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Improved oxidation resistance of Cr-Si coated Zircaloy with an
in-situ formed Zr2Si diffusion barrier
Song Zeng1, Jun-Feng Li 2, Chen Chen1, Yan Meng1, Chao-Wen Zhu1, Xiao-Chun Han 1✉, Yi-Wang Bao2✉ and Hai-Bin Zhang1

In the present study, the dense Cr and Cr0.92Si0.08 coatings have been deposited on Zircaloy-4 substrates by the magnetron
sputtering technique. The high-temperature oxidation resistance of coatings is evaluated in 1200 °C steam for 1–4 h. The Cr0.92Si0.08
coating shows better oxidation resistance than the Cr coating. The in-situ formed Zr2Si diffusion barrier inhibits the mutual diffusion
of Cr and Zr. And the formation of a Cr2O3/SiO2 double-layer scale effectively improves the oxidation resistance of a single Cr2O3

layer. The formation of the in-situ diffusion barrier, Cr2O3/SiO2 scales and oxidation protection mechanisms of the Cr0.92Si0.08
coating have been discussed in detail.
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INTRODUCTION
Zirconium alloys (Zircaloy) have been widely used as the cladding
materials in light water reactors (LWRs) on account of their low
neutron capture cross-section, good mechanical properties and
corrosion resistance1,2. However, Zircaloy claddings will react with
high-temperature steam rapidly when loss of coolant accidents
occurs, such as the Fukushima-Daiichi nuclear accident in 20113.
Therefore, accident-tolerant fuel (ATF) has been proposed to
increase the safety margin of LWRs under normal operation and
accident conditions4. Among the ATF strategies, coating is one of
the most attractive ways to enhance the oxidation resistance of Zr
alloys because of high efficiency and low cost5. Many coatings
have been studied, including metallic coatings (Cr6, FeCrAl7,8,
high-entropy alloys9), ceramic coatings (CrN10, MAX phase11) and
multilayered coatings12,13. Cr coating has been considered as the
most attractive candidate owing to its strong adhesion with Zr
substrate, good corrosion resistance, and high-temperature
oxidation resistance14,15.
However, it has been found that the Cr2O3 oxide layer will be

reduced by Zr after the Cr coating was completely oxidized into
Cr2O3 since the formation of ZrO2 is thermodynamically favor-
able16,17. Furthermore, the interdiffusion between Cr coating and
Zr substrate will occur during the oxidation process. On one hand,
the Cr coating will be consumed by the formation of a ZrCr2 layer
at the coating-substrate interface as well as solid solution and
precipitates in the Zr substrate18. On the other hand, the outward
diffusion of Zr facilitates the growth of Zr–Cr intermetallics and
ZrO2 stringers within the Cr coating, which are the short-circuit
diffusion paths for oxygen to penetrate into the Zr substrate16,19.
Therefore, the interdiffusion of Cr and Zr plays a negative effect in
the Cr-coated Zircaloy system.
It has been reported that suitable diffusion barriers can

minimize the interdiffusion between the coating and substrate.
For instance, Wang et al. introduced a ZrO2 layer between
zirconium alloy and Cr coating by plasma electrolytic oxidation,
which enhanced the oxidation resistance of Cr coating because
the ZrO2 layer effectively prevent O and Cr diffusion into Zr alloy
in 900–1100 °C20,21. Syrtanov et al. indicated that a Mo sublayer
between Cr coating and Zr substrate can hinder the

interdiffusion of Cr and Zr22. In addition, CrN ceramic layer was
also used as the diffusion barrier between Cr coating and Zr
substrate12. However, using extra diffusion barriers cause other
issues, such as increasing structural complexity, adding process
cost, and sometimes cracking or spalling. Another way to hinder
the severe interdiffusion is the in-situ formation of a dense
diffusion barrier. Huang et al. found that an in-situ formed Ti5Si3
diffusion barrier can prevent the fast depletion of Al in the
coating, which improved the oxidation resistance of AlSi coated-
TiAl alloy23. Li et al. also indicated that FeCrAlMoSiY-coated Zr
alloy has shown good oxidation resistance because an in-situ
Zr2Si diffusion barrier can inhibit the mutual diffusion of Fe, Al,
and Zr24.
In our previous study, it has been found that Cr–Si coatings

show better oxidation resistance than pure Cr coating in 1200 °C
steam environment, which may result from an in-situ formation of
a Zr–Si interdiffusion layer25. However, the results are lack of
adequate experimental evidence and characterizations. In this
paper, more characteristic and systematic experiments are
performed. The formation of an in-situ formed Zr–Si barrier and
oxidation mechanisms of the Cr0.92Si0.08 coatings have been
discussed in detail.

