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After the Fukushima nuclear accident, the concept of accident-tolerant fuel (ATF) cladding coating was proposed
with the aim of increasing the rescue time in the case of an accident. Cr coatings are considered to be promising
ATFs cladding materials for loss-of-coolant-accident conditions. The oxidation behavior of a Cr coating is
dominated by the microstructure and defects formed during the deposition process. To endow the Cr coatings
with excellent oxidation resistance under a high-temperature steam environment, we deposited Cr coatings on
Zirlo substrates by high-impulse-power magnetron sputtering (HiPIMS), a technique that can optimize the
microstructure of the coating compared to the traditional arc ion plating (AIP) technique. The results revealed

that the HiPIMS-Cr coatings exhibited a better steam oxidation resistance, and their oxidation weight gains were
14.6% and 42.4% lower than those of AIP-Cr coatings at 1100 °C and 1200 °C, respectively.

1. Introduction

Due to their low thermal neutron absorption cross-section, superior
mechanical properties and good corrosion resistance under harsh irra-
diation conditions, zirconium alloys such as Zircaloy-4 [1-3] and Zirlo
[4] have been extensively used as fuel cladding materials in light water
reactors (LWRs) to separate the core fuels and cooling water during
high-temperature operation. However, once the reaction between zir-
conium and steam is triggered at high temperatures, the release of a
large amount of hydrogen gas leads to severe damage from
loss-of-coolant accidents (LOCA), such as the Fukushima nuclear acci-
dent. Alternatively, surface protective coatings are considered as one of
the most promising strategies with higher reliable as well as lower cost
to improve the safety of accident tolerant fuels (ATFs), which can sup-
press the vital reaction between steam and zirconium and subsequently
delay or even avoid LOCA disasters.

In recent years, considerable efforts have been exerted to prepare
ATF cladding coatings with controllable properties, including SiC coat-
ings [5], Cr coatings [2,3,6] FeCrAl coatings [1,7], and MAX phase
coatings [8,9]. Among these coatings, both FeCrAl and SiC coatings
display excellent oxidation resistance at high temperatures, but the

former suffers from strong performance deterioration arising from the
interfacial diffusion of Fe and Zr atoms [1], while the latter is prone to
become worn out due to the extreme brittleness of ceramics. MAX
phases [10-13] are known as a novel family of nano-laminated ternary
carbides or nitrides with hexagonal crystal structures, where M repre-
sents an early metal element, A represents an A-group element mainly
from the IIIA and IVA groups, and X is either carbon or nitrogen. This
unique structure endows the MAX phase coatings with the combined
physicochemical advantages of metals and ceramics for
high-temperature and neutron activation. However, fabrication of a
MAX phase coating with high purity and low deposition temperature is
still an open challenge due to the composition complexities and narrow
phase-formation limitations [14]. Compared to other coatings, Cr
coatings deposited by laser beam, spraying, or physical vapor deposition
(PVD) methods exhibit superior protective performance under both
normal and accident conditions in reactors [1,2,6]. In addition, Cr
coatings prepared by PVD technique possess much denser structure,
which is vital for its ability to protect zirconium substrate from corrosion
against high-temperature steam, compared to those synthesized by laser
beam and spraying techniques.

In the development of vacuum-deposited Cr technology for ATFs, the
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optimization of the PVD method based on the plasma charge theory is
mainly assigned to direct current magnetron sputtering (dc-MS), arc ion
plating (AIP), and high-impulse-power magnetron sputtering (HiPIMS).
Han et al. found that the Cr coating deposited by dc-MS exhibited
excellent oxidation resistance under a steam environment when
oxidized at 1000-1200 °C due to the formation of a dense and adherent
Cry03 layer on the coating surface [3]. Nevertheless, the Cr coating
obtained by dc-MS deposition has been reported to exhibit poor pro-
tective characteristics due to the presence of a large columnar crystal
structure in the coating [2]. Compared to the traditional dc-MS, the AIP
method based on vacuum arc evaporation shows an increased metal
ionization rate during plasma discharge that can favor dense and uni-
form Cr coatings that strongly adhere to the zirconium alloy substrate.
However, the AIP technique has the drawback of the synergistic depo-
sition of macro-particles and the formation of micro-pinholes in the
coating that stimulate the penetration of corrosive media and the
deterioration of protective functions. Another alternative to the PVD
method is the recently developed HiPIMS. HiPIMS shows the combined
advantages of a higher ionization fraction of metal atoms than that of
dc-MS and a smoother dense structure without macroparticles in the
coating compared to that of AIP [15,16]. Therefore, it can be expected
that the novel HiPIMS [17-19] approach endows the Cr coating with
sufficient capability for use as a protective layer in technological LOCA
applications. The dependence of HiPIMS process upon oxidation
behavior of Cr coating is far lack of study for nuclear fuel cladding
Zirconium alloys, although much attention has been devoted onto the
progress of electrochemical and decorative hard coatings.

