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Oxidation behavior of Cr-coated zirconium alloy cladding
in high-temperature steam above 1200 °C
Hai-Bin Ma 1, Jun Yan1, Ya-Huan Zhao1, Tong Liu 1✉, Qi-Sen Ren1, Ye-Hong Liao1, Jia-Dong Zuo2, Gang Liu 2✉ and Mei-Yi Yao3

Dense, uniform, and well-adhered chromium (Cr) coatings were deposited on zirconium (Zr) alloy claddings by using physical vapor
deposition (PVD). The Cr-coated samples were tested at 1200 oC and 1300 oC, respectively, for different exposure time in water
steam environment. Microstructures and compositions of the coating/substrate system after oxidation were characterized by X-ray
diffraction, scanning electronic microscopy, and energy dispersion spectrometer. The microstructural results clearly demonstrated
that Cr2O3 layer has been produced on the coating surface, acting as an oxygen diffusion barrier and concomitantly reducing the
oxidation rate. The experimental results on weight gains soundly supported the microstructural findings that the Cr coatings could
protect the Zr substrate from high-temperature steam oxidation, even at a temperature up to 1300 oC. Finally, the oxidation kinetics
was theoretically analyzed and the underlying oxidation mechanism was also clarified.
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INTRODUCTION
The Fukushima-Daiichi nuclear accident in Japan caused by
earthquake and tsunami in 2011 has drawn worldwide attention
to power plant safety under accident conditions. Zirconium
alloy (Zr alloy) fuel claddings have been long used in light water
reactors (LWR). However, the Zr alloys will be oxidized rapidly
with steam to produce a large quantity of exothermal energy
and hydrogen at the loss of coolant accident (LOCA) scenario.
After this nuclear accident, accident tolerant fuel (ATF)
development programs were started in many countries1–4.
Compared with the current UO2 (pallet)-Zr (cladding) system,
ATF is a new fuel pallet-cladding that could improve the safety
of the fuel assemblies beyond the design basis accident (DBA).
At the same time, the performance of fuel assemblies under
normal operational conditions could be maintained or
enhanced in the application of ATF. Basically, the ATF concepts
involve pallet and cladding. Therefore, the major potential
approaches for the development of ATF are improving pallet or
cladding properties. And several candidate fuels and claddings
have been designed and investigated5.
The potential fuels mainly include high-performance UO2

(Cr2O3-doped UO2, BeO-doped UO2, etc.), high-density fuels
(U3Si2, UN, etc.) and fully ceramic micro-encapsulated fuels5.
The potential claddings mainly include coated zirconium
alloy6–9, refractory metal10, advanced steels11–13, and SiCf/
SiC14–16 claddings. Among the ATF candidate materials,
complete replacements of current Zr alloy with refractory
metal, advanced steels or SiCf/SiC imply a substantial evolution
from the current LWR system, indicative of great difficulties and
uncertainties. Although the complete replacements will offer
greater potential benefit. Coated Zr alloy is introducing a
protective coating on the surface of current Zr alloy cladding,
which does not notably change the core physics in the reactor.
Therefore, coated Zr alloy cladding requires no major design
changes of the current system of LWR. Compared with other
ATF candidate claddings, the coated Zr alloy is the easiest and

most economic approach, which is supposed to the near-term
choice for ATF cladding application. Some coating materials
have been investigated, including pure metals17–20, alloys21–23,
ceramics24,25, and MAX phases8,26, among which, the metallic Cr
coatings exhibit good resistance to oxidation in both normal
condition and accident condition (e.g., LOCA)6,17–20. This has
boosted extensive studies on the Cr-coated Zr alloy cladding
during the last decade.
High-temperature oxidation tests of the Cr-coated Zr clad-

ding have been carried out at a temperature between 800 oC
and 1500 oC. The testing above 1200 oC is generally considered
beyond DBA. For the binary Zr–Cr systems, 1332 oC has been
identified as the low eutectic temperature, which means that Cr
and Zr will form a liquid phase when heated above this
temperature27. Both Brachet et al.28 and Oelrich et al.29 have
reported melting phenomena of the Cr-coated Zr cladding at
temperatures higher than the eutectic point. Among the work
on Cr-coated Zr claddings oxidation, to the author’s knowledge,
most were investigated at 1200 oC or lower30–32 and the
exposure time was not longer than 1 h19,33. The quite limited
information available in literatures about the oxidation behavior
at the temperature up to 1200 oC is come from Brachet et al.’s
report28 that one-sided oxidation testing of Cr coatings was
performed at 1000, 1100, and 1200 oC for oxidation times
ranging from a few minutes to a few hours. Therefore, the
influence of a longer time at 1200 oC or higher temperatures on
the oxidation behavior is urgently deserved to be investigated.
In the present work, the oxidation behavior of Cr-coated Zr
cladding prepared via physical vapor deposition (PVD) was
systematically investigated at 1200 and 1300 oC for different
exposure times. Microstructures and compositions of samples
before and after oxidation were analyzed in detail, especially for
the complicated microstructures and compositions close to the
interface between the coatings and substrates. Oxidation
kinetics and oxidation mechanisms were also analyzed and
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discussed, which allows to understand the high temperature
(HT) water steam oxidation process.