RESULTS
Coating microstructures and phases
Figure 1a, b shows the surface morphologies of the Cr and Cr–Si
coatings. Both coatings are dense, free of holes and micro-cracks.
The Cr coating shows needle-like morphologies, whereas the Cr–Si
coating presents a flaky structure (Fig. 1a, b). EDS analysis shows
that the Cr/Si atomic ratios are 92.3/7.7. Therefore, the Cr–Si
coating is denoted as the Cr0.92Si0.08 coating for simplicity. Figure
1c, d shows the cross-sectional morphologies of the Cr and
Cr0.92Si0.08 coatings. No cracks and spalls are observed at the
interface between the coating and the substrate, and the
thickness of Cr and Cr0.92Si0.08 coatings are 16 ± 0.5 μm and
15.4 ± 0.3 μm, respectively. Figure 2 shows the XRD patterns of the
as-grown Cr and Cr0.92Si0.08 coatings. Both coatings consist of Cr
phase with the bcc crystal structure. Si-containing phases are not
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found in the Cr0.92Si0.08 coating, which indicates Si forms solid
solution within the Cr crystal matrix.

Surface morphologies of the oxide layer
Figure 3 shows the surface morphologies of Cr and Cr0.92Si0.08
coatings after oxidized at 1200 °C steam for 1–4 h. For the Cr
coatings, after oxidation for 1–3 h, the surface is flat and
without typical features (Fig. 3a–c). However, after oxidation
for 4 h, the surface morphology presents worm-like structure,
pores and white phase (Fig. 3d). EDS point analyses (P1-P5)
indicate that the chemical compositions of the oxidation
products all agree with the stoichiometric Cr2O3 (Table 1). For
the Cr0.92Si0.08 coatings, the surface morphologies show dense
and compact oxide scale after oxidation for 1–4 h (Fig. 3e–h),
which is determined as Cr2O3 oxide according to the EDS point
P6-P10, as listed in Table 1. Figure 4 shows the XRD patterns of
Cr and Cr0.92Si0.08 coatings after oxidation. The oxidation
products of all Cr and Cr0.92Si0.08 coatings are indexed as
Cr2O3. The peaks of Cr can be detected for both coatings
because the oxide layer was thin, and the X-ray can penetrate

into the Cr coating, which is also reported in the literature17.
The XRD results are consistent with the surface EDS point
analysis (Table 1).

Cross-sectional morphologies of the oxidized coating
Figure 5 shows the cross-sectional morphologies of uncoated
Zry-4 alloy, Cr and Cr0.92Si0.08 coated Zry-4 alloys after 1200 °C
steam oxidation for 1–4 h. Figure 5a1–a4 shows that the
thickness of ZrO2 layer formed on the uncoated Zry-4 alloys
after oxidation for 1 h, 2 h, 3 h, and 4 h is ~147 μm, 226 μm,
281 μm, 327 μm, respectively. For the Cr coatings, the substrates
are well protected by the Cr coatings for 1–3 h (Fig. 5b1–b3).
While after oxidation for 4 h, the inset image in Fig. 5b4 presents
the formation of a zirconia layer (~15 μm) underneath the
oxidized Cr coating. For the Cr0.92Si0.08 coatings, the substrates
are prevented from oxidizing even for 4 h (Fig. 5c1–c4),
indicating better oxidation resistance than the Cr coating in
1200 °C steam environment.
Higher magnifications of the Cr and Cr0.92Si0.08 coatings after

oxidation are shown in Fig. 6, and the corresponding EDS line
scans are shown in Fig. 7. For the Cr coating, after oxidation for
1 h, Cr2O3 oxide layer is formed with a thickness of 11.2 μm, and
a 2.3-mirco thick ZrCr2 diffusion layer is formed (Figs. 6a and 7a).
However, as shown in Figs. 6b and 7b, the thickness of the Cr2O3

