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a b s t r a c t 

In this work, MAO/Cr bilayer coatings were deposited on Zr alloys by combining micro-arc oxidation 

(MAO) and high-impulse-power magnetron sputtering (HiPIMS) techniques. The coating exhibited out- 

standing resistance to electrochemical and high-temperature steam corrosion. As the surface defects of 

the MAO interlayer increased the nucleation sites of Cr grains, it refined the grain size of the Cr top layer, 

which could promote the growth of passive film in lithium borate aqueous solution and enhance its cor- 

rosion resistance. Moreover, under the simulated loss-of-coolant accident (LOCA) scenario, the MAO/Cr bi- 

layer coating exhibited a weight gain roughly 34.9 % lower than the Cr coating after oxidation for 90 min. 

This was primarily due to the MAO interlayer inhibiting interdiffusion at the coating-substrate interface 

and reducing the rapid diffusion paths for oxygen in the residual Cr coating during oxidation. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Zr alloy has advantages such as high mechanic strength [ 1 ], 

ood thermal conductivity [ 2 , 3 ], and low thermal neutron absorp- 

ion cross-section [ 4 , 5 ], making it widely used as a nuclear fuel

ladding material. However, in the event of a loss-of-coolant ac- 

ident (LOCA) in pressurized-water reactors (PWRs), the Zr-H2 O 

eaction becomes exacerbated, generating a significant amount of 

ydrogen and substantially increasing the risk of a “hydrogen ex- 

losion” [ 5 , 6 ]. After the Fukushima nuclear disaster, considerable 

ttention has been directed towards accident-tolerant fuel (ATF) 

oatings [ 4 , 7 ], which have the potential to decelerate or even pre-

ent the Zr-H2 O reaction. One of the most promising coating so- 

utions within the ATF program is the metal Cr coating [ 5 , 8 , 9 ]. Cr

s also oxidized in air or solution to form Cr2 O3 passivation film. 

r2 O3 has excellent oxidation resistance, which is the reason to 

hoose Cr as coating material against high-temperature water and 

team. In addition, the metal Cr coating not only offers protection 
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gainst high-temperature steam oxidation and chemical solution 

orrosion but also maintains the traditional fuel system. 

However, despite its potential benefits, the practical application 

f Cr coating is hindered by several issues. For instance, under 

ithium borate solution conditions, there exists a significant poten- 

ial difference between Zr and Cr ( �E = 0.809 V) [ 10 ]. The wear

nd tear of fuel rods and spacer grids can lead to cladding damage, 

xposing the coating-substrate interface to lithium borate solution 

 11 , 12 ], and causing galvanic corrosion with a large cathode and 

mall anode, resulting in low corrosion resistance. Moreover, there 

s a serious issue of element interdiffusion within the Cr-coated Zr 

lloy cladding under a LOCA condition. On the one hand, the inter- 

iffusion of elements between the Cr coating and Zr substrate re- 

ults in the formation of a brittle Cr-Zr layer [ 13 , 14 ], which reduces

he toughness of the coating-substrate system. On the other hand, 

t high temperatures, substrate elements diffuse into Cr coating 

rain boundaries, reacting with oxygen to form ZrO2 , creating rapid 

xygen diffusion paths [ 15 ] and damaging the protective Cr coat- 

ng. To address these issues, it is crucial to insert an appropriate 

nsulation diffusion barrier between the Zr alloy cladding and the 

r coating. 

Micro-arc oxidation (MAO) is a surface modification technol- 

gy employing high-voltage discharges in an electrolyte solution to 
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Fig. 1. Schematics of micro-arc oxidation (MAO) and high-impulse-power mag- 

netron sputtering (HiPIMS) deposition systems. 
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orm ceramic oxide coatings on metal surfaces [ 16–18 ]. In recent 

ears, the MAO-coated Zr alloy was reported excellent corrosion 

esistance in a lithium borate solution and significantly improved 

team oxidation resistance at temperatures below 10 0 0 °C com- 

ared to the bare Zr alloy [ 19 , 20 ]. However, the MAO coating tends

o fail at temperatures exceeding 1100 °C in steam environments. 