RESULTS
Coating microstructures
Figure 1 shows the photograph, surface and cross-sectional SEM
images of as-deposited Cr coatings. It is identified that Cr coatings
are dense without micro-cracks and well attached on the outer
surface of Zr claddings. The thickness of the Cr coating is about
18 μm, which is substantially uniform along the total length, with
thicknesses errors <1 μm.

Oxidation experiments
Weight gain of the Zr tubes with or without Cr coating was
comparatively measured during the whole oxidation process,
and the weight gain per surface area is plotted as a function of
an oxidation duration time, as shown in Supplementary Fig. 1.
The weight gain of the uncoated Zr tube oxidized in 1200 oC for
1 h is about 3105 mg/dm2, which is nearly twice of the Cr-coated
Zr tube (~1578 mg dm−2). Since the Cr coating was produced
only on the outside surface (NOT two surfaces) of the Zr
cladding, one can see that the weight gain of the outer surface of
Cr-coated Zr is extremely low in comparison with that of the
uncoated one. The results of a weight gain are coincident with
the evolution of cross-sectional microstructures, see Supplemen-
tary Figs. 2 and 3. There is no evident difference in oxide layer
(ZrO2) between the inner and the outer surfaces of the uncoated
Zr tube after oxidation at 1200 oC for 1 h. However, the two
surfaces of Cr-coated Zr tube exhibit quite different microstruc-
tures after oxidation. The thickness of ZrO2 at the tube inside
surface is up to ~144 μm after oxidation at 1200 oC for 1 h,
whereas the thickness of Cr2O3 at the tube outside surface is
<10 μm, as compared in Table 1. Moreover, the Cr coating after
oxidation is intact and well adherent to the Zr substrate, with no
spalling phenomenon found.

Structural characterization of the oxide layers
As well known, oxygen (O) can be dissolved in Zr to form brittle
α-Zr(O) phase during the oxidation process, which will decrease
the ductility of the cladding. Since the α-Zr(O) phase has an
equiaxed morphology whereas the prior β-Zr phase presents a
lath shape in comparison, it is easy to distinguish the α-Zr(O)
phase from the prior β-Zr phase by comparing their

morphologies under the optical microscope examinations.
Figure 2 shows some representative optical images of Cr-
coated Zr tubes oxidized at different temperatures and times.
At the oxidation conditions of 1200 oC/0.5 h, 1200 oC/1 h, and
1300 oC/0.5 h, ZrO2 phase, α-Zr(O) phase, and prior β-Zr phase
are gradually present from the inner surface to the outer
surface along with the coat thickness. In comparison, the prior
β-Zr phase does not exist in the other three samples that were
exposed to a longer oxidation time. This means that the oxygen
is ready to diffuse into the Zr substrate from the inner surface to
produce a brittle α-Zr(O) phase. While the Cr coating can block
the oxygen diffusion from the outer surface and hence decrease
the oxidation rate. In the application of claddings in LWR, the
claddings were welded with end plug and the inner surface will
not contact the water or water steam environment. Therefore,
the oxygen will not diffuse into the Zr alloy from the inner
surface. By combining the weight gain results and microstruc-
tural analyses, it is proved that the Cr coating can effectively
protect Zr substrate even in the high-temperature steam
oxidation environment.
XRD was further performed to identify the phases in the Cr-

coated and uncoated Zr claddings before and after oxidation, with
results illustrated in Supplementary Fig. 4. The XRD patterns

Fig. 1 Macroscopic and microscopic morphologies of the as-deposited Cr coating. a Sample image and SEM images of b surface and
c cross-section.

Table 1. Thickness of different layers of the Cr-coated tubes after
oxidation.