layer decreases to 5.2 μm at 2 h, and the thickness of the ZrCr2
layer increases to 3.1 μm. After oxidation for 3 h, a 5.3- μm-thick
Cr2O3 layer is observed on the surface. As the oxidation time
increased to 4 h, as shown in Figs. 6d and 7d, the thickness of
the Cr2O3 layer is about 1.0 μm. A layer of ZrO2 forms
underneath the coating (Fig. 5b4), and the ZrCr2 layer cannot
be clearly detected. The morphology evolution of Cr coating in
our study well agrees with the reported literature16. For the
Cr0.92Si0.08 coating, after oxidation for 1 h, the thickness of Cr2O3

layer is about 4.0 μm, which is thinner than that of the Cr
coating. In addition, both the ZrCr2 and Zr–Si interdiffusion
layers are observed on the interface, and their thicknesses are
about 1.3 μm and 2.6 μm, respectively, as shown in Figs. 6e
and 7e. After oxidation for 2 h, the structure of the oxidized
Cr0.92Si0.08 coating is similar to that of the 1 h except for the
thickness, including a top Cr2O3 layer (~3.8 μm), a residual
coating (~7.5 μm) and thicker interdiffusion ZrCr2 layer (~1.6 μm)

Fig. 1 Surface and cross-sectional microstructures of the as-deposited Cr and Cr0.92Si0.08 coatings. a, c Cr coating; b, d Cr0.92Si0.08 coating.

Fig. 2 XRD patterns of the as-deposited Cr and Cr0.92Si0.08 coatings.
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and Zr–Si layer (~3.0 μm). An average 3.3 μm-thick Cr2O3 layer is
formed on the coating surface at 1200 °C for 3 h, and the
thickness of Zr–Si diffusion layer is about 4.1 μm. After oxidation
for 4 h, the thickness of Cr2O3 layer is about 2.0 μm, and the
diffusion Zr–Si layer seems to be not uniform (Figs. 6h and 7h),
with an average thickness of 6.3 μm. According to the EDS point
analyses, as list in Table 2, the interdiffusion layer is composed
of Zr and Si with atomic ratio of ~7/3, which is determined as
Zr2Si. In addition, with the increase of oxidation time, the other
phase is observed in the Zr2Si diffusion layer (Fig. 6h1). The

Fig. 3 Surface microstructures of the Cr and Cr0.92Si0.08 coatings after oxidation in 1200 °C steam for 1–4 h. a–d Cr coatings; e–h Cr0.92Si0.08
coatings.

Table 1. Chemical composition (at.%) of the oxidized coatings
determined by EDS in Fig. 3.

At.% P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Cr 39.4 38.5 41.5 40.3 42.0 42.6 41.6 39.2 41.5 42.6

O 60.6 61.5 58.1 59.7 58.0 57.4 58.4 60.8 58.5 57.5

Fig. 4 XRD patterns of the oxidized Cr and Cr0.92Si0.08 coatings after
oxidation in 1200 °C steam for 1–4 h.
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Fig. 5 Cross-sectional microstructures of the Zry-4 alloys, Cr and Cr0.92Si0.08 coatings after oxidation in 1200 °C steam for 1–4 h. a1–a4
Zry-4 alloys; b1–b4 Cr coatings; c1–c4 Cr0.92Si0.08 coatings.

Fig. 6 Cross-sectional microstructures of the Cr and Cr0.92Si0.08 coatings after oxidation in 1200 °C steam for 1–4 h. a–d Cr coatings; e–h,
e1–h1 Cr0.92Si0.08 coatings.
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composition is mainly Zr element accompanied with ~25 at.% O
(P20, P22 in Table 2). For comparison, the thicknesses of the
Cr2O3 scale, residual coatings, and interdiffusion layers of Cr and
Cr–Si coatings are plotted in Fig. 8 as a function of oxidation
time. It can be seen that the thickness of ZrCr2 layer in
Cr0.92Si0.08 coatings are thinner than that of Cr coatings. In
addition, according to the thickness of the Cr2O3 layer, Si-doped
Cr coating shows a slower oxidation rate than the pure Cr
coating, especially after 1200 °C oxidation for 1 h.