evertheless, the in-situ formed MAO coating exhibits a strong 

etallurgical bond [ 21 ] with the substrate, making it more suitable 

s an insulation diffusion barrier compared to CrN [ 22 ], TiC [ 23 ],

nd other insulation layers. Therefore, the application of MAO/Cr 

ilayer coating might be a promising approach to enhance the 

lectrochemical corrosion resistance and high-temperature steam 

xidation resistance of Zr alloy. In our previous works [ 24 , 25 ],

e optimized the deposition parameters for both the MAO inter- 

ayer and Cr coating and preliminarily explored the steam oxi- 

ation resistance of the MAO/Cr-coated Zr alloy at 900 °C. A re- 

ent report by Xue et al. [ 26 ] also emphasized the MAO inter-

ayer’s role in inhibiting elemental interdiffusion between the Cr 

oating and Zr alloy, enhancing the steam oxidation resistance at 

0 0−110 0 °C. Notably, during a LOCA event, the temperature of the 

ladding can rapidly reach 1200 °C or higher. However, the steam 

xidation resistance of MAO/Cr-coated Zr alloy at higher temper- 

tures ( > 1100 °C) remains unclear. In addition, there is a lack of 

uantitative research on the electrochemical corrosion resistance 

f MAO/Cr-coated Zr alloy in lithium borate solution conditions. 

In this paper, the MAO/Cr bilayer coating was fabricated on Zr 

lloy by a combination of micro-arc oxidation (MAO) and high- 

mpulse-power magnetron sputtering (HiPIMS) surface treatments. 

he resistance to electrochemical corrosion and high-temperature 

team oxidation of MAO/Cr-coated Zr alloys were characterized in a 

ithium borate solution and a 1200 °C steam environment, respec- 

ively. Furthermore, the influence mechanism of the MAO inter- 

ayer on the electrochemical corrosion and high-temperature steam 

xidation behavior of MAO/Cr-coated Zr alloy was analyzed. 

. Experimental 

.1. Coating deposition 

The cladding substrates utilized in this study were ZIRLO 

lloy plates [ 25 , 27 ], with dimensions measuring 15 mm 

length) × 10 mm (width) × 2 mm (thickness). These substrates 

ere initially polished up to #30 0 0 grit with SiC sandpaper, 

ollowed by a 15-min ultrasonic cleaning in acetone, and then 

ried for further utilization. 

The ZrO2 MAO coating on the Zr substrate was prepared by a 

elf-developed micro-arc oxidation (MAO) system, as shown in step 

 ( Fig. 1 ), with the following parameters: 450 V voltage, 600 Hz 

requency, and 15 % duty cycle for 3 min. Furthermore, the elec- 

rolyte, composed of 10 g/L Na2 SiO3 and 2 g/L NaOH, was main- 

ained at a constant temperature of around 30 °C during the MAO 

rocess. 

The Cr coating was deposited on both bare and MAO- 

oated Zr substrates using a homemade high-impulse-power mag- 

etron sputtering (HiPIMS) system, as shown in step 2 ( Fig. 1 ). 

he vacuum chamber was evacuated to a base pressure below 
Table 1 

Deposition parameters of the Cr coatings. 

Method Time (min) 

Ar flow 

(sccm) 

Pressure 

(mTorr) 

Bias voltage 

(V) 

P

P

Etching 15 40 2.5 −300 –

HiPIMS 420 50 1.8 −80 3

274
.8 × 10−5 Torr and then heated to 200 °C before deposition. Sub- 

equently, the substrates underwent argon plasma etching to re- 

ove the adsorbed surface contaminants. During sputtering depo- 

ition, the substrates were hung on a rotating sample holder facing 

 high-purity Cr target (99.999 %) to improve the coating unifor- 

ity. Meanwhile, a DC-pulsed negative bias of −80 V was applied 

o enhance the bond strength between the coating and the sub- 

trate. The specific deposition parameters are listed in Table 1 . 

.2. Electrochemical measurements and assessment of steam 

xidation properties 

The electrochemical tests (ASTM G59−97) were conducted us- 

ng an electrochemical workstation (ModuLab XM ECS) in a solu- 

ion containing 1200 mg/L H3 BO3 and 2 mg/L LiOH. Before elec- 

rochemical testing, the coated samples needed to be encapsu- 

ated with epoxy resin. Specifically, the sample was placed in a 

old, with copper leads accessed from the backside and secured 

ith copper tape. Finally, the well-mixed epoxy resin and hard- 

ner were poured into the mold to seal the sides and back. Af- 

er the resin had completely hardened, the sample was taken out 

or electrochemical corrosion testing. During the measurement, a 

hree-electrode electrochemical system was employed. Specifically, 

he coated sample was designated as the working electrode, a plat- 

num plate served as the counter electrode, and an Ag/AgCl elec- 

rode was used as the reference electrode. To achieve a stable open 

ircuit potential (OCP) for the samples, we monitored the OCP con- 

inuously for two hours after immersing the samples in the elec- 

rolytic solution. The electrochemical impedance spectroscopy (EIS) 

as performed using a 10 mV amplitude at a frequency range 

f 105 −10−2 Hz. The potentiodynamic polarization (PDP) test was 

onducted by starting at −0.5 V (vs. OCP) and increasing to + 1 V 

vs. OCP) at a scan rate of 1 mV/s. In addition, in order to gain in-

ight into the long-term electrochemical corrosion behavior of the 

amples in lithium borate solution, a long-term immersion of 7 
ower supply 

ower (kW) Current (A) Voltage (V) 

Pulse width 

( μs) Duty ratio 

– – – –

.0 4.0 760 100 5 % 
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ays was carried out, and the performance changes were charac- 

erized in situ. 