Oxidation
conditions

Thickness of different layers after oxidation (μm)

Cr2O3 Cr Cr–Zr ZrO2

(outside)
ZrO2(inside)

1200 oC/
0.5 h

8.4 ± 0.1 12.0 ± 0.2 1.8 ± 0.4 – 105.2 ± 3.0

1200 oC/1 h 9.5 ± 0.7 9.9 ± 0.3 2.2 ± 0.2 – 144.1 ± 4.7

1200 oC/2 h 10.2 ± 0.9 8.1 ± 0.1 3.6 ± 0.8 – 204.7 ± 4.9

1200 oC/4 h 7.8 ± 0.8 13.3 ± 0.4 2.1a ± 0.7 16.9 ± 1.2 312.6 ± 6.6

1300 oC/
0.5 h

7.6 ± 0.7 9.7 ± 0.7 3.9 ± 1.1 – 174.3 ± 4.6

1300 oC/1 h 3.0 ± 0.3 11.8 ± 0.2 4.7 ± 0.6 5.5 ± 1.2 242.7 ± 7.5

aThe interface between Cr and Cr–Zr layers was somewhat unclear and this
value is evaluated on basis of the clear part of the Cr–Zr layer.
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indicate that, after oxidation, Cr2O3 is present on the surface of the
Cr coating and ZrO2 has been created on the inner surface of Zr.
The formation of the two oxides can be understood as follows. At
high temperatures, Zr and Cr reacted with water steam according
to Reactions 1 and 2.

ZrðsÞ þ 2H2OðgÞ ¼ ZrO2ðsÞ þ 2H2 gð Þ (1)

2CrðsÞ þ 2H2OðsÞ ¼ Cr2O3ðsÞ þ 3H2 gð Þ (2)

Structural characterization of the oxide layers
Figure 3 shows surface morphologies of the Cr-coated samples
after oxidation at 1200 oC and 1300 oC for different exposure
times. Some whiskers and particles can be found on the surface
after oxidized at 1200 oC/0.5 h and 1 h. The EDS analysis shows
that the elements in them are Cr and O, and the atomic ratio of O/
Cr is nearly 3/2. These indicate that the whiskers and particles are
also Cr2O3. Cr2O3 whiskers have been reported by previous
studies about high-temperature steam oxidation of Cr coating,
especially in the case of low oxygen potential34,35. The formation
of Cr2O3 whiskers is most possibly resulted from the rapid
diffusion of Cr cations along shortcuts (e.g., grain boundaries or
dislocations) in the underlying oxide film. In addition, the growth
of Cr2O3 whiskers may be also associated with the presence of
CO2 or H2O in the gas and it has been suggested that dissociation
of these species is catalyzed at the whisker tips36. In this study,

Cr2O3 particles in addition to whiskers were observed on the Cr
coating surface. Nevertheless, in the author’s opinion, their
formation mechanism is thought to be the same since they both
precipitated on the outmost surface and were composed of
Cr2O3, as stated above.
As shown in Supplementary Fig. 5a, b, these whiskers and

particles look like green in color (non-uniform and discontinuous
green powders exist obviously on the surface), and these
powders easily fall off from the surfaces. As oxidation tempera-
ture and time increased, whiskers and particles decreased and
disappeared gradually. At 1200 oC/2 h, the number of the
particles is much fewer than that at 1200 oC/0.5–1 h. Correspond-
ingly, the macroscopic morphology of Cr-coated samples of
1200 oC/2 h shows a little green color. At 1300 oC/0.5 h, the
number of particles is too few to show a green appearance
(Supplementary Fig. 5e). No whiskers and particles could be
detected on the surface of Cr-coated samples oxidized at
1200 oC/4 h and 1300 oC/1 h. And the green powders are absent
from the samples at these two oxidation conditions (Supplemen-
tary Fig. 5d, f). Obviously, the macroscopic morphologies of Cr-
coated samples varied with oxidation are identical to the
microstructures. Small bumps can be observed on the surfaces
at the two conditions of 1200 oC/4 h and 1300 oC/1 h. The bump
number density at 1200 oC/4 h is greater than at 1300 oC/1 h.
However, the bump size at 1200 oC/4 h is smaller than at 1300 oC/
1 h. The bumps are voids produced at the Cr2O3/Cr interface
region. The reason for the formation of bumps may attribute to

Fig. 2 Optical micrographs of the Cr-coated Zr tube oxidized at different conditions. a 1200 oC/0.5 h, b 1200 oC/1 h, c 1200 oC/2 h,
d 1200 oC/4 h, e 1300 oC/0.5 h, f 1300 oC/1 h.
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the difference in the thermal expansion of Cr2O3, Cr and ZrO2. For
the sample oxidized at 1200 oC/4 h, the time is longer. Therefore,
more voids formed in the interface. At the same time, as the
temperature is lower, the voids in the interface is smaller than
that in the sample oxidized at 1300 oC/1 h. Small voids can be
found in the Cr2O3 layer, as illustrated in high magnification SEM
images (Supplementary Fig. 6). The voids are just on the surface
of Cr2O3. Since the Cr2O3 could continue to react with H2O to
form CrO2(OH)2 (Reaction 3), the formation of voids may be
attributed to the evaporation of gaseous CrO2(OH)2

37. As above-
mentioned, there are two reasons for the disappearance of green
particles. One is that the green powders are easy to peel, and the
other one is that the evaporation of CrO2(OH)2.

