown in Figs. 3, 4, 5, 6, 7, 

Fig. 3   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 800 °C for 12 h. The white arrows in 
the figures indicate the scan direction of the EDX line

Fig. 4   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 800 °C for 24 h. The white arrows in 
the figures indicate the scan direction of the EDX line
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8 and 9. In addition to the peaks of hcp-ZrAl2, diffraction peaks of tetragonal ZrO2 
(t-ZrO2) and rhombohedral Al2O3 (α-Al2O3) were observed during the early oxida-
tion stages (800 °C for 12 and 24 h and 850 °C for 12 h), as shown Figs. 3f, 4f and 
5f. As oxidation continued, sharp diffraction peaks of monoclinic ZrO2 (m-ZrO2) 
and hexagonal Al2O3 (κ-Al2O3) emerged, in addition to those of the hcp-ZrAl2, 
t-ZrO2, and α-Al2O3 (Figs. 6, 7, 8, 9).

Fig. 5   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 850 °C for 12 h. The white arrows in 
the figures indicate the scan direction of the EDX line

Fig. 6   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 850 °C for 24 h. The white arrows in 
the figures indicate the scan direction of the EDX line
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During the early stages of the oxidation of ZrAl2, the cross-sectional BSE micro-
graphs and elemental distribution mapping of the oxide layer indicated that a sin-
gle-layer oxide was formed, e.g., as shown in Figs. 3 and 4 (800 °C, 12 and 24 h, 
respectively). According to the cross-sectional BSE micrographs, the oxide layer 
thicknesses after oxidation at 800 °C for 12 and 24 h were 6.8 ± 0.3 and 8.9 ± 0.2 μm, 
respectively. From the EDX results in Figs. 3 and 4, the value of the Al/Zr ratio was 

Fig. 7   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 900 °C for 12 h. The white arrows in 
the figures indicate the scan direction of the EDX line

Fig. 8   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 900 °C for 24 h. The white arrows in 
the figures indicate the scan direction of the EDX line
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determined to be approximately two in the oxide layer and the ZrAl2 substrate. Com-
bined with the corresponding XRD pattern (Figs.  3, 4), it was concluded that the 
oxide layer was a single layer composed of a mixture of t-ZrO2 and α-Al2O3.

After the oxidation of ZrAl2 at higher temperatures and/or for longer oxidation 
times, the oxide layer evolved from a single layer to a multilayer structure (Figs. 6, 7, 
8, 9). The cross-sectional BSE micrographs and the elemental distribution mapping 
of the oxide layer, as shown in Figs. 5 and 6 (850 °C, 12 and 24 h), show the evolu-
tion of the oxide layer from a single layer to a double-layer structure. The results 
of the cross-sectional BSE micrograph, EDX mapping, and line scan of the ZrAl2 
after oxidation at 850 °C for 12 h and the corresponding XRD pattern are shown in 
Fig. 5. These show that a single-layer oxide with a thickness of 8.5 ± 0.5 μm formed, 
and the value of the Al/Zr ratio was determined to be approximately two in the oxide 
layer. In combination with the corresponding XRD pattern, it follows that a single 
oxide layer composed of a uniform mixture of t-ZrO2 and α-Al2O3 formed. The BSE 
micrograph and EDX analyses (mapping and line scanning) of the oxidized alloy 
(850 °C, 24 h), as presented in Fig. 6, show that a double-layer structure formed, 
with an outer layer thickness of 10.0 ± 0.1  μm and an inner layer thickness of 
3.0 ± 0.1 μm. The value of the ratio of Al/Zr in the outer layer oxide was determined 
to be approximately two, and the inner oxide layer contained almost only Zr and O. 
Combined with the corresponding XRD pattern, it follows that the outer layer was 
composed of a mixture (t-ZrO2 and α-Al2O3), and the inner layer was composed of 
only m-ZrO2. Some of the Zr tended to diffuse outward to the surface of the oxide 
layer during the continued oxidation process, leading to slight Zr enrichment at the 
top surface (Figs. 6 and 7).