The high-temperature steam oxidation tests were conducted on 

are, Cr, and MAO/Cr coatings by a commercial thermogravimetric 

nalyzer (TGA, SETARAM SETSYS, France). In particular, the sam- 

les were initially placed in the furnace with a continuous flow of 

igh-purity argon to remove any remaining air. Afterward, the fur- 

ace temperature was rapidly increased from room temperature to 

200 °C at a rate of 15 °C/min and then held at 1200 °C for 30

nd 90 min, respectively. Notably, steam was introduced into the 

urnace at 1200 °C, and maintained the relative humidity (RH) at 

0 % for equipment safety during oxidation. 

.3. Characterizations 

The crystal structures of the samples before and after steam 

xidation were analyzed by X-ray diffraction (XRD, Bruker D8 

dvance, Germany), employing Cu Kα radiation ( λ = 0.154 nm) 

nd a 0.02 ° step in the conventional θ−2 θ configuration. Their 

orphologies and elemental compositions were characterized us- 

ng a scanning electron microscope (SEM, Verios G4 UC, USA) 

ith energy-dispersive X-ray spectrometry (EDS). The phase com- 

onents were determined through electron backscatter diffrac- 

ion (EBSD), which was equipped with the SEM system. Before 

BSD characterization, all cross-sectional samples underwent Ar- 

on milling. Additionally, the polished oxidized samples were im- 

ersed in a mixed acid corrosion solution (1.0 % HF + 1.5 % HCl 

 2.5 % HNO3 + 95 % H2 O) for 5–10 s, and their metallographic or-

anization was examined using an optical microscope (OM, NMM- 

00RF, China). The adhesion strength of the MAO/Cr coating and 

he Cr coating was evaluated by the Revetest scratch test system 

CSM). The applied load increased linearly from 0 N to 50 N as the 

cratch distance extended from 0 mm to 5 mm. 

. Results and discussion 

.1. Structure and composition of coating 

Fig. 2 shows the difference in the cross-sectional morphology of 

he Cr coating and MAO/Cr coating. As shown in Fig. 2 (a) and (c),

he single Cr coating exhibits a uniform and dense columnar mi- 

rostructure, which can be attributed to the high plasma density 

nd low plasma energy of the HiPIMS discharge with a Cr target 

 28 , 29 ]. In contrast, the MAO/Cr bilayer coating consisting of the 

op Cr layer (exhibiting a compact columnar microstructure) and 

he MAO interlayer (porous and containing microcracks) shows rel- 

tively poor uniformity ( Fig. 2 (d) and (f)). In fact, the micro-arc ox- 

dation process involves a breakdown discharge [ 16 , 30 ], resulting 

n the formation of micropores on the surface of the MAO layer 

nd an increase in surface roughness. Moreover, the rapid cooling 

f the melt-in solution during the micro-arc oxidation process can 

enerate thermal stress, potentially resulting in the development 

f microcracks within the MAO layer. The grain-size statistical re- 

ults for the top Cr layer in Cr and MAO/Cr coatings are presented 

n Fig. 2 (g) and (h). It should be noted that the average grain size

n Fig. 2 (f) is 21.5 % smaller than that in Fig. 2 (c). This difference in

rain size could be attributed to the greater number of surface de- 

ects present in the MAO layer compared to the Zr substrate. These 

efects increased the nucleation sites for Cr grains during HiPIMS 

eposition, thereby promoting grain refinement of the Cr top layer. 

dditionally, the EDS results ( Fig. 2 (b) and (e)) indicate that both 

he single Cr coating and the MAO/Cr bilayer coating have a high 

urity of the top Cr layer, and the composition of the MAO inter- 

ayer layer (with an atomic ratio of Zr to O approximately 1:2) cor- 

esponds to ceramic ZrO . 
2 

275
Fig. 3 shows the XRD patterns and corresponding texture co- 

fficients of the Cr and MAO/Cr coatings. The diffraction peaks in 

ig. 3 (a) were consistent with body-center cubic (BCC) Cr, while 

o Zr or ZrO2 diffraction peaks were observed. This was possible 

ecause the penetration depth of the X-ray used for the diffrac- 

ion analysis was smaller than the thickness of the top Cr layer. 