To further study the morphologies and structures evolution
of the oxidized Cr0.92Si0.08 coating, TEM/STEM specimens are
prepared and analyzed. Figure 9a is the TEM image showing
the overview cross-sectional morphology of the Cr0.92Si0.08
coating after 1200 °C oxidation for 2 h. As shown in Fig. 9a, four
distinct layers are observed, including top Cr2O3 layer, middle
residual coating, ZrCr2 interdiffusion layer, and bottom Zr2Si
interdiffusion layer, which agrees with the SEM observations
(Fig. 6e–h). The structure analysis of the Cr2O3 layer is shown in

Fig. 7 EDS line scan of the Cr and Cr0.92Si0.08 coatings after oxidation in 1200 °C steam for 1–4 h. a–d Cr coatings; e–h Cr0.92Si0.08 coatings.
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Fig. 9b, b1, b2. Figure 9b is the enlarged TEM image of the
oxide layer. Figure 9b1 is a HAADF-STEM image from the oxide
scale as marked in Fig. 9b, where the lattice spacing agrees
with the Cr2O3. The SAED diffraction further confirms the Cr2O3

structure, which can be indexed well along the [001] zone axis,
as shown in Fig. 9b2. The structure analysis of the ZrCr2
interdiffusion layer is shown in Figs. 9c, c1, c2. Figure 9c is an
enlarged TEM image of the coating/ZrCr2 interface, where the
upper part is the residual Cr–Si coating and the lower part is

the ZrCr2 layer. As shown in Fig. 9c1, c2, both the lattice
spacings and SAED diffraction can be indexed as ZrCr2 along
the [011] zone axis. Figure 9d is an enlarged TEM image of the
Zr2Si interdiffusion layer. Figure 9d1, d2 is the HAADF-STEM
image and SAED diffraction of the Zr2Si layer, respectively,
marked with red square in Fig. 9d. Both the lattice spacings and
diffractogram can be indexed well with Zr2Si in the [-113] zone
axis. Figure 9d3 shows the EDS spectrum of Zr2Si layer, which
mainly consists of 66.14 at% Zr and 25.44 at% Si elements.
Figure 10 shows the TEM analysis on the Cr0.92Si0.08 coating
after 1200 °C oxidation for 4 h. Four layers can also be seen on
the overview cross-section image after oxidation, and SiO2

particles are observed under the surface Cr2O3 scale (Fig. 10a).
Similarly, the HAADF-STEM and SAED diffraction images are
shown to determine the structure and phase of the ZrCr2 and
Zr2Si layer (Figs. 10b, b1, c, c1). In addition, the EDS spectrum
also confirms the composition of the Zr2Si layer (Fig. 10c2). The
TEM results are consistent with the SEM/EDS results (Figs. 6
and 7 and Table 2).

DISCUSSION
The above results show that the Cr0.92Si0.08 coating presents better
oxidation resistance than the Cr coating in 1200 °C steam
environment. Especially after oxidation for 4 h, the underneath
substrate is oxidized in the Cr-coated sample, while the Cr0.92Si0.08
coated sample is not (Fig. 5). It is obvious that the Si element plays
an important role on the oxidation resistance of the Cr-–Si coating.

Table 2. Chemical composition (at.%) of the oxidized coatings
determined by EDS in Fig. 6.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

Cr 44.6 97.2 61.3 ─ ─ 45.4 97.6 55.7 ─ ─ 41.8

Si ─ 42.8 3.4 29.9 ─ ─ 2.4 8.4 28.1 ─ ─
Zr ─ ─ 35.2 70.1 84.2 ─ ─ 35.9 71.9 95.0 ─
O 55.4 ─ ─ ─ 15.8 54.6 ─ ─ ─ 5.0 58.2

P12 P13 P14 P15 P16 P17 P18 P19 P20 P21 P22

Cr 98.2 57.8 ─ ─ ─ 43.0 99.0 61.3 ─ ─ ─
Si 1.8 7.6 ─ 29.7 ─ ─ 1.0 2.3 ─ 28.9 ─
Zr ─ 34.6 70.3 70.3 75.7 ─ ─ 36.5 76.7 71.1 74.2