Figures 7, 8 and 9 show the cross-sectional BSE micrographs, the elemental map-
ping, and the XRD patterns of the ZrAl2 alloy oxidized at 900 °C for 12 and 24 h 

Fig. 9   a Cross-sectional BSE micrographs, image of b O, c Zr and d Al EDX mappings, e cross-sec-
tional EDX line profile, and f XRD patterns of ZrAl2 oxidized at 950 °C for 24 h. The white arrows in 
the figures indicate the scan direction of the EDX line
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and at 950  °C for 24  h, respectively. The cross-sectional BSE micrographs show 
that oxide layers with multilayer structures formed at 900 °C (for 12 and 24 h) and 
at 950  °C (for 24  h). The results showed that the total oxide thicknesses formed 
at 900  °C for 12 and 24 h were 10.0 ± 0.2 μm (with an outermost layer thickness 
of ~ 2.3  μm, middle layer thickness of ~ 5.4  μm and innermost layer thickness of 
~ 2.3 μm) and 22.0 ± 0.5 μm (with an outermost layer thickness of ~ 2.5 μm, mid-
dle layer thickness of ~ 17.5 μm and innermost layer thickness of ~ 2.0 μm), respec-
tively. The EDX analyses of the three-layer oxide structure formed on ZrAl2 after 
oxidation at 900 °C for 12 and 24 h both indicated that the Al concentrations were 
rather low in the outermost and innermost layers, and the Al/Zr ratio in the middle 
layer was about two (EDX mapping and line scans in Figs. 7 and 8, respectively). It 
follows that the outermost and innermost layers were composed of mainly ZrO2, and 
the middle oxide was made up of a mixture (ZrO2 and Al2O3). The corresponding 
XRD patterns shown in Figs. 7f and 8f indicate that the Al2O3 phase was mainly 
α-Al2O3, while the ZrO2 phase transformed from t-ZrO2 into m-ZrO2 upon con-
tinued oxidation. The thickness of the oxide layer formed at 950 °C for 24 h was 
29.0 ± 0.5 μm (with an outermost layer of ~ 4.8 μm, second layer of ~ 17.2 μm, third 
layer of ~ 2 μm and innermost layer of ~ 5 μm). The corresponding EDX analysis 
results, as shown in Fig. 9e, indicated that the Al concentrations were rather low in 
the outermost and third layers, and the Al/Zr ratios in the second and innermost lay-
ers were about two. Based on the EDX and XRD results (Fig. 9f), it was concluded 
that the outermost and third layer were composed of mainly m-ZrO2, whereas the 
second and innermost layers were mainly composed of a mixture of m-ZrO2 and 
α-Al2O3. No cracks or pores were generated in the entire oxide layer or the ZrAl2 
substrate during thermal oxidation of the alloy at different oxidation temperatures 
for different oxidation times.

Oxidation Kinetics

The mass gains during thermal oxidation of the alloy at different oxidation tempera-
tures for different oxidation times are shown in Fig. 10a. To analyze the oxidation 
kinetics of the ZrAl2 alloy, the relationship between the mass gain per unit area w 
and the oxidation time t were fitted using a parabolic rate equation (Eq. 1), and the 
Arrhenius relationship (Eq. 2) was used to determine the activation energy Q of the 
oxidation process [29]:

where A, R, k(T), and T are the pre-exponential factor, the gas constant, the tem-
perature-dependent oxidation rate constant, and the absolute temperature, respec-
tively. According to the fitting results shown in Fig.  10a, ZrAl2 obeyed parabolic 
oxidation kinetics. k(T) was determined to be 1.92 × 10−7, 8.23 × 10−7, 2.13 × 10−6, 

(1)w(t)2 = k(T)t,

(2)k(T) = A × exp

(

−
Q

RT

)

,
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and 5.30 × 10−6 kg2/(m4 s) at 800, 850, 900 and 950 °C, respectively. The Arrhenius 
plot and its fits are shown in Fig. 10b. The value of Q was thus determined to be 
239 ± 14 kJ/mol.