o further determine the phase composition of the MAO layer, we 

erformed an extra XRD experiment (Fig. S1) on the MAO-coated 

r alloy. The result confirmed that the phases present in the MAO 

ayer were monoclinic zirconia (M-ZrO2 ) and tetragonal zirconia 

T-ZrO2 ), consistent with the findings from the EDS analysis. In 

ddition, there were distinct differences in crystal orientation be- 

ween Cr coating and MAO/Cr coating. Specifically, the Cr coating 

isplayed a strong diffraction peak at (110), while MAO/Cr coating 

xhibited strong diffraction peaks at both (110) and (200). To quan- 

itatively identify the crystal orientation of Cr and MAO/Cr coat- 

ngs, the texture coefficient (TC) was defined using the following 

ormula [ 31 ]: 

C =
I( hkl ) /I0( hkl ) 

∑ 

[ 
I( hkl ) /I0( hkl ) 

] (1) 

here “I0 (hkl) ” and “I(hkl) ” represent the diffraction peak intensity 

t the ( hkl ) crystal plane in the standard PDF card and the ac-

ual coating, respectively. Fig. 3 (b) illustrates the calculation results 

f specific texture coefficients for Cr and MAO/Cr-coatings. The Cr 

oating was assigned the (110) texture with a texture coefficient 

f 81 %, whereas the MAO/Cr coating was assigned the (200) tex- 

ure with a texture coefficient of 83 %. For the BCC (Body-Centered 

ubic) Cr grains, the (110) crystal plane exhibited the lowest sur- 

ace energy [ 25 , 32 ], while the (200) crystal plane demonstrated 

he lowest strain energy [ 33 ]. It should be noted that the HiP- 

MS technique can promote the lateral growth of Cr grains with 

 low-surface-energy orientation, thereby enhancing the possibil- 

ty of forming a strong (110) texture [ 25 ]. However, defects in the 

AO interface layer can lead to stress concentration, which pro- 

otes the metal Cr atoms to preferentially select the (200) crystal 

lane with low-strain-energy for crystallization growth. Thus, the 

AO/Cr coating exhibited a stronger (200) texture compared to the 

r coating. 

.2. Long-term electrochemical corrosion measurement 

The OCP evolutions of the Zr substrate, Cr coating, and MAO/Cr 

oating immersed in lithium borate solution for 7 d are shown in 

ig. 4 . 

The initial OCP of the Zr substrate was −0.223 V, which 

hanged to −0.205 V after 1 d of immersion. It then continued to 

ise monotonically, increasing to −0.18 V after 7 d. This indicated 

hat the Zr substrate was gradually oxidized/passivated during 

rolonged immersion, causing a slow increase in OCP. Unlike this, 

he OCPs of the MAO/Cr coating (0.153–0.156 V) and Cr coating 

0.011–0.015 V) remained relatively stable throughout the immer- 

ion cycle. This meant that both coatings could be stabilized in 

ithium borate solution and prevented from penetrating the solu- 

ion into the Zr interface during long-term immersion. Notably, the 

CP values of the MAO/Cr coating were consistently much higher 

han those of the Cr coating and Zr substrate. A high potential 

ypically indicates low susceptibility to corrosion [ 34 ]. Therefore, 

t could be hypothesized that the MAO/Cr coating had the lowest 

orrosion tendency in all samples during long−term immersion, 

his phenomenon can be explained in two ways. First, as shown 

n the EBSD results ( Fig. 2 ), the grain size of the Cr top layer of

he MAO/Cr coating was much smaller than that of the Cr coating. 

s the grain size decreases, the active sites of the metal increase 

such as grain boundaries), which helps the passivation system 
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Fig. 2. Cross-sectional SEM images (a, d) and EDS line scanning composition profiles (b, e) of the Cr coating and MAO/Cr coating. Corresponding EBSD patterns for the top 

Cr layer in (a) and (d) are shown in (c, g) and (f, h), respectively. 

Fig. 3. XRD patterns (a) and texture coefficients (b) of Cr and MAO/Cr coatings. 
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o form a protective passivation film. Cr is a typical passivation 

ystem, so grain refinement will promote the formation of pas- 

ivation films, which can explain the electrochemical test results 

f MAO/Cr coating having higher OCP than Cr coating. Moreover, 

esides the Cr top layer, the difference in material composition 

Zr-MAO vs. Zr) could also be the reason for the difference in OCP 

etween the two. 

