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Abstract: FeCrAl coating with thickness of 18 μm was deposited on Zr-4 alloy substrate by magnetron sputtering in order to improve 
the high-temperature oxidation resistance of Zr alloys. The oxidation resistance of FeCrAl coating with low Al content was 
investigated by air oxidation tests. Field emission scanning electron microscope, energy dispersive spectrometer, and grazing 
incidence X-ray diffraction were used to evaluate the relationship between interfacial evolution and element migration. Results show 
that although the FeCrAl coating is layered and gradually peels off after air oxidation at 1000 °C, the coating still effectively protects 
the Zr-4 substrate from oxidation. The performance degradation of FeCrAl coatings is mainly caused by the severe outward diffusion 
of Al element and the inward diffusion of Fe and Cr elements at high temperatures, which results in the layering and peeling inside the 
coating. The air oxidation behavior of FeCrAl coating at 800, 900, and 1000 °C was also discussed.
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FeCrAl alloy is commonly considered as an accident-
tolerant fuel (ATF) cladding material due to its excellent 
mechanical properties and oxidation resistance at high 
temperatures[1–3]. However, the thermal neutron absorption 
cross-section of FeCrAl alloy is much larger than that of Zr 
alloy cladding material, resulting in restricted application in 
nuclear fuel field[4–6]. FeCrAl-coated Zr alloy cannot only 
inherit the excellent properties of FeCrAl and Zr alloys, but 
also be compatible with the existing equipment and process of 
Zr alloy fuel cladding, showing great potential[7–8].

Currently, it is reported that the high-temperature oxidation 
resistance of the FeCrAl coating mainly depends on the 
formation of dense protective films of Cr2O3 and Al2O3 during 
the oxidation process, which prevents oxygen diffusion to the 
Zr alloy substrate[9–10]. Some failure mechanisms of FeCrAl 
coatings have also been discussed in steam environments[11–12]. 
However, the oxidation behavior of FeCrAl coatings under 
high-temperature air oxidation is rarely researched. Air 

oxidation conditions are more severe than the steam 
oxidations, because Zr oxidation in air releases more heat by 
approximately 85% than that under steam oxidation[13]. There-
fore, during the loss-of-water accident in a spent fuel pool or 
during handling operations, fuel assemblies may result in the 
air exposure with serious consequences[14–15]. Furthermore, the 
FeCrAl coatings with high Al content may lead to worse 
corrosion resistance, low strength, and high brittleness, 
thereby restricting their application in nuclear reactors[16]. In 
conclusion, it is crucial to study the air oxidation performance 
and behavior for composition control and structural design of 
FeCrAl coatings with low Al contents.

In order to satisfy the engineering applications of ATF 
coating, the coating deposition rate and coating quality should 
be considered. The magnetron sputtering is a commonly used 
method due to its low deposition temperature, good bonding 
strength, and high deposition rate, which is normally used for 
preparation and performance study of ATF coatings. In this 

Science Press

ARTICLE

Received date: January 12, 2023
Foundation item: Key Science and Technology Project of Zigong City (2019GYCX19); Foundation of Collaborative Innovation Centre for Nuclear Power 
Technology of National Defense Science and Technology Industry (HDLCXZX-2018-HD-026-02); National Natural Science Foundation of China Youth Fund 
(51201111); Scientific Research Foundation of Chengdu University of Technology (10900-KYQD-06905)
Corresponding author: Zeng Guoqiang, Ph.D., Professor, College of Nuclear Technology and Automation Engineering, Chengdu University of Technology, Chengdu 
610059, P. R. China, E-mail: zgq@cdut.edu.cn

Copyright © 2023, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Lai Maolin et al. / Rare Metal Materials and Engineering, 2023, 52(11):3691-3696

research, a FeCrAl coating with low Al content was prepared 
on Zr-4 substrate by magnetron sputtering. The high-
temperature oxidation resistance of FeCrAl coating at 
different air oxidation temperatures was studied, and the 
oxidation mechanism of the coatings was discussed from the 
perspective of interfacial evolution and element migration. 
This research provides guidance for investigation of accident-
tolerant fuel coatings.

11  Experiment  Experiment

FeCrAl coating with thickness of 18 μm was deposited on 
Zr-4 alloy substrate by magnetron sputtering method. The 
oxidation experiments were conducted in a muffle furnace at 
three different temperatures (800, 900, and 1000 ° C) for 60 
min under air condition and ambient pressure. The heating 
rate was 10 K/min, and all coatings were furnace-cooled. To 
avoid the influence of substrate, the phase structure and 
oxidation products of the oxidized FeCrAl coating were 
characterized by grazing incidence X-ray diffractometer 
(GIXRD, Empyrean, PANalytical) with Cu Kα radiation 
(wavelength λ=0.154 06 nm), and the incident angle used for 
GIXRD measurements was 3° . The high-temperature oxida-
tion resistance of the FeCrAl coating was evaluated through 
surface morphology by field emission scanning electron 
microscope (SEM, FEI Inspect F50, FEI) equipped with an 
energy dispersive spectrometer (EDS). Additionally, the 
oxidation behavior was also discussed.