O ─ ─ 19.0 ─ 24.3 57.0 ─ ─ 23.4 ─ 25.8

Fig. 8 Thickness of the Cr2O3 layer, residual coating, ZrCr2 and Zr2Si diffusion layers for Cr and Cr0.92Si0.08 coatings after oxidation in 1200 °C
steam as a function of oxidation time.
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The oxidation behavior of the Cr coating has been extensively
studied by researches16,19,26,27. Therefore, in this study, the
formation of the oxide scales and the Zr2Si layer in the Cr0.92Si0.08
coatings will be discussed in detail.
Normally, mutual interdiffusion between the coating and

substrate will occur at elevated temperatures because of the
gradient of chemical composition. In the present study, for the
Cr0.92Si0.08 coatings, Cr and Si elements in the coating diffuse
into the substrate while Zr element in the substrate diffuses
conversely, forming the interdiffusion layer in the coating-
substrate interface. In order to understand the evolution
process of the ZrCr2 and Zr2Si interdiffusion layer, a group of
shorter-term oxidation experiments have been carried out, as
shown in Fig. 11. The EDS point analysis is listed in Fig. 11g.
After oxidation for 5 min, the diffusion layer is Zr–Cr–Si
(Fig. 11a). With the prolonged time, the ZrCr2 and Zr2Si
interdiffusion layers are formed (Fig. 11b–f). After oxidation
for 1–4 h, similar structures of ZrCr2 and Zr2Si interdiffusion
layers are formed in the interface (Figs. 6, 9, and 10). On one
hand, in view of diffusivity, an estimate of the diffusion
coefficient of Cr in Zr at 928–1206 °C is 5.8 × 10–12 m2 s−1 (see
ref. 28), and the diffusivity of Si in Zr in the Ti3SiC2–Zr system at
1100–1300 °C is 7.0 × 10–15 m2 s−1 (see ref. 29), which indicates
the diffusion rate of Si in Zr is slower than that of Cr. On the
other hand, from the view of thermodynamics, the following
two reactions will occur30:

2Crþ Zr ! ZrCr2ðΔG ¼ �72 kJ mol�1Þ (1)

Siþ 2Zr ! Zr2SiðΔG ¼ �209 kJmol�1Þ (2)

Because the Gibbs free energy of reaction (2) is more
negative, Zr2Si is thermodynamically preferred. Therefore, the

formation of the diffusion layer is a dynamic balance between
thermodynamically and kinetically controlled diffusion
processes.
Therefore, from the cross-sectional images of Cr0.92Si0.08

coatings after oxidation, the ZrCr2 layer followed by Zr2Si layer
can be observed in the interface. Once the continuous Zr2Si
layer forms, it can further hinder the outward diffusion of Zr. As
shown in Fig. 12, it is clear that the Zr veins through the Cr
coating, especially after oxidation for 3 h and 4 h (Fig. 12a1–a4).
While for the Cr0.92Si0.08 coating, the outdiffusion of Zr is limited
(Fig. 12b1–b4). Thus, compared to the pure Cr coating, the
reduction reaction between Cr2O3 and Zr can be limited in the
Cr0.92Si0.08 coating, and the diffusion path formed by the ZrO2

phase within the coating can be also reduced16,17,19,31. In
addition, The thickness of ZrCr2 layer in the Cr0.92Si0.08 coating is
thinner than that of the pure Cr coating (Fig. 8). Therefore, the
oxidation resistance of Cr0.92Si0.08 coating is improved by the in-
situ formation of Zr2Si layer. For the Zr2Si interdiffusion layer in
the Cr0.92Si0.08 coating, another phenomenon is that with the
oxidation time increases to 4 h, some Zr-rich phases encapsu-
lated by the Zr2Si matrix are observed (Fig. 6h1 and Table 2).
The main reason for this phenomenon is the depletion of Si in
the Cr–Si coating, and the residual Si cannot form a thicker and
continuous Zr2Si layer.
For the Cr0.92Si0.08 coating, in the initial oxidation stage, the O

in the environment reaches the surface and reacts with Cr, then
a continuous Cr2O3 layer forms on the surface. Once the dense
oxide layer forms, it will serve as a diffusion barrier to prevent
the inward diffusion of O. However, for example, after oxidation
for 1 h, the thickness of the Cr2O3 scale (4 μm) for Cr0.92Si0.08
coating is thinner than that of the pure Cr coating (11.2 μm).
Moreover, the Cr2O3 scale of the Cr0.92Si0.08 coating seems
denser than the pure Cr coating. In order to analyze the