To further evaluate the corrosion resistance of the samples, 

he EIS of the Zr substrate, Cr coating, and MAO/Cr coating were 
276
onitored over time and the results are shown in Fig. 5 . In the

yquist plots ( Fig. 5 (a1 –c1 )), it was observed that the MAO/Cr 

oating had a larger capacitive arc radius compared to the Cr 

oating and Zr substrate during all immersion cycles. Usually, a 

arger radius of the capacitive arc in the Nyquist plot means 

etter corrosion resistance [ 35 ]. Therefore, it could be tenta- 

ively concluded that the MAO/Cr coating exhibited the best cor- 

osion resistance among all the samples. Besides Nyquist plots, 

ode plots (including Bode phase angle and Bode impedance) 
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Fig. 4. (a–c) OCP evolution and (d) specific stabilization values of the Zr substrate, Cr coating, and MAO/Cr coating for long-term immersion in lithium borate solution. 
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lso give critical information about the corrosion resistance of 

amples. 

In Fig. 5 (a2 –c2 ), it was observed that the phase angle of the 

AO/Cr coating in the high-frequency region (105 –103 Hz) was 

lways maintained at high values, indicating an excellent barrier 

o solution penetration [ 36 ]. In addition, in the Bode impedance 
277
lots ( Fig. 5 (a3 –c3 )), the impedance modulus (| Z |0.01 Hz ) of the 

AO/Cr coating ( ∼5.12 × 106 � cm2 ) was much higher than 

hat of the Cr coating ( ∼2.53 × 106 � cm2 ) and the Zr sub- 

trate ( ∼1.51 × 106 � cm2 ). This also demonstrated that the 

AO/Cr coating presented excellent barrier properties and effec- 

ively avoided the penetration of the solution into the Zr sub- 



Z. Wang, Y. Zhang, Z. Han et al. Journal of Materials Science & Technology 244 (2026) 273–284

Fig. 5. EIS evolution of the (a1 –a3 ) Zr substrate, (b1 –b3 ) Cr coating, and (c1 –c3 ) MAO/Cr coating for long-term immersion in lithium borate solution. 
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a

Fig. 6. Rc obtained by EIS fitting (Inset: equivalent circuit model). 
trate. In addition, there was no significant change in the EIS (both 

yquist and Bode) results of the MAO/Cr coating after prolonged 

mmersion (7 d). This meant that the MAO/Cr coating provided ex- 

ellent electrochemical corrosion protection for the Zr substrate at 

mbient temperature. 

The EIS results were further fitted by ZView software to quan- 

ify the evolution of the corrosion properties during long-term im- 

ersion. The equivalent circuit model used for EIS fitting is shown 

n the inset of Fig. 6 , where Rs , Rc , and Rct are the solution re-

istance, the Cr layer resistance, and the charge transfer resistance 

t the Cr layer-Zr substrate interface, respectively. The Rc of the 

r substrate sample is assigned to the passive film. The Warburg 

mpedance ( W ) is introduced in the MAO/Cr coating sample to de- 

cribe the diffusion process of corrosive species through the MAO 

nterlayer defects. The constant phase element (CPE) is used to rep- 

esent the capacitive characteristics of the Cr layer surface (CPEc ) 

nd the electrical double layer between the Cr layer and the Zr 
278
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ubstrate (CPEdl ). It is worth noting that the thickness of the Cr 

op layer was as high as ∼10 μm for both the Cr coating and

he MAO/Cr coating. In addition, combined with the OCP results 

f long-term immersion, it can be determined that the corrosion 

olution did not break through the Cr layer; thus, the difference 

n the surface passivation properties of the three samples was the 

ain factor affecting the corrosion resistance. Therefore, we fo- 

used on discussing Rc (resistance of Zr substrate passive film or 

r layer). As shown in Fig. 6 , the Rc values of both the MAO/Cr 

oating and the Cr coating were higher than those of the Zr sub- 

trate during long-term immersion. It showed that both coatings 

ould stabilize and enhance the electrochemical corrosion resis- 

ance of the Zr substrate. Moreover, the Rc of the MAO/Cr coating 

 ∼1.5 × 105 � cm2 ) was about an order of magnitude higher than 

hat of the Cr coating ( ∼3.6 × 104 � cm2 ), indicating that the sur- 

ace passivation ability of the MAO/Cr coating was more significant. 

his was attributed to the surface defects of the MAO interlayer in- 

reasing the nucleation sites of Cr grains, so the Cr top layer of the 

AO/Cr coating had finer grains and was more likely to form a 

rotective Cr2 O3 passive film. 