4Cr2O3 sð Þ þ 2H2O gð Þ ¼ 4CrO2ðOHÞ2 gð Þ þ O2 gð Þ (3)

Cross-sectional images of the outer surface of Cr-coated Zr
claddings are shown in Fig. 4. The microstructures and element
distributions of the samples oxidized at 1200 oC/0.5–2 h (Figs.
4a–c and 5a–f) and 1300 oC/0.5 h (Figs. 4e and 5i–j) are similar,
which, however, are different from those oxidized at 1200 oC/4 h
(Figs. 4d and 5g–h) and 1300 oC/1 h (Figs. 4f and 5k–l). The cross-
section view in Fig. 4a–c, e exhibits four layers with distinct
contrasts, while five different layers are observed in Fig. 4d, f.
To further investigate the compositions and element dis-

tributions of the different layers after oxidation, EDS point and
area mapping analyses were employed. The results of point
composition analysis within different layers in Fig. 4c, d are
illustrated in Supplementary Table 1. For the four-layer
structures, EDS point analysis (1 in Fig. 4c) shows that the
atomic ratio of O/Cr in the outmost layer is pretty close to the

stoichiometry of that of Cr2O3, in coincidence with the XRD
results. The layer below Cr2O3 is the unreacted Cr layer, but
some Zr atoms are found to diffuse into the Cr layer, as
illustrated in Supplementary Figure 7a and Supplementary
Table 1 (Point 3). According to the EDS results, it is evident that
the Zr atoms diffused into the Cr are quite low and the Zr atom
distribution is also non-uniform. The Cr2O3 layer is obviously
dense, with some voids only located at the out surface of Cr2O3.
The Cr2O3 layer is well bonded with the Cr coating. The main
elements in the third layer are Cr and Zr, which is the inter
diffusion layer of Cr and Zr. Few Nb and Fe atoms also exist. This
layer is formed due to Cr–Zr inter-diffusion, and it seems that
the diffusion layer is mainly Zr(Cr,Fe)2 intermetallic38 according
to the Cr/Zr and Cr–Zr phase diagram39. The content of Fe is too
low to detect via EDS analysis in the Zr substrate. However,
~5 at.% Fe exists in the Cr–Zr diffusion layer, which indicates Fe
element will gather into this layer. The oxygen content in the
inner layer is about 20 at.% at point 4 in Fig. 4c. In a word, the
four layers of samples oxidized at 1200 oC/2 h from outer to
inner are Cr2O3, Cr, Cr–Zr and α-Zr(O) in turn.
For the five-layer structures, a ZrO2 layer exists between the

Cr–Zr diffusion layer and the substrate α-Zr(O) layer, as shown in
Fig. 4d, f. Except for the ZrO2 layer, other layers are nearly the
same as those in the aforementioned four-layer structures, as
shown in Supplementary Figure 7b and Supplementary Table 1.
Nevertheless, the forming process of Cr layers is somewhat
different, which will be discussed later. The thickness of Cr2O3, Cr,
Cr–Zr and ZrO2 layers in these samples oxidized at different
temperatures and oxidation time was summarized and compared
in Table 1. One interesting phenomenon can be found that the

Fig. 3 SEM images showing the surface morphology of Cr-coated samples after oxidation at different conditions. a 1200 oC/0.5 h,
b 1200 oC/1 h, c 1200 oC/2 h, d 1200 oC/4 h, e 1300 oC/0.5 h, f 1300 oC/1 h.
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thickness of Cr2O3 layer increased and the thickness of Cr
decreased when oxidation time was raised from 0.5 to 2 h at
1200 oC. However, the inverse variation trends were observed
when the oxidation time was further increased to 4 h. The reasons
are associated with different oxidation processes and oxidation
mechanisms that will be rationalized later. Similarly, the thickness
of Cr2O3 decreased and the thickness of Cr increased from 0.5 to
1 h at 1300 oC. However, compared with the oxidation results, the
oxidation rate at 1300 oC is much faster than at 1200 oC, in
agreement with the weight gain results (Supplementary Fig. 1).
The Zr substrate is to be oxidized when the exposure time is
longer than 2 h at 1200 oC. While at 1300 oC, the Zr substrate is
oxidized within 1 h exposure. Besides, the Cr–Zr interdiffusion rate
at 1300 oC is also faster than at 1200 oC.