The Cr coatings deposited by PVD method usually exhibit significant
columnar crystal structure. In addition, the refined columnar crystals are
more beneficial to form a compact oxide scale, which can effectively
hinder the penetration of external corrosive medium. In this study, two
differently structured Cr coatings were prepared. One is a fine-grained
HiPIMS-Cr and the other is a coarse-grained AIP-Cr. The steam oxida-
tion resistance of the coatings at the temperatures ranging from 1100 to
1200 °C was investigated for comparison. Furthermore, the failure
mechanism of the two Cr coatings was discussed based on the differ-
ences in microstructural morphologies, crystalline phase orientation and
oxidation behaviors.

2. Experimental procedure

Zirlo alloys with dimensions of 15 mm x 10 mm x 2 mm were used
as the substrates. The weight percentages of the major alloying elements
were Sn, 1.0%; Nb, 1.0%; Fe, 0.1%; and balance Zr. Prior to deposition,
the substrates were first polished to 3000-grit using silicon carbon paper
and then were ultrasonically cleaned in acetone and ethanol for 15 min
each. For comparison, Cr coatings were deposited on Zirlo substrates
with homemade HiPIMS and AIP systems (Fig. 1). Detailed descriptions
of the two devices can be found in our previous works [15,20].

During the deposition process, the substrates were hung on the
rotated jig plate facing the magnetron sputtering target and the AIP
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target to enhance the coating uniformity. The chamber was pumped
down to a base pressure lower than 2.8 x 107> Torr and heated to
200 °C. Argon gas was introduced to a linear ion beam source, where
Ar" ion precleaning was generated at a bias of —600 V to remove the
contamination or oxides adherent to the substrate surface. During all
depositions, a DC-pulsed negative bias of —80 V was applied to the
substrate for the HiPIMS and AIP processes. The deposit time was
controlled to obtain similar coating thicknesses for each deposition
method. The parameters used for the deposition with the two techniques
are listed in Table 1.

For the Cr coatings deposited by the two different methods, high-
temperature steam oxidation tests were conducted in a thermogravi-
metric analyzer (TGA, SETARAM SETSYS, France). In particular, the
coated samples were exposed to water vapor at 50% relative humidity
(RH) at 1100 °C and 1200 °C for different times. During the measure-
ments, the samples were heated from 40 °C to the designated temper-
atures at a rate of 50 °C/min. High-temperature steam was supplied to
the oxidation chamber during the heating procedure. The cross-section
and surface morphology of the specimens were characterized using a
scanning electron microscope (SEM, FEI Quanta FEG 250) equipped
with an energy dispersive X-ray spectrometer (EDS, Oxford X-Max). An
electron backscattered diffraction (EBSD) test was performed using an
SEM (Verios G4 UC) in order to investigate the microstructure evolution.
The crystal structures of the specimens were analyzed by X-ray diffrac-
tion (XRD) using a Bruker D8 Advance diffractometer (Bruker, Ger-
many) with Cu K, radiation. In addition, the cross-sectional EBSD and
SEM samples were grinded with SiC grinding papers down to 3000 grit,
then followed by Ar-ion milling and mechanical polishing, respectively.
The steam oxidized cross-section samples were etched for 10 s in 1.0%
HF+1.5% HCI +2.5% HNO3+95% H30 mixed acid and observed by
SEM.