The PDP tests were performed on the Zr substrate, Cr coating, 

nd MAO/Cr coating after 7d of immersion, the results are shown 

n Fig. 7 . It was not difficult to see that after prolonged immer-

ion, the MAO/Cr coating (0.175 V, 2.34 × 10−9 A/cm2 ) still pos- 

essed the highest self-corrosion potential ( Ecorr ) and the lowest 

elf-corrosion current density ( Icorr ) compared to the Cr coating 

−0.143 V, 4.14 × 10−9 A/cm2 ) and the Zr substrate (−0.194 V, 

1.7 × 10−9 A/cm2 ). The electrochemical protection efficiencies of 

he MAO/Cr and Cr coatings on the Zr substrate were 80 % and 

5 %, respectively, indicating that the MAO ceramic interlayer sig- 

ificantly enhanced the protective ability of the Cr coating. This 

henomenon emphasized the superior corrosion resistance of the 

AO/Cr coating, which was also consistent with the results of the 

CP and EIS tests mentioned above. In addition, to evaluate the 

rotection efficiency and adhesion strength of the two coatings be- 

ore immersion, we performed PDP tests (Fig. S2) and adhesion 

trength tests (Fig. S3) on the as-deposited samples. The results 

emonstrated that the MAO/Cr coating (1.72 × 10−10 A/cm2 ) had 

he lowest Icorr compared to the Cr coating (3.66 × 10−10 A/cm2 ) 

nd Zr substrate (13.4 × 10−10 A/cm2 ), and its protection efficiency 

or the substrate was 14 % higher than that of the Cr coating (73 %).

owever, the Icorr before immersion was lower than after for all 

amples, indicating that the solution had not yet entered the coat- 

ng. The scratch test results showed that the adhesion strengths 

f MAO/Cr coating with Cr top layer ( ∼25 N) and Cr coating are

igher than 20 N, which can satisfy long-term use in most engi- 

eering fields. It is interesting to note that the Cr coating was not 
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bserved to crack/spall during sliding and was only pressed into 

he substrate or extruded, which may be due to the lack of sup- 

ort capacity of the Zr substrate. In short, the electrochemical re- 

ults revealed that incorporating the MAO ceramic interlayer be- 

ween the Cr coating and the Zr substrate could confer exceptional 

nd durable electrochemical corrosion resistance in lithium borate 

olution. 

.3. High-temperature steam oxidation 

The high-temperature steam oxidation tests were performed 

sing a commercial thermogravimetric analyzer (TGA). Before the 

xidation process, the total surface areas (including the top, bot- 

om, and four sides) of the Zr substrate, Cr coating, and MAO/Cr 

oating were measured respectively. Subsequently, the TGA test 

as performed on each sample, and finally, the oxidation weight 

ain per unit area was obtained. Fig. 8 illustrates the oxidation 

inetics curves of the Zr substrate, Cr, and MAO/Cr coatings in a 

team environment at 1200 °C for 90 min. It should be noted that 

he Zr substrate demonstrated poor oxidation resistance. Specifi- 

ally, the weight gain rate of the Zr substrate increased rapidly 

ver time during the initial stage, reaching its peak at 17.5 min, 

nd subsequently decreasing to a stable state ( Fig. 8 (a)). 

In contrast, both Cr and MAO/Cr coatings exhibited relatively 

ower weight gain rates throughout the entire oxidation process 

 Fig. 8 (b)). This can be attributed to both types of coatings form- 

ng a passive film [ 37 ] during the initial oxidation, effectively in- 

ibiting the penetration of external corrosive medium into the al- 

oy. In addition, the MAO/Cr bilayer coating consistently displayed 

 lower weight gain rate compared to the Cr coating during the ox- 

dation process. The decreased rate of weight gain for the MAO/Cr 

ilayer can be attributed to the synergistic effect of the refined Cr 

rains and the MAO diffusion barrier in impeding oxidation. Ulti- 

ately, after oxidation at 1200 °C for 90 min, the MAO/Cr bilayer 

oating displayed a weight gain approximately 65.9 % and 34.9 % 

ower than that of the bare Zr alloy and Cr coating, respectively 

 Fig. 8 (c)). Therefore, the MAO/Cr bilayer structure demonstrated 

ignificantly enhanced resistance to steam oxidation at 1200 °C 

ompared to both the single-layer Cr coating structure and the 

are Zr alloy. 

Fig. 9 shows the XRD results of both Cr and MAO/Cr coatings 

fter oxidation at 1200 °C for 30 min and 90 min, respectively. Af- 

er exposing the Cr and MAO/Cr coatings to steam at 1200 °C for 

ither 30 min or 90 min, obvious diffraction peaks of Cr2 O3 and 

r were observed in both coatings, indicating that the main oxida- 

ion product formed was Cr2 O3 . Interestingly, the Cr and MAO/Cr 

oatings exhibited a strong Cr (110) diffraction peak while lacking 
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Fig. 8. (a–c) Oxidation kinetics curves of bare, Cr, and MAO/Cr coatings in 1200 °C steam environment. 