Fig. 9 TEM images and compositions. a TEM image of the overview cross-sectional of Cr0.92Si0.08 coating after oxidation at 1200 °C for 2 h;
b TEM image of the Cr2O3 layer, b1 HAADF-STEM image of the Cr2O3 layer and b2 corresponding SAED image; c TEM image of the coating/
ZrCr2 layer interface, c1 HAADF-STEM image of the ZrCr2 layer and c2 corresponding SAED image; d TEM image of the Zr2Si layer, d1 HAADF-
STEM image of the Zr2Si layer and d2, d3 corresponding SAED image and EDS spectrum, respectively.
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reasons, high-magnification SEM images and the corresponding
EDS mapping at the interface between Cr2O3 scale and coating
are observed at 1200 °C for 20 min and 1 h, as shown in Fig. 13.
It can be seen that the SiO2 sublayer is formed after oxidation
for 20 min and 1 h. In view of thermodynamics, SiO2

(−644 kJ mol−1) is preferred to form in 1200 °C because it
presents more negative Gibbs free energy than that of 2/3Cr2O3

(−500 kJ mol−1)30. However, the formation of Cr2O3 is kineti-
cally favored since the content of Cr (92.3 at.%) in the coating is
much higher than that of Si (7.7 at.%). Therefore, firstly, the
Cr2O3 layer forms on the surface. As the oxidation time
prolonged, the Si element in the coating will diffuse and react
with O, and the SiO2 sublayer forms, which can further hinder
the diffusion rate of Cr and O. Therefore, the Cr2O3 layer in the
Cr0.92Si0.08 coating is thinner and dense than the pure Cr
coating. However, with the increase of oxidation time, due to
the lack of Si content in the coating, the continuous growth of
SiO2 scale cannot be maintained. Therefore, the SiO2 scale
becomes discontinuous after oxidation for 2–4 h (Fig. 12b2–b4).
The Cr0.92Si0.08 coating shows better oxidation resistance than the

Cr coating. The schematic diagram of microstructure evolution is
shown in Fig. 14. In the initial oxidation stage, Cr2O3 scale forms on
the surface. Cr and Si elements diffuse inward simultaneously and
react with Zr, forming the Zr–Cr–Si layer first in the interface (Fig.
14b). With the prolonged oxidation, the Si element in the coating
reacts with the inward diffusion of O, and a continuous SiO2 sublayer

is formed. The Cr2O3/SiO2 bilayer shows good oxidation resistance. Si
in the Zr–Cr–Si layer diffuse into the Zr substrate, forming the ZrCr2
layer and Zr2Si diffusion layer in the interface (Fig. 14c). The outward
diffusion of Zr is hindered by the in-situ formation of the Zr2Si
diffusion barrier. And the redox reaction between Cr2O3 and Zr is
mitigated. Similar interdiffusion layers have also been observed in
other coating-substrate or diffusion couple systems, such as Ti5Si3
layer23, Zr2Si layer24 and Nb5Si3 layer32. When the oxidation time is
further increased, the SiO2 scale becomes discontinuous, and the
Zr2Si layer is embedded with the Zr-rich phases. In addition, because
the redox reaction between Cr2O3 and Zr has occurred in this stage,
the thickness of Cr2O3 decreases (Fig. 14d).
In this study, the Cr and Cr0.92Si0.08 coatings have been

deposited on Zry-4 substrate by the magnetron sputtering
technique. High-temperature oxidation tests have been per-
formed in 1200 °C steam for 1–4 h. Based on the results and
discussion, the following conclusions can be drawn:

(1) The Cr0.92Si0.08 coating shows better oxidation resistance
than the Cr coating in 1200 °C steam environment.