3. Results and discussion
3.1. Structure and composition of coating

Fig. 2 shows the difference in the surface morphology of the Cr
coatings prepared by HiPIMS and AIP. It is clearly observed that the
surface morphology of the coatings varies significantly due to the
different preparation methods. As shown in Fig. 2(a) and (c), the
HiPIMS-Cr coating exhibited a compact structure and smooth surface
free of macroparticles. This surface morphology can be attributed to the
high metal ionization of Cr atoms and plasma density during deposition
that are almost two or three orders of magnitude higher than those of the
traditional dc-MS techniques [16,21]. In addition, a relatively dense
microstructure was still observed on the surface of the AIP-Cr coating
(Fig. 2(b) and (d)). This was because the AIP technique also exhibits a
high metal ionization rate. However, noted that different from the
smooth surface of HiPIMS-Cr coating, many large macro-particles
emerged on the surface of AIP-Cr coating because of the arc spot evap-
oration, where the liquid droplets from Cr target were always ejected
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Fig. 1. Schematics of (a) HiPIMS-Cr and (b) AIP-Cr coating deposition systems.
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Table 1
Deposition parameters of the HiPIMS-Cr and AIP-Cr coatings.
Method Time (min) Ar flow (sccm) Pressure (mTorr) Bias voltage (-V) Power supply
Power (kW) Current (A) Voltage (V) Pulse width (ps) Duty ratio
Etching 15 40 2.5 600 - - - — _
HiPIMS 500 50 1.8 80 3.0 4.0 760 100 5%
AIP 900 50 1.8 80 1.2 70 17 - 100%

Macro-pasticles

Fig. 2. Surface SEM images of the Cr coatings. (a) and (b) show the images for the HiPIMS-Cr and AIP-Cr coatings, respectively. (c) and (d) show the corresponding

images at high magnification.

during plasma discharge of AIP process.

Fig. 3 shows the cross-section morphology and corresponding EBSD
patterns of the Cr coatings deposited by different techniques. Although
the deposition power was controlled in various processes, Fig. 3(a) and
(b) illustrate that the thickness of the HiPIMS-Cr and AIP-Cr coatings
were 12.14 pm and 11.22 pm, respectively. This slight difference in the
thickness was attributed to the different deposition rates. Because the
crystallography details cannot be obtained from the SEM morphology
observation, the EBSD test was performed to reveal the grain charac-
teristics for different Cr coatings. As shown in Fig. 3(c) and (d), the
HiPIMS-Cr coating exhibited refined dense and uniform columnar
crystals, with the mean columnar size much smaller than that of the AIP-
Cr coating. In particular, very coarse columnar crystals with a maximum
columnar diameter of 1.68 ym were observed for the AIP-Cr coating.
Indeed, both HiPIMS and AIP had a similar high mental ionization,
useful to the enhanced compactness in the coating structure. It should
note that HiPIMS technique with a high plasma density and a relative
low ion energy can promote grain refinement, while the AIP technique
had a high plasma density and high ion energy [22]. In addition, these
results were consistent with the structural variety of the HiPIMS-Cr and
AIP-Cr coatings shown in Fig. 2(c) and (d).

Fig. 4 shows the XRD patterns of the Cr coatings prepared by the
HiPIMS and AIP techniques. Both the XRD spectra of the as-deposited
HiPIMS-Cr and AIP-Cr coatings were mainly composed of three peaks

located at 44°, 64° and 82°, corresponding to the diffraction signals of
the (110), (200) and (211) orientations, respectively. Moreover, the two
coatings showed different crystallographic orientation. The (110)-
preferred orientation was assigned to HiPIMS-Cr coating, while the
(200)-preferred orientation was assigned to AIP-Cr coating. To quanti-
tatively identify the preferred orientation of Cr coatings, the texture
coefficients of the as-deposited coatings at various crystal planes were
calculated using the following formulas [23]:

1(hkl)/To (hkl)
(1/n) 3211 (ki) /1o (hkT)]

where n is the number of diffraction peaks and Iy and I are the intensity
of the diffraction peak in the standard PDF card of the crystal plane and
the actual intensity of the diffraction peak of the crystal plane,
respectively.

Table 2 lists the calculation results of the specific texture coefficients
of the two Cr coatings. Generally, larger values of the texture coefficients
correspond to the strongly preferred phase orientation in the crystal.
According to the coating growth mechanism during PVD deposition, the
close-packed (110) orientation generally has the lowest surface energy
compared to the (200) and (211) textures. However, interestingly, it was
found that the HiPIMS-Cr coating exhibited (110)-preferred orientation
and the AIP-Cr coating exhibited (200)-preferred orientation, and a

TC= (@)
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11.22 ym

Fig. 3. Cross-section SEM images of Cr coatings. (a) and (b) show the images for the HiPIMS-Cr and AIP-Cr coatings, respectively. (¢) and (d) are the corresponding

EBSD Euler images.
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Fig. 4. X-ray diffraction patterns of HiPIMS-Cr and AIP-Cr coatings.

Table 2
Texture coefficients of the HiPIMS-Cr and AIP-Cr coatings.