Fig. 9. XRD results of Cr and MAO/Cr coatings after oxidation at 1200 °C for 30 min 

(a) and 90 min (b). 
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 Cr (200) diffraction peak after undergoing oxidation at 1200 °C 

or 30 min. 

However, following oxidation at 1200 °C for 90 min, both coat- 

ngs displayed a strong Cr (110) diffraction peak and an even 

tronger Cr (200) diffraction peak. In fact, the reduction of com- 

ressive residual stress generated by the recovery effect [ 38 ] af- 

er high-temperature treatment can promote the recrystallization 

rowth of Cr coatings along the lowest surface-energy (110) crys- 

al plane. However, with prolonged oxidation, the Cr2 O3 phase may 

e reduced to a new Cr phase exhibiting a (200)-preferred orienta- 

ion in both coating samples. This reduction phenomenon [ 14 , 26 ] 

as been reported by several researchers. 

Fig. 10 shows the difference in cross-sectional morphologies 

f bare, Cr, and MAO/Cr coatings after oxidation at 1200 °C for 

0 min. After oxidation, all three samples displayed a distinct 

ierarchical structure. Combining with the EDS results listed in 

able 2 , the oxidized bare Zr alloy consisted of the following lay- 

rs, arranged from outermost to innermost: a ZrO2 scale with slen- 

er columnar crystals, an oxygen-stable α-Zr(O) layer with coarse 

olumnar crystals, and a Prior β-Zr layer with a lath structure. Kim 

t al. [ 39 ] proposed that in a high-temperature steam environment, 

xternal oxygen atoms can diffuse through the ZrO2 scale into the 

r alloy, causing a phase transformation from β-Zr to α-Zr in the 

ear-surface region of the alloy and resulting in the formation of 

n oxygen-stable α-Zr(O) layer. In contrast, the oxidized Cr and 

AO/Cr coating samples displayed a notably diverse multi-layered 

tructure, including a Cr2 O3 scale, a residual Cr layer, a Crx Zry (O) 

nterdiffusion layer, an oxygen-stabilized α-Zr(O) layer, and a Prior 

-Zr layer from the surface to the core. It should be noted that 

he oxidized Cr and MAO/Cr coating samples both showed Cr2 O3 

cales less than 10 μm thick, approximately 1/6 thinner than the 
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Fig. 10. Cross-sectional SEM images and corresponding EBSD Euler images of bare (a, d), Cr (b, e) and MAO/Cr (c, f) coatings oxidized at 1200 °C for 30 min. The compositions 

of the areas labeled as numbers in (a), (b) and (c) are listed in Table 2 . 

Table 2 

Chemical compositions (at.%) of the EDS point analysis in Fig. 10 . 

Substrate Pure Cr MAO/Cr 

1 2 3 4 5 6 7 8 9 10 11 

Zr 33.6 74.2 79.2 0.3 0.4 19.3 59.4 0.3 0.5 21.7 63.7 

Cr 0.0 0.0 0.0 42.9 97.4 69.4 15.2 43.2 96.2 70.8 11.9 

O 66.4 25.8 20.8 56.8 2.2 11.3 25.4 56.5 3.3 7.5 24.4 
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rO2 scale observed on the oxidized bare Zr alloy under the same 

igh-temperature steam conditions. One possible reason is that ex- 

ernal oxygen atoms can easily pass through slender grain bound- 

ries within columnar ZrO2 crystals, leading to accelerated oxida- 

ion through short-circuit diffusion. Conversely, the Cr2 O3 scale, 

omposed of fine equiaxed crystals, effectively inhibits the diffu- 

ion of external oxygen atoms to the core, thus reducing the ox- 

dation rate. Meanwhile, numerous micro-pores were observed in 

he Cr2 O3 scale. These pores can be attributed to the further oxida- 

ion of Cr2 O3 into volatile compounds, such as CrO3 and CrO2 (OH)2 

 40 ], which readily escape from the surface at high temperatures. 

n addition, during the oxidation process, both the Cr and MAO/Cr 

oatings exhibited a columnar-to-equiaxed transition (CET) in their 

op Cr layers. Interestingly, the oxidized MAO/Cr coating displayed 

arger equiaxed Cr crystals than the oxidized Cr coating. In fact, 

he grain size of Cr crystals within the oxidized Cr and MAO/Cr 

oating samples was closely connected to the recrystallization pro- 

ess. Unlike the (110)-textured Cr coating, the top Cr layer in the 

200)-textured MAO/Cr coating had reduced lattice distortion due 

o lower internal strain, hindering recrystallization nucleation and 

eading to coarser Cr grains. In addition, the MAO/Cr coating exhib- 

ted a significantly thinner Crx Zry (O) interdiffusion layer than the 

r coating after oxidation, suggesting that the MAO layer partially 

nhibits interdiffusion between the Zr alloy and the top Cr coating 

t high temperatures. 