Discussion

The parabolic oxidation kinetics in the oxidation temperature range of 800–950 °C 
indicate that the growth of the oxide layer was controlled by diffusion processes 
[30]. The newly formed ZrO2 during the oxidation provided the main diffusion path 
for oxygen by forming oxygen vacancies, due to the non-metal deficient n-type 
structure of ZrO2 [31, 32]. The activation energy for the oxidation is much higher 
at 800–950 °C (239 kJ/mol) than at 550–750 °C (143 kJ/mol) [28]. This is because 
of the formation of a dense multilayered oxide structure at higher oxidation tem-
peratures, which effectively retarded the transport of oxygen [33]. An oxide layer 
without any pores and cracks was formed at the studied temperatures, because the 
addition of Zr in the alloy could improve the adhesion of the oxide layer on the alloy 
substrate [34–36].

The oxide layer transformed from a single-layer structure to a multilayer structure 
at 850 °C. This occurred because the alloy underwent uniform oxidation during the 

Fig. 10   a Measured mass gain 
of ZrAl2 per unit surface area as 
a function of the oxidation time 
at 800, 850, 900 and 950 °C. b 
Arrhenius plot of the parabolic 
rate constant k for the oxidation 
of ZrAl2 at 800, 850, 900 and 
950 °C
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early stages, and selective oxidation occurred during the later stages of oxidation. 
The ZrAl2 alloy has undergone certain preferential oxidation of Zr at 850–950 °C, 
thus forming ZrO2. According to the Al-Zr phase diagram shown in Fig. 1, a ZrAl3 
intermetallic phase might form as a result of the preferential oxidation of Zr. How-
ever, such preferential oxidation of Zr is much minor as compared to the simultane-
ous oxidation of Al and Zr (the thickness of ZrO2 is much thinner than that of the 
mixed ZrO2 and Al2O3 oxide layer; see Figs. 6, 7, 8, 9). As a result, the formation of, 
if any, ZrAl3, could not be detected by SEM/EDX and XRD in the present work, and 
would only play a minor role in the oxidation mechanism. The mechanism for the 
transformation of the oxide layer structure from a single layer to a multilayer struc-
ture during oxidation can be explained as follows.

The single-layer oxide structure with a mixture of t-ZrO2 and α-Al2O3 formed 
during the early oxidation stages is ascribed to the crystallization of the initially 
formed amorphous oxide. An amorphous oxide with a composition of (Zr0.33Al0.67)
O1.66, as determined by EDX, formed at the alloy surface during heating at 800 °C 
for 3 h, similar to the case of the oxidation of the alloy in the 550–750 °C range [28]. 
Any long-range diffusion/redistribution of Al3+ and Zr4+ cations is difficult in amor-
phous oxides [37]. Thus, a uniform and single-layer oxide composed of crystalline 
Al2O3 and crystalline ZrO2 formed during prolonged exposure.

The activities of Al and Zr in ZrAl2 at 850 °C have been determined by CAL-
PHAD method to be 2.1 × 10−2 and 3.4 × 10−4, respectively. It is found that the 
activity of Al in ZrAl2 is actually much higher than that of Zr, which would lead 
to a preferential oxidation of Al over Zr. In the present work, however, a preferen-
tial oxidation of Zr has been observed experimentally (Figs. 6, 7, 8, 9). The results 
thus indicate that such preferential oxidation of Zr is controlled thermodynamically 
by the lower Gibbs energy of formation of ZrO2 as compared to Al2O3 (Fig. 11). 
Figure 11 shows the Gibbs energies of formation, ΔfG0 (in kJ per mole O2), at dif-
ferent temperatures (and at 1  atm) for various crystalline ZrO2 and Al2O3 phases 
[38]. It follows that the two expected most stable oxide phases for the oxidation 
of the alloy at 800  °C were m-ZrO2 and α-Al2O3, which is inconsistent with the 
XRD observations in this study (t-ZrO2 and α-Al2O3). The formation of metasta-
ble t-ZrO2, instead of m-ZrO2, has previously been observed for the oxidation of Zr 