Structural characterization of the interfaces
See Fig. 4d, the contrast of interface between Cr and Cr–Zr layers
indicates that the compositions of the sample oxidized in 1200 oC
for 4 h are complicated. TEM was used to analyze the micro-
structures and compositions at the interface of layers 5/6, 6/7, and
7/8 (Fig. 4d) respectively, and the results are shown in Figs. 6, 7,
and 8. In Fig. 6, we can find the Cr2O3 and Cr layers and
corresponding interface, which is in good agreement with the
SEM and EDS results (Figs. 4 and 5).
A high angle annular dark-field (HAADF) image at the interface

of layers 6/7 is displayed in Fig. 7a. The contrasts indicate that
there are three different sublayers. The outer sublayer consists of
Zr and O elements and the selected area electron diffraction
(SAED) pattern (Fig. 7e) indicates a structure of ZrO2. The inner

layer contains Zr, Cr, and Fe elements, and the proportion of Zr
and Cr is nearly 1:2 (at.%). Based on the SAED pattern, this
sublayer can be concluded as Zr(Cr,Fe)2. For the middle sublayer,
the thickness is about 200-500 nm and the elements include Zr, Cr,
Fe, and O. Although the SAED pattern indicates crystalline grains
(for example grain 2 in Fig. 7d), the crystal structure of the present
ZrCrFeO layer can not be determined according to the limited
results. More detailed work should be performed in the future.
Figure 8a shows a representative HAADF image at the interface

of layers 7/8 in Fig. 4d. The elemental composition and content
are the same as the inner layer in Fig. 7a. This layer is also Zr(Cr,
Fe)2 and the main phase of the Cr–Zr layer is Zr(Cr, Fe)2, as
demonstrated in SEM and EDS results mentioned above (Figs. 4d
and 5b). A combined EDS and SAED analyses (Fig. 8c and f) reveal
that the inner layer is ZrO2. Besides, a discontinuous layer exists
between the layers of Zr(Cr,Fe)2 and ZrO2. Some existing particles
are proved to be Cr by EDS and SAED pattern (Fig. 8b, c, and e).
The formation of Cr particles is attributed to a chemical reaction as
described by Reaction 4 (the slight contribution of Fe is
neglected)38.

ZrCr2 þ 2O ¼ >ZrO2 þ 2Cr (4)

In present work, the Gibbs free energy (ΔrG�
m) of Reaction 4 was

calculated. We first find ΔfG�
m;B values of ZrCr2, O, ZrO2, and Cr,

which can be found in <Langes Chemistry Handbook> that the
ΔfG�

m;B values of O, ZrO2, and Cr are 231.7 kJ mol−1, −1042, and
0 kJ mol−1, respectively. However, the ΔfG�

m;B value of ZrCr2, as
intermetallic compound, can hardly be found in the handbook or
literatures. Therefore, we calculate the ΔfG�

m;B value of ZrCr2 before

Fig. 4 Cross-sectional SEM images of the outer surface of Cr-coated Zr tube oxidized at different conditions. a, b 1200 oC/0.5 h, c, d
1200 oC/1 h, e, f 1200 oC/2 h, g, h 1200 oC/4 h, i, j 1300 oC/0.5 h, k, l 1300 oC/1 h.
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calculating the Gibbs free energy of Reaction 4. The calculation
process is as follow:
(1) Calculate the ΔfH�

m value of ZrCr2 according to the OQMD
database (Eq. 5)

ΔfH�
m ¼ �0:036 eV

atom ¼ �0:036 ´ 3 ´ 1:602 ´ 10�19

´ 6:02 ´ 1023J mol�1 ¼ �10:417 kJ mol�1
(5)

(2) Calculate the ΔfG�
m;B value of ZrCr2 according to Eq. 6. As the

entropy of most intermetallic compound is <0.062 kJ K−1 mol−1, it
can be considered that

ΔfG�
m;B � ΔfH�

m ¼ �10:417 kJ mol�1

ΔfG�
m;B ¼ ΔfH�

m � TΔfS�m
(6)

(3) Calculate Gibbs free energy (ΔrG�
m) according to Eq. 7.