Preparation method (110) texture (200) texture (211) texture

HiPIMS 2.443 0.415 0.142
AIP 0.035 2.950 0.015

higher texture coefficient for the (110) crystal plane was observed for
the HiPIMS-Cr coating at 2.443 than that of the AIP-Cr coating at 0.035.
In contrast to dc-MS and HiPIMS, the AIP technique exhibited higher
plasma energy, enhancing the diffusion capacity of the absorbed atoms
along the surface, and subsequently led to the formation of an intense

(200)-preferred orientation. Compared to AIP, the HiPIMS technique has
a relatively lower plasma energy, enhancing the possibility of forming a
(110) orientation during the nucleation process. Meng et al. [24] re-
ported that Cr coatings with a strong (110) texture exhibit a better steam
oxidation resistance at high temperatures than those with a strong (200)
texture. Hence, it is expected that HiPIMS-Cr coating perform better in
high-temperature steam environment.

3.2. Oxidation at 1100-1200 °C

Fig. 5 shows the surface SEM images of the HiPIMS-Cr and AIP-Cr
coatings oxidized at 1100 °C for 90 min. After oxidation, white floc-
like oxides appeared on the surface of the two Cr coatings. When EDS
was used to analyze their chemical element composition, it was found
that the white flocs were enriched in O (see Table 3). Yeom et al. [25]
reported that the growth of the white flocs was driven by the rapid
diffusion of Cr cations across their own metal oxide layer through
short-circuit paths. In particular, a large number of white flocs were
distributed on the surface of the AIP-Cr coating and the amount of these
oxides in the AIP-Cr coating was significantly higher than that in the
HiPIMS-Cr coating. The number of white flocs was related to the grain
size and the number of defects in the Cr coatings. The oxides of Cr
coatings with coarser grain size easily spalled off during cooling. In
addition, the macro-particles destroyed the integrity of the coatings. As
a result, a large number of white flocs formed in the site of
macro-particles with the oxidation process.

Fig. 6 displays the cross-sectional morphologies of the bare Zirlo
substrate and the HiPIMS-Cr and AIP-Cr coatings after oxidation at
1100 °C for 90 min. As shown in Fig. 6(a), a ZrO, oxide scale with a
thickness of 94.6 pm was clearly formed on the surface of the bare Zirlo
substrate, where many defects appeared due to the occurrence of
“breakaway” oxidation phenomena [26]. However, the Cr coatings
prepared by both the AIP and HiPIMS technologies demonstrated
excellent protective properties after the steam test for the Zirlo sub-
strate. As shown in Fig. 6(b) and (c), even though different oxidation
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Fig. 5. Surface SEM images of the Cr coatings oxidized at 1100 °C for 90 min. (a) and (b) show the images for the HiPIMS-Cr and AIP-Cr coatings, respectively. (c)

and (d) show the corresponding images at high magnification.

Table 3
Chemical compositions of the EDS point analysis in Fig. 5.

At.% HiPIMS-Cr AIP-Cr

1 2 3 4 5 6 7 8
Cr 35.94 36.11 39.37 40.01 35.66 34.85 40.02 40.98
(0] 64.06 63.89 60.63 59.99 64.34 65.15 59.98 59.02

Substrate

100 150 200
Distance (pm)

damage of the coatings occurred during harsh steam test, the thicknesses
of the residual Cr coatings deposited by HiPIMS and AIP were still
approximately 7.5 pm and 5.2 pm, respectively. As for the two Cr
coatings with BCC lattices, the close-packed (110) orientation had the
highest reticular density compared to the (200) and (211) textures. So,
the HiPIMS-Cr coating with intense (110) texture can hinder the
permeation of outside oxygen more efficiently and protect the substrate
much better. Moreover, the HiPIMS-Cr coating exhibited fewer oxide/-
metal interface voids compared with AIP-Cr coating after oxidation. This
was because numerous GBs (grain boundaries) in the HiPIMS-Cr coating
annihilated the cation vacancies from the oxide scale and the

“HiPIMS [Q

. T

Fig. 6. Cross-section SEM images of the bare Zirlo substrate (a) and the Cr-coated Zirlo substrates (b, c) oxidized at 1100 °C for 90 min with the corresponding EDS

results. (d-f) Show the corresponding cross-section images after chemical corrosion.
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“Kirkendall” vacancies from the residual metal layer during oxidation
[27,28]. In addition, a Zr,Cry transition layer was formed owing to the
diffusion of element at the interface of prepared Cr coatings and Zirlo
substrates.