(2) The formation of SiO2 sublayer in the Cr0.92Si0.08 coating further
reduces the inward diffusion of O and outward of Cr, which
can improve the oxidation resistance of Si-doped Cr coating.

(3) In the Cr0.92Si0.08 coating, an in-situ formation of Zr2Si
layer acted as a diffusion barrier can prevent the
interdiffusion of Cr and Zr, enhancing the oxidation
resistance of the coating.

Fig. 10 TEM images and compositions. a HAADF-STEM image of the overview cross-sectional of Cr0.92Si0.08 coating after oxidation at 1200 °C
for 4 h; b HAADF-STEM image of the ZrCr2 layer and b1 corresponding SAED image; c HAADF-STEM image of the Zr2Si layer and c2, c3
corresponding SAED image and EDS spectrum, respectively.
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Fig. 12 SEM-BSE images of Cr coatings and Cr0.92Si0.08 coatings after oxidation at 1200 °C for 1–4 h. a1–a4 Cr coatings; b1–b4 Cr0.92Si0.08
coatings; c EDS maps of (a2); d EDS maps of (b1).

Fig. 11 SEM-BSE images of Cr0.92Si0.08 coatings after 1200 °C for 5–50min. a 5min; b 10min; c 20min; d 30min; e 40min; f 50min; g EDS
point analysis in the diffusion layer.
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METHODS
Sample preparation
All coatings were deposited on Zirconium-4 (Zry-4) alloy coupons
in size of 10 × 10 × 1.2 mm. Before coating deposition, all
substrates were grounded on 2000 grit SiC paper, then cleaned
ultrasonically in alcohol and acetone for 15min, respectively.
Coatings were fabricated through direct current magnetron
sputtering. The diameter of the targets was 60 mm. As the
pressure in the chamber was less than 8.31 × 10–4 Pa, substrate
samples were etched by Ar ion under a negative bias voltage of
500 V for about 15min at Ar pressure of 3–5 Pa in order to remove
the surface contaminations of the substrates. The deposition was
conducted in the gas of Ar at 0.5 Pa, under a bias voltage of 70 V. A
Cr–Si alloy (Si 8.9 at.%, purity 99.95 at.%) target and a Cr (purity

99.95 at.%) target were used to prepare the Cr–Si and Cr coatings,
respectively. The power used on the Cr–Si and Cr targets was both
200W, and the deposition time is 4 h. In order to avoid serious
oxidation of the uncoated side of the Zircaloy substrate, the
coupons were two-sided deposited where one side first in 400 °C
and then the other side in room temperature under the same
deposition conditions.

Oxidation experiments
High-temperature steam oxidation tests of the coated coupons
were conducted in an alumina tube furnace with a continuous
flow of steam (0.5 ml min−1) produced by a steam generator.
The steam pressure is 1 atm. When the temperature at the
middle of the tube reached the experimental temperature
(1200 °C), the steam was introduced into the tube and kept
more than 30 min to ensure the tube was full of steam. And
then the samples were transferred into the furnace and hold in
the furnace for various times. After the oxidation tests had
finished, the samples were pulled out from the furnace
immediately and then cooled down to room temperature in
the air.

Characterization of microstructures and compositions
The phase composition analysis of coatings was conducted by a
Bruker diffractometer with a Cu-Kα source (λ= 1.540598 Å).
Surface and cross-sectional morphologies were characterized by
a ZEISS high-resolution field emission scanning electron micro-
scope (SEM) equipped with energy-dispersive X-ray spectrometry
(EDS). To further characterize the oxidation layers and remaining
coatings, focused ion beam (FIB) milling was applied to prepare
TEM samples. The microstructures at atomic levels were char-
acterized by a Cs-corrected transmission electron microscope
(TEM).

Fig. 14 Schematic diagram of the microstructural evolution of Cr0.92Si0.08 coatings after oxidation. a As-deposited coating; b the initial
oxidation stage; c the in-situ formation of the Zr2Si diffusion barrier stage; and d the final oxidation stage.

Fig. 13 SEM images and EDS maps of Cr0.92Si0.08 coatings after
1200 °C oxidation. a 20min; b 1 h.
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