To further assess the oxygen permeation resistance of bare, Cr 

nd MAO/Cr coatings, we conducted cross-sectional optical mi- 

roscopy (OM) analysis after exposing them to 1200 °C steam for 

0 min, as well as chemical corrosion ( Fig. 11 ). Compared to Cr and

AO/Cr coating samples, the bare Zr alloy exhibited a significantly 

hicker α-Zr(O) layer, confirming that the ZrO2 scale was less effi- 

ient in hindering external oxygen diffusion to the substrate than 

he Cr O scale. In addition, the EDS mappings ( Fig. 11 (d, e)) 
2 3 
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evealed that the grain boundaries within the residual Cr layer 

ontained precipitates enriched with Zr. In our previous studies 

 41 , 42 ], we identified these precipitates as ZrO2 grains through 

EM and EBSD characterization. These ZrO2 grains were intercon- 

ected, forming a network that facilitated rapid diffusion paths 

or oxygen, ultimately leading to the formation of a near-surface 

-Zr(O) layer. It should be emphasized that the oxidized MAO/Cr 

oating showed less rapid diffusion pathways for oxygen, which 

an be attributed to the decreased grain boundaries in the residual 

r layer compared to the oxidized Cr coating sample. Combined 

ith the oxidation kinetics curves in Fig. 8 , the reduction in grain 

oundaries within the residual Cr layer significantly improved the 

xygen diffusion-blocking capability of the MAO/Cr coating in a 

igh-temperature steam environment. 

Considering the outstanding oxidation resistance exhibited by 

r and MAO/Cr coatings in a high-temperature steam environment, 

he anti-oxidation properties of the bare, Cr, and MAO/Cr coat- 

ngs were further compared and evaluated after steam oxidation 

t 1200 °C for 90 min. As shown in Fig. 12 (a) and (d), the bare Zr

lloy suffered severe oxidative damage, and obvious micro-cracks 

ere observed in its cross-section. Moreover, extending the oxi- 

ation time from 30 to 90 min significantly increased the grain 

ize and changed the shape of the α-Zr(O) layer in the bare Zr al- 

oy from columnar to equiaxed crystals, attributed to the Oswald 

ipening [ 43 ] during high-temperature recrystallization. Cross- 

ectional images of Cr and MAO/Cr coating samples oxidized for 

0 min are presented in Fig. 12 (b, e) and (c, f), indicating a reduc-

ion in Cr2 O3 scale thickness and an increase in the Cr layer thick- 

ess compared to the 30-min oxidation period. This phenomenon 

an be attributed to the fact that, once the Cr2 O3 scale reached its 

aximum thickness, it was subsequently reduced by the underly- 

ng Zr substrate [ 14 ], as previously reported by Han et al. It was

oteworthy that the weight gains of Cr coating and MAO/Cr coat- 
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Fig. 11. Cross-section OM images (a, b, c) of bare, Cr, and MAO/Cr coatings oxidized at 1200 °C for 30 min, followed by chemical corrosion. Corresponding EDS mappings for 

the oxidized Cr, and MAO/Cr coatings are shown in (d) and (e), respectively. 

Fig. 12. Cross-sectional SEM images and corresponding EBSD Euler images of bare (a, d), Cr (b, e) and MAO/Cr (c, f) coatings oxidized at 1200 °C for 90 min. The compositions 

of the areas labeled as numbers in (a–c) are listed in Table 3 . 

Table 3 

Chemical compositions (at.%) of the EDS point analysis in Fig. 12 . 

Substrate Pure Cr MAO/Cr 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Zr 35.3 78.8 0.3 0.4 34.7 23.2 36.6 70.8 0.2 0.3 24.8 38.6 71.2 59.4 

Cr 0.0 0.0 40.2 97.2 50.2 37.4 0.2 0.2 41.3 97.6 35.4 55.2 0.3 29.3 

O 64.7 21.2 59.5 2.4 15.1 39.4 63.2 29.0 58.5 2.1 39.8 6.2 28.5 11.3 
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ng suddenly increased ( Fig. 