In fact, the steam will react with B-Zr to form a superficial layer of
ZrO, oxide scale and an intermediate layer of oxygen-stabilized a-Zr(O)
at high temperatures [29]. For further evaluated the oxygen permeation
resistance of substrate and the two Cr coatings, corresponding
cross-section SEM was also performed after high-temperature oxidation
and chemical corrosion, as shown in Fig. 6(d-f). The a-Zr(O) layer
thicknesses of bare Zirlo substrate and AIP-Cr coating were 110.8 pm
and 2.3 pm, respectively, while the HiPIMS-Cr coating did not show
obvious a-Zr(0) layer. Considering that the as-deposited thickness was
12.14 pm and 11.22 pm for the HiPIMS-Cr and AIP-Cr coatings before
the steam test, respectively, the HiPIMS-Cr coating showed a better
oxidation resistance than the AIP-Cr coating under the high-temperature
steam environment.

Although the oxidation behavior of the coatings could be identified
to some extent by the microstructure of the coatings after oxidation, it
was difficult to visually reflect the oxidation process of the coatings. To
further compare the steam oxidation resistance of the HiPIMS-Cr and
AIP-Cr coatings at high temperatures, we obtained the oxidation kinetics
curves of the bare Zirlo substrate and the HiPIMS-Cr and AIP-Cr coatings
at 1100 °C for 90 min, as shown in Fig. 7. As shown in Fig. 7(a), the Zirlo
substrate exhibited a high oxidation rate, and the oxidation weight gain
of the Zirlo substrate was significantly larger than those of the HiPIMS-
Cr and AIP-Cr coatings. Fig. 7(b) shows the relationship between the
square of the oxidation weight gain (AW?) of the Zirlo substrate and the
oxidation time. The AW? of the Zirlo substrate showed a linear
dependence on the oxidation time, indicating that its oxidation kinetics
obeyed a parabolic law [30], and the rate-determining step was
diffusion-controlled. However, the oxidation weight gains of the two Cr
coatings after oxidation were small. As shown in Fig. 7(c), the oxidation

(a)
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process can be divided into two stages. Stage I was the heating process
and stage II was the oxidation process at 1100 °C for 90 min. In addition,
the HiPIMS-Cr and AIP-Cr coatings also presented a parabolic oxidation
law, with the parabolic rate constants of 6.87 x 10® gZ/cm*emin and
9.12 x 107° g?/cm*emin, respectively. Therefore, based on the oxida-
tion kinetics results, the HiPIMS-Cr coating exhibited a better steam
oxidation resistance than the AIP-Cr coating at 1100 °C.

Considering the excellent oxidation resistance of Cr coatings under a
high-temperature steam environment, the anti-oxidation behaviors of
the HiPIMS-Cr and AIP-Cr coatings after steam oxidation at 1200 °C for
90 min were further compared and evaluated. As the oxidation tem-
perature was increased to 1200 °C, some white flocs still appeared on the
surfaces of the HiPIMS-Cr and AIP-Cr coatings. However, the surface of
HiPIMS-Cr and AIP-Cr coatings exhibited extremely different structure
after oxidation at 1200 °C. As shown in Fig. 8(d), clear microcracks were
observed on the surface of the AIP-Cr coating, and the formed oxides
exhibited a loose structure. In addition, a large number of bubbles were
distributed on the surface of HiPIMS-Cr coating, as shown in Fig. 8(a)
and (c), and these bubbles were connected in a network. Wei et al. [31]
reported that the evaporation of gaseous CrO3 may have resulted in
forming bubbles. The number of microcracks and bubbles may be
related to the grain size and the number of defects in the Cr coatings.
Compared to the AIP-Cr coating, the HiPIMS-Cr coating exhibited dense
and smooth surface with refined columnar crystals, which was in favor
of the formation of compact oxide scale under a high-temperature steam
environment, and therefore hindered the initiation of microcracks. The
results showed that the HiPIMS-Cr coating still had relatively excellent
oxidation resistance under a 1200 °C steam environment, even though a
coarse network of bubbles appeared on its surface.