Fig. 11   Gibbs energies of for-
mation, ΔfG0 (kJ per mole O2), 
at different temperatures (and 
1 atm) for various pure crystal-
line ZrO2 and Al2O3 phases [38]
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alloys [39–41], which was mainly ascribed to the presence of domain boundaries 
and oxygen vacancies, which inhibited the transformation and stabilized the t-ZrO2 
phase [42, 43]. The oxidation process becomes much faster at higher temperatures. 
The corresponding large volume mismatch between the growing oxide and the 
original alloy substrate thus leads to a high internal stress in the oxide layer, which 
then drives the transformation of t-ZrO2 to m-ZrO2 at temperatures above 850 °C 
[44–48], as observed in Figs. 6, 7, 8 and 9.

It has been reported previously that the concentrations of Al and Zr in the reac-
tion region that affect the oxidation reaction are key factors in the oxidation process 
[37, 49–51]. The ΔfG0 value of Zr oxidization to form m-ZrO2 was lower than that 
of Al oxidization to form Al2O3 at 850 °C, as demonstrated in Fig. 11. Therefore, Zr 
reacted more easily with oxygen than Al did above 850 °C, and as a result, the Zr 
located under the mixed oxide layer formed an m-ZrO2 layer upon oxidation. Dur-
ing the later oxidation stages, ZrO2 was more likely to form than Al2O3 on the ZrAl2 
surface. Once a ZrO2 layer formed, oxygen continuously diffused into the ZrAl2 sub-
strate through the ZrO2 layer. The consumption of Zr (to form ZrO2) at the outer-
most surface of ZrAl2 alloy could lead to the formation of a region of Al enrichment 
and thus increase the activity of Al [52] beneath the ZrO2 layer. Thus, the Al and Zr 
could react simultaneously to form a mixed Al2O3 and ZrO2 oxide layer beneath the 
ZrO2 layer. The influence of the high oxygen activity of Al gradually decreased due 
to the consumption of Al upon the thickening of the mixed Al2O3–ZrO2 oxide layer. 
Thus, the effect of the high oxygen affinity of Zr dominated again beneath the mixed 
oxide layer, leading to the formation of a second ZrO2 oxide layer. With the con-
sumption of the Zr to form ZrO2, Al and Zr were simultaneously oxidized to form a 
mixed layer of Al2O3 and ZrO2 in the Al-rich region beneath the ZrO2 layer again. 
Thus, the oxide layer was composed of alternating layers of ZrO2 and a mixture of 
ZrO2 and Al2O3 during the later stages of oxidation due to the competing influences 
of the slightly higher affinity of oxygen for Zr than for Al and the enrichment/redis-
tribution of the reacting elements induced by oxidation in front of the oxidation-
reaction region.

Conclusion

The thermal oxidation of ZrAl2 in pure O2 at 800–950 °C was studied comprehen-
sively. The ZrAl2 followed parabolic oxidation kinetics with an activation energy of 
239 ± 14 kJ/mol. A single-layer oxide structure composed of a mixture of ZrO2 and 
Al2O3 formed below 850  °C, which transformed into a multilayer oxide structure 
containing alternating layers of ZrO2 and a ZrO2–Al2O3 mixture at higher tempera-
tures. The mechanism for the transformation of the oxide layer structure from a sin-
gle layer to a multilayer structure is as follows: i) the crystallization of the initially 
formed amorphous oxide layer resulted in uniform oxidation during the early stages 
of oxidation; ii) the structure of the oxide layer transformed into a multilayer struc-
ture during the later stages of oxidation due to the competitive effect of the high Zr 
affinity for oxygen and the concentration instability in the sublayer region. Since Al 
and Zr have very similarly high affinities toward oxygen, the findings are helpful to 
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understand the oxidation behavior of multi-component alloys which often contain 
several elements with similarly oxygen affinities.
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