22  Results and Discussion  Results and Discussion

2.1  Air oxidation test

Fig.1 shows SEM cross-sectional morphologies and appear-
ances of FeCrAl coatings after air oxidation at different 
temperatures for 60 min. After air oxidation at 800 and 900 °C 
for 60 min, the color of local FeCrAl coating surfaces 
changes, and the coating remains intact, indicating that the 
FeCrAl coatings can well protect the Zr-4 substrates. 
Additionally, the interface between FeCrAl coating and Zr-4 
substrate can be clearly observed, as shown in Fig. 1a – 1b. 
When the temperature increases to 1000 ° C, only a small 
amount of spalling occurs at the edges and corners of the 
FeCrAl coating surface. This is because the edges of Zr-4 
substrate cannot be completely coated during the deposition 

process. These unprotected edges are oxidized during 
experiment, therefore leading to the peeling phenomenon. 
However, the middle area and the cross-sectional 
morphologies of the coating are still intact without obvious 
cracks and spalling. Only the FeCrAl coating thickness 
decreases to a certain extent. In conclusion, the FeCrAl 
coating can effectively protect the Zr-4 substrate at elevated 
temperatures.

Fig.2 shows SEM surface morphologies and EDS analysis 
results of the oxidized FeCrAl coatings at different temper-
atures. After air oxidation at 800 °C, the surface morphology 
changes dramatically, as shown in Fig. 2a: the plate-like 
structural oxides are formed on the coating surface, which 
may be a transition phase, such as γ -Al2O3

[17]. According to 
EDS results in Fig. 2d, the content of Fe, Cr, Al, and O 
elements is 28.9at%, 20.8at%, 3.3at%, and 47.0at%, respec-
tively. When the temperature increases to 900 °C, the FeCrAl 
coating surface is flat without any spalling, as shown in 
Fig.2b. According to Fig.2e, no microcracks can be observed 
in FeCrAl coating. Moreover, the content of Fe, Cr, Al, and O 
elements in Fig. 2e is 43.7at% , 11.3at% , 11.6at% , and 
33.4at% , respectively. It can be seen that the contents of Fe 
and Cr elements on the coating surface decrease after air 
oxidation, whereas the content of Al element obviously 
increases, compared with those of the as-deposited coating. 
According to the thermodynamic data, the order of Gibbs free 
energy of the formation of involved oxides is Al2O3<ZrO2<
Cr2O3<Fe2O3

[18]. Therefore, Al content increases because Al 
has a much higher affinity for oxygen than Fe and Cr do, and 
thus the outward migration of Al element occurs during the 
high-temperature oxidation process[19–20]. In addition, the 
FeCrAl coating surface becomes rougher after air oxidation at 
1000 °C for 60 min, as shown in Fig.2c. A small number of 
microcracks and a large amount of particulate matter can be 
observed in Fig.2f. Combined with EDS analysis results, the 
particles are Cr-rich oxides, and the planar regions between 
the particles are mainly composed of Al-rich oxides. Notably, 
a small amount of Zr exists on the FeCrAl coating surface, 
inferring that Zr can diffuse to the coating surface during air 
oxidation at 1000 °C. However, based on the small content of 
Zr element, the existence of Zr inside the substrate is probably 
caused by the penetration of electron beam.

The phase structures of the oxidized products on FeCrAl 
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Fig.1　SEM cross-sectional morphologies and appearances of FeCrAl coatings after air oxidation at 800 °C (a), 900 °C (b), and 1000 °C (c) for 

60 min
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coatings were further analyzed by GIXRD, and the results are 

shown in Fig. 3. The as-deposited FeCrAl coating is mainly 

composed of Fe-Cr phase with a body-centered cubic (bcc) 

structure[20]. After air oxidation at 800 and 900 ° C, the weak 

diffraction peaks of Cr2O3 can be detected in the FeCrAl 

coating. Additionally, the Fe-Cr peaks still exist in the FeCrAl 

coating, indicating that the coating is not completely oxidized. 

After air oxidation at 1000 ° C, the oxide phases of FeCr2O4 

and Cr2O3 are formed on the FeCrAl coating, and no Al2O3 

peaks appear. This may be related to the thin oxide layer of 

Al2O3.

Fig. 4 shows SEM cross-sectional morphologies and EDS 

line scanning results of the FeCrAl coatings after air oxidation 

at different temperatures. Table 1 shows EDS results of as-

deposited FeCrAl coating and selected points in Fig. 4. 