Fig. 9 shows the difference in the cross-sectional morphology for the
Cr coatings prepared by HiPIMS and AIP after oxidation at 1200 °C for
90 min. Compared to oxidation at 1100 °C, the oxide scale thicknesses of
the HiPIMS-Cr and AIP-Cr coatings decreased at different degrees after
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Fig. 7. Oxidation kinetics curves of the Zirlo substrate and two kinds of Cr coatings in 1100 °C steam environment. (a) Shows the change in the oxidation weight gain
with oxidation time. (b) and (c) show the changes of the square of the oxidation weight gain with oxidation time.
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Fig. 8. Surface SEM images of the Cr coatings oxidized at 1200 °C for 90 min. (a) and (b) show the images for the HiPIMS-Cr and AIP-Cr coating, respectively. (c) and

(d) show the corresponding images at high magnification.

At. %
100

Substrate &)

Fig. 9. Cross-section SEM images of the bare Zirlo substrate (a) and the Cr-coated Zirlo substrates (b, c) oxidized at 1200 °C for 90 min with the corresponding EDS
results. (d-f) Show the corresponding cross-section images after chemical corrosion.

oxidation at 1200 °C. One important reason for this was that the Cry03
was reduced by the Zirlo substrate when the thickness of Cry03 reached
its maximum [19]. Another key factor was the difference of oxide scale
structure generated by the grain size and macroparticles. For the AIP-Cr
coatings oxidized at 1200 °C for 90 min, as shown in Fig. 9(c) and (f), the
relatively loose oxide scale could not effectively prevent the permeation
of outside oxygen. As a result, the residual AIP-Cr coating was consumed
rapidly, followed by a reduced metallic Cr layer and a ZrO, layer
generated below the Cry03 oxide scale. On the contrary, a compact oxide
scale formed on the surface of HiPIMS-Cr coating, which played a role in

hindering oxygen diffusion and postponing the chemical reaction be-
tween Zirlo substrate and CryOs. These results further proved that the
HiPIMS-Cr coating exhibited more excellent steam oxidation resistance
than the AIP-Cr coating at high temperatures.

Fig. 10 shows the oxidation kinetics curves of the bare Zirlo substrate
and the HiPIMS-Cr and AIP-Cr coatings at 1200 °C for 90 min. Compared
to oxidation at 1100 °C, the oxidation kinetics curve of the bare Zirlo
substrate (Fig. 10(b)) still obeyed a parabolic law, with the parabolic
rate constant increased from 7.69 x 10~* g2/cm*emin to 3.63 x 1073
g%/cm*emin. However, the oxidation Kinetics curve of the HiPIMS-Cr
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Fig. 10. Oxidation kinetics curves of the Zirlo substrate and two kinds of Cr coatings in 1200 °C steam environment. (a) Shows the change in the oxidation weight
gain with oxidation time. (b) and (c) show the changes of the square of the oxidation weight gain with oxidation time.

and AIP-Cr coatings (Fig. 10(c)) did not obey the parabolic law in
1200 °C steam environment. Yeom [25] pointed out that this phenom-
enon was attributed in part to the volatilization of Cr species at the
higher temperature. Combined with the structure analysis of oxide scale,
it can be concluded that the volatilization of Cr species was reduced in
the HiPIMS-Cr coating. In addition, compared with the Zirlo substrate,
the oxidation weight gain of the HiPIMS-Cr and AIP-Cr coatings were
decreased 89.8% and 82.3%, respectively. Therefore, the HiPIMS-Cr
coating was provided with excellent high-temperature oxidation resis-
tance and can improve the safety of ATF zirconium cladding signifi-
cantly to reduce its rate of oxidation weight gain greatly.

4. Conclusions

In this study, we fabricated Cr coatings on Zirlo substrates using two
different techniques, HiPIMS and AIP. The steam oxidation resistance of
the coatings was comparatively studied in the temperature range of
1100-1200 °C. Compared to the AIP-Cr coating, the HiPIMS-Cr coating
exhibited a better steam oxidation resistance at high temperatures,
which could be attributed to the difference in microstructure and defects
formed during deposition. Due to the coarse columnar crystal structure
with macroparticles on the surface, the AIP-Cr coating exhibited loose
oxide scale and relatively poor steam oxidation resistance. On the con-
trary, because of the dense and smooth surface with refined columnar
crystals, a compact oxide scale was formed on the surface of HiPIMS-Cr
coating, which played an important role in hindering the permeation of
outside oxygen and the corrosion of Zirlo substrate. Besides, the HiPIMS-
Cr coating exhibited a relatively higher (110) texture intensity than the
AIP-Cr coating. This may be another important reason for the better
steam oxidation resistance of the HiPIMS-Cr coating at high tempera-
tures. This work provides reference information and guidance for the
preparation of Cr coatings on the surfaces of nuclear cladding tubes in
the future.
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