ΔrG�
m ¼ �ΔfG�

m Zr Crð Þ2; s
� �� 2 ´ΔfG�

m O; sð Þ þ ΔfG�
m Zr Oð Þ2; s
� �

þ2 ´ΔfG�
m Cr; sð Þ

¼ �ð�10:417 kJ mol�1Þ � 2 ´ 231:7 kJ mol�1

þð�1042:8 kJ mol�1Þ þ 2 ´ 0
¼ �1495:783 kJ mol�1

(7)

The Gibbs free energy of Reaction 4 is a negative number, which
indicates the feasibility of this reaction.
As talked above, for the Cr coating oxidized at 1200 oC for 4 h,

the layers from outer to inner are Cr2O3, Cr(outer), ZrO2(outer),
ZrCrFeO, Zr(Cr, Fe)2, Cr(inner), ZrO2(inner) and Zr in turn. In

Fig. 5 Cross-sectional SEM images and corresponding EDS line scan of the outer surface of Cr-coated Zr tube oxidized at different
conditions. a, b 1200 oC/0.5 h, c, d 1200 oC/1 h, e, f 1200 oC/2 h, g, h 1200 oC/4 h, i, j 1300 oC/0.5 h, k, l 1300 oC/1 h.
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particular, the ZrO2(outer), ZrCrFeO, and Cr(inner) layers are
relatively thin and discontinuous.

DISCUSSION
Oxidation kinetics of the Cr-coated Zr claddings was quantified. As
the Cr coating was produced only on the outer surface of the Zr
tube, the weight gain of the one-side Cr-coated Zr cannot reflect
the true oxidation rate of the Cr coating/Zr substrate system.
Alternatively, the oxidation kinetics was evaluated by measuring
the oxides thickness. For this purpose, the SEM results was utilized
to calculate the oxidation kinetics of the Cr-coated Zr at 1200 oC.
For pure Zr cladding tested at high-temperature steam

environments40–42, all the previous investigations showed that
the oxidation kinetics could be described by a parabolic law
(exponent n ≈ 0.5). However, the oxidation of Cr in high-
temperature steam was different in different works. Brachet
et al.43 reported a parabolic law (exponent n ≈ 0.5); and Yeom
et al.34 observed quartic oxidation kinetics (exponent n ≈ 0.25) for
cold spray Cr coatings tested at 1230 oC and 1310 oC. However,
Birks et al.44 suggested that the growth of Cr during the oxidation
process followed a logarithmic law.
A typical power rate equation (Eq. 8) is adopted in this work.

d ¼ ktn; (8)

ln dð Þ ¼ nln tð Þ þ ln kð Þ; (9)

where d is the thickness of oxides (Cr2O3 in the outer surface
and ZrO2 in the inner surface), n is an exponent, k is a rate
constant and t is the oxidation exposure time. Following this
treatment, the experimental results are plotted in Fig. 9a. The
value of n and k is evaluated and listed in Supplementary
Table 2. The value of the correlation coefficient (R2= 0.99297)
indicates that the experimental Zr oxidation results fit well with
the kinetics equation (Fig. 9b). The n value of ≈1/2 hints that the
Zr oxidation follows parabolic kinetics, indicative of a diffusion-

controlled mechanism. This is similar to previous reports40–42.
However, the rate constant (k= 146.9 μm h−0.52) is large, the
oxidation rate (or the growth of ZrO2 layer) of Zr is quite fast.
For Cr coating, a low R2 value (0.95336) means that the Eq. (8)
fits broadly with the experimental results. The n value of ≈0.14 is
lower than Brachet et al.’s43 and Yeom et al.’s34 reports. These
calculations indicate that the oxidation kinetics of Cr coating
does not follow a parabolic or quartic law perfectly. Then the
Cr2O3 oxidation growth at 1200 oC was further evaluated by
following the logarithmic kinetics:

d ¼ kln tð Þ þ A; (10)

where d is the thickness of Cr2O3, k is the rate constant, t is the
oxidation exposure time and A is a constant. Figure 9b shows a
comparison between experimental results and the kinetics
curve derived from Eq. (10). A greater R2 value of 0.96761
means Eq. (10) should be more applicable to present Cr2O3

growth. In this case, k and A for the Cr layer oxidized to Cr2O3 at
1200 oC are 1.3 μm ln(h)−1 and 9.37 μm, respectively. As
discussed above, the Cr coatings followed logarithmic kinetics
more likely at 1200 oC water steam environments in this work.
The results indicate that the growth of Cr2O3 should be
governed by a diffusion-limited growth mechanism, which is
the same as the growth of Zr layers. However, the rate constant
of Cr is much lower than that of Zr, the oxidation rate of the Cr
coating is therefore quite lower when in comparison with that
of the Zr.
Recall that the Cr and Zr could inter-diffused to form a Cr-Zr