According to Fig.4a and 4d, a uniform Al oxide film is formed 

on the surface of FeCrAl coating after air oxidation at 800 °C. 

Besides, it can be seen that the Al element in the near-surface 
layer migrates more severely to the surface area. After air 
oxidation at 900 °C for 60 min, the dense Al oxide film, Al-
rich layer, Fe/Cr/Al/O interface layer, Cr-rich layer, and mixed 
layer containing Fe, Cr, and Zr are successively formed from 
the surface to the substrate, according to EDS line scanning 
results of Fig.4e. This phenomenon is caused by the diffusion 
of Fe and Cr elements to the substrate. The high oxygen 
content in the Fe/Cr/Al/O interface layer may be related to the 
trapping of oxygen caused by the high defect concentration at 
the interface between the Cr-rich and Al-rich layers[21]. Brittle 
intermetallic compounds (Fe2Zr, FeZr2, and ZrCr2) are 
inevitably formed in the mixed layer containing Fe, Cr, and Zr 
at high temperatures[22–23]. Because GIXRD detection depth 
does not reach the place of diffusion layer or there is no 
crystallization, these compounds cannot be detected. 
Moreover, a large number of pores are formed in the Cr-rich 
layer, as shown in Fig.4b.

When the oxidation temperature rises to 1000 °C (the Fe-Zr 
eutectic temperature is about 928 ° C), the Al-rich layer 
disappears, but the Cr-rich layer and a small amount of Fe/Cr/
Al/O interface layer are retained on the coating surface. 
Besides, large holes are formed. The coating is significantly 
thinned, and the mixed layer is obviously thickened, as shown 
in Fig. 4c and 4f. Therefore, the Al-rich layer peels off with 
increasing the temperature. However, no obvious oxygen can 
be detected in the Zr-4 substrate, as shown in Fig. 4f, which 
demonstrates that the FeCrAl coating can still protect the     
Zr-4 substrate from oxidation. Notably, the interface  
evolution caused by diffusion inside the coating results in the 
peeling off of the Al-rich layer. This phenomenon is different 
from the oxidation failure or degradation at the coating-
substrate interface under traditional high-temperature steam 
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Fig.2　SEM surface morphologies (a–c) and magnified images with EDS analysis results (d–f) of FeCrAl coatings after air oxidation at 800 °C 

(a, d), 900 °C (b, e), and 1000 °C (c, f) for 60 min
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oxidation conditions, indicating that the mechanism of air 
oxidation of the FeCrAl coating may be different from that 
under steam oxidation[19].
2.2  Oxidation process 

The schematic diagrams of the air oxidation process for 
FeCrAl coatings is shown in Fig.5. After FeCrAl coating is air-
oxidized at 800 °C, Al near the surface side diffuses outward 
to form a dense oxide film, as shown in Fig.5a. According to 
Table 1, the Al content near surface side obviously decreases 
after air oxidation, compared with that of as-deposited 
coating. When the temperature reaches 900 ° C (Fig. 5b), the 
formation of Al-rich layer induces the outward diffusion of Al 
element due to the high affinity of Al to O in the FeCrAl 
coating[12,19–20]. Additionally, the Al content of the outer Al-rich 
layer is higher than that in the inner Cr-rich layer. The 
formation of the oxide layer is mainly attributed to the 
reaction between Al element on the surface and O element 
from the air. Moreover, the Fe and Cr in the FeCrAl coating 
diffuse to the Zr-4 substrate side above 900 ° C, and the 
formation of brittle Fe-Zr and Cr-Zr intermetallic compounds 

occurs[24–25]. These phenomena lead to the formation of 
diffusion layers containing Fe, Cr, and Zr on one side of the 
Zr-4 substrate, as shown in Fig.4e–4f. However, the outward 
diffusion of Al element and the inward diffusion of Fe and Cr 
elements lead to the formation of a large number of vacancies 
in the Cr-rich layer. Zhang et al[25] found that there is a 
concentration tendency for vacancies in bcc metals by the 
modified analytical embedded-atom method. Therefore, the 
vacancy aggregation is conducive to the formation of pores by 
Kirkendall effects, as shown in Fig.4b[20].

Meanwhile, the compressive stress is generated in the Al-
rich layer due to the outward diffusion of Al element and the 
inward diffusion of O element[26–27]. With increasing the 
oxidation temperature, the stress concentration between Al-
rich layer and Cr-rich layer leads to the separation of the two 
layers at the Fe/Cr/Al/O interface layer[28], as shown in Fig.5c. 
The Al-rich layer peels off, the interfacial oxide layer is 
exposed, and a dense oxide layer composed of spinel FeCr2O4 
and Cr/Al oxides is formed on the surface. Furthermore, the 
gradual evolution and integration of the pores inevitably lead 
to the degradation of coating properties[20]. The pores are 
caused by the diffusion of Fe and Cr elements to the substrate 
at the temperature above Fe-Zr eutectic temperature (928 °C), 
thereby resulting in holes, as shown in Fig.5d.