layer. A growth model of this layer was proposed by referring to
Fick’s first law. The relationship between the thickness of Cr–Zr
layer and the exposure time could be given below:

d2 ¼ 2DCr�ZrΔXðXZr � XCr � ΔXÞ
ðXZr � XZr0 ÞðXCr0 � XCrÞ t (11)

where d is the Cr–Zr layer thickness, t is the exposure time, DCr-Zr

is the diffusion coefficient of Zr in this layer, XZr is the content of

Fig. 6 Microstructures and compositions at the interface of layers 5/6 in Fig. 4. a HAADF and d TEM images of the Cr2O3 and Cr, and
corresponding b EDS mappings and c EDS line scan, SEAD patterns of the e Cr2O3 and f Cr.
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Zr in the Zr layer (100 at.%), XCr is the content of Zr in the Cr
layer (0 at.%), XZr’ is the content of Zr in the interface of Zr and
Cr–Zr layers, which is the highest content of Zr in Cr–Zr layer,
XCr’ is the content of Zr in the interface of Cr and Cr–Zr, which is
the lowest content of Zr in Cr–Zr layer, ΔX= XZr’−XCr’. In the
present work, we use the data of Cr-coated Zr oxidized at
1200 oC for 2 h, where d and t are 3.6 μm and 2 h, respectively,
as shown in Table 1. XZr’ and XCr’ are 60 and 50 at.% according to
the EDS results. It should be emphasized that the values of XZr’
and XCr’ are not accurate and the content of O is ignored for
simplification. We just use these values to simply estimate the
growth law of the Cr–Zr layer. Taking DCr–Zr as ~6.6 μm

2 h−1, the
dependence of Cr–Zr layer thickness (d) on exposure time (t)
was quantitatively calculated, as shown in Fig. 9d to compare
with the experimental results. One can see that the experi-
mental results agree well with the growth curve. That means
that the relationship between the Cr–Zr layer thickness and the
exposure time, to a first approximation, follows a parabolic law,
which is consistent with the growth kinetics reported for Cr/Zr
diffusion couples by Xiang et al.45.
At this point, the oxidation process can be summarized as

follows. Firstly, the Cr reacted with H2O steam (Reaction 2) to

form Cr2O3, as shown in Fig. 4, and 5. The dense Cr2O3 layer acts
as an oxygen diffusion barrier that can greatly reduce the
oxidation rate in the high-temperature steam environment. At
the same time, Cr and Zr diffuse into each other, producing a
Cr–Zr diffusion layer, which strongly improve the bond between
the Cr coating and the Zr substrate. However, ZrCr2 is a
topologically close-packed Laves phase of the AB2 type

39, which
may be a brittle phase and be harmful to the ductility of the
coating/cladding system. Therefore, effect of Cr–Zr layer on
the mechanical properties of Cr-coated Zr claddings deserves to
be investigated in detail. Secondly, the thickness of both Cr2O3

and Cr–Zr layers increases and the thickness of unreacted Cr
decreases as increasing the oxidation time (Table 1, 1200 oC/
(0.5–2 h)). It can be concluded that Cr2O3 and Cr–Zr layers will
approach to each other. Thirdly, Zr in the diffusion layer will
reduce Cr2O3 to Cr and Zr itself will form ZrO2, as shown in
Fig. 4d (Table 1, 1200 oC/4 h). Similar reduced reaction process
has been reported by Han et al.19. They claimed that the Cr3+

ions were reduced into neutral Cr, aided by the electrons
transference from Zr. As the Cr is released from Cr2O3, active O2-

ions will diffuse and react with Zr2+, producing the ZrO2 layer.
Then the processes of electron transfer, ions diffusion and

Fig. 7 Microstructures and compositions at the interface of layers 6/7 in Fig. 4. a HAADF and d TEM images of ZrO2, ZrCrFeO, and Zr(Cr,Fe)2,
and corresponding b EDS mappings and c EDS line scan; SEAD patterns of e ZrO2, f ZrCrFeO, and g Zr(Cr,Fe)2.
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reduction reaction repeat. As a result, the thickness of Cr and
ZrO2 layers increases, while the Cr2O3 layers thins. Finally, when
the oxidation rate between Cr and H2O and the reduction rate
between Zr and Cr2O3 reach a balance, the thickness of Cr2O3

and Cr layers keep unchanged, while the thickness of ZrO2 layer
still increases. Therefore, the Cr layer in the four-layer samples is
the original and unreacted Cr and that in the five-layer samples
is a reduction product. The oxidation process of Cr-coated
claddings at 1300 oC has no obvious difference, which is not
described again.
In this work, using the PVD process, Cr coatings were

successfully deposited on zirconium alloy claddings with the
goal of enhancing accident tolerance in light water reactors
applications. Systematic studies on the oxidation behavior of Cr
coated samples under high-temperature steam environment
have been conducted. The results indicated that the Cr coatings
showed protective ability on the Zr claddings even in the steam
environments above 1200 oC. The oxidation kinetics was
discussed that the oxidation of Zr substrates followed a
parabolic kinetics at 1200 oC and the oxidation was greatly
accelerated. However, the oxidation of Cr coatings followed
logarithmic kinetics and the oxidation rate was much slower
than the Zr substrates at the same oxidation condition. The
oxidation process and underlying mechanism varied when
the oxidation time increased from 2 to 4 h at 1200 oC. As the
oxidation time increased from 0.5 to 2 h at 1200 oC, the Cr2O3

and Cr–Zr layers thickened and Cr layer thinned. However, as a
reduction reaction existed between Cr2O3 and Zr, the Cr2O3

layer decreased and Cr increased in thickness as the oxidation
time increased further to 4 h. At the same time, the Zr substrate
was oxidized and resulted in the formation of ZrO2. The layers
from outer to inner are Cr2O3, Cr, ZrO2, ZrCrFeO, Zr(Cr, Fe)2, Cr,
ZrO2 and Zr in turn. The Cr layer underwent a significant
variation with the oxidation process. The Cr layer in samples
oxidized at 1200 oC/(0.5–2 h) and 1300 oC/0.5 h kept unreacted.
While in the samples oxidized at 1200 oC/4 h and 1300 oC/1 h,
the Cr layer was a reduction product.

METHODS
Sample preparation
Cr coatings were deposited on the outer surface of Zr-1Nb alloy claddings
(~25 cm in length, 9.5mm in outer diameter, and 0.57mm in wall thickness)
by using magnetron sputtering (one kind of PVD). Firstly, the tubes were
ultrasonically cleaned in acetone and ethanol for 10min, respectively. The
claddings were mounted in the chamber of PVD device after drying.
The chamber was evacuated down to a base pressure of 3 × 10−5 Torr, and
then heated to 200 oC. Prior to depositing, the surface of Zr-1Nb alloy
claddings and the Cr targets was subjected to cleaning at 175W for 30min
and 450W for 15min, respectively. During the deposition process, the
pressure was increased with continuously flowing Ar and the claddings
were negatively biased at 70 V and rotated at a speed of 70 rmp.

Oxidation experiments
High-temperature steam oxidation tests for Cr-coated Zr tubes (1 cm in
length) were conducted at 1200 oC and 1300 oC for different exposure
times, respectively, by using a thermo-gravimetric analyzer (TGA,
SETARAM, France). The Cr-coated samples used for high-temperature
steam oxidation tests were cut from the longer tubes. A heating rate of
20 oC min-1 was applied from room temperature (RT) to the target
temperatures. The temperature was kept for the designed time and then
cooled to RT naturally after the oxidation test. Water vapor of 90% RH was
supplied into the chamber at the beginning of the temperature increased
and the water steam flux is 50ml min−1.

Characterization of microstructures and compositions
The phase constitution of samples before and after oxidation was
determined by X-ray diffraction analysis (XRD, EMPYREAN, PANalytical,
Netherlands). Microstructures and compositions of the samples were
examined by optical microscopy (OM, AX10, ZEISS, Germany), scanning
electron microscopy (SEM, Gemini 500, ZEISS, Germany) equipped with an
energy dispersion spectrometer (EDS, X-Max 80T, Oxford, UK) and
transmission electronic microscopy (TEM, JEM-2100F, JEOL, Japan),
respectively. Cross-sectional samples for OM and SEM analysis were
inlayed with epoxy resin, and then furnished and polished via abrasive
paper, diamond paste, and nanometer SiO2 suspension. Finally, the
samples were etched with an acid solution of 30HNO3+ 30H2SO4+ 10HF
+ 30H2O (vol. %) for OM analysis and deposited platinum (the thickness is
~5 nm) for SEM analysis, respectively. TEM specimens were prepared using
Focused Ion Beam (FIB, Helios 600i, FEI, USA).

Fig. 8 Microstructures and compositions at the interface of layers 7/8 in Fig. 4. a HAADF and d TEM image of Zr(Cr,Fe)2, Cr and ZrO2, and
corresponding b EDS mappings and c EDS line scan; SEAD patterns of e Cr and f ZrO2.
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