The FeCrAl coating can restrict the inward diffusion of 
oxygen at 800 °C by forming a dense oxide layer of Al and Cr 
elements, which greatly enhances the oxidation resistance of 
Zr-4 alloys. When the temperature increases to 900 ° C, the 
oxidation kinetics of the coating intensifies, and Al element 
migrates outward, which inevitably leaves a large number of 
vacancies inside the coating, thus promoting the inward 
migration of oxygen and leading to the enrichment in Al-rich 
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Fig.4　SEM cross-sectional morphologies (a – c) and EDS line scanning results along dashed arrow lines (d – f) of FeCrAl coatings after air 

oxidation at 800 °C (a, d), 900 °C (b, e), and 1000 °C (c, f) for 60 min
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and Cr-rich layers. When the oxygen continues to accumulate, 
the oxygen potential increases, leading to the oxidation at the 
interface. Because this temperature is close to the Fe-Zr 
eutectic temperature (928 ° C), Fe and Cr continue to diffuse 
into the inner part of the Zr-4 substrate, forming the Fe-Zr 
diffusion layer. Al element diffuses outward. These 
phenomena are consistent with the morphology in Fig. 3b: a 
large number of voids can be observed in the Cr-rich layer. 
The oxidation reaction and diffusion effect become more 
obvious when the temperature increases to 1000 °C (above the 
Fe-Zr eutectic temperature of 928 °C), leading to the forma-
tion of larger voids in the Cr-rich layer, as shown in Fig.3c. In 
this case, it is necessary to introduce a diffusion barrier layer 
between the FeCrAl coating and Zr-4 substrate to prevent the 
formation of holes and brittle intermetallic compounds[19–20,24]. 
However, the barrier layer cannot completely eliminate the 
interfacial diffusion. The element diffusion between the 
barrier layer and Zr-4 substrate still occurs to some extent. 
The outward migration of Al element may be the main reason 
for the deterioration of coating performance. Hence, the 
composition design of FeCrAl coating is necessary to restrain 
the dramatic migration of Al element to the surface and the 
aggregation of vacancies in the FeCrAl coating. This 
amelioration can be accomplished by adding specific 
elements, such as Y or Hf, which can improve the oxidation 
resistance of the coating.

33  Conclusions  Conclusions

1) The air-oxidized FeCrAl coating has a dense Al oxide 
film, an Al-rich layer, a Fe/Cr/Al/O interface layer, a Cr-rich 
layer, and a mixed layer containing Fe, Cr, and Zr elements.

2) Although the Al-rich layer peels off at 1000 ° C, it can 

still prevent oxygen from interacting with the substrate, thus 
inhibiting the oxidation of Zr-4 substrate.

3) The main reason for the performance degradation of 
FeCrAl coatings is the layering and peeling phenomena inside 
the coating caused by the severe outward diffusion of Al 
element and the inward diffusion of Fe and Cr elements at 
high temperatures.

4) Appropriate composition and structural design of FeCrAl 
coating can prevent the diffusion and migration of alloy 
elements, therefore achieving the FeClAl coating with long 
service life and application in accident-tolerant fuel field.
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高温空气氧化作用下低铝含量FeCrAl涂层的组织演变

赖茂林 1，3，郭兰芳 4，葛良全 1，曾国强 1，刘春海 2

(1. 成都理工大学  核技术与自动化工程学院，四川  成都  610059)

(2. 成都理工大学  材料与化学化工学院，四川  成都  610059)

(3. 成都工业学院  智能制造学院，四川  成都  611730)

(4. 成都工业学院  自动化工程学院，四川  成都  611730)

摘 要：通过磁控溅射技术在Zr-4合金基体上沉积了厚度约为18 μm的FeCrAl涂层，以提高Zr合金的高温抗氧化性能。通过空气氧化

实验研究了低Al含量的FeCrAl涂层抗氧化性能。为了评估涂层界面演变和元素迁移之间的关系，采用了场发射扫描电子显微镜、能谱

仪和掠入射X射线衍射仪进行了深入分析。结果表明，尽管FeCrAl涂层在1000 ℃空气氧化后会出现分层剥落，但该涂层仍然有效地保

护了Zr-4合金基体不被氧化。FeCrAl涂层性能下降的主要原因是高温下Al元素严重向外扩散以及Fe、Cr元素向内扩散，最终导致涂层

内部分层和剥落。此外，还讨论了FeCrAl涂层在800、900和1000 ℃时的空气氧化行为。

关键词：耐事故容错燃料涂层；磁控溅射；FeCrAl涂层；低Al含量；高温空气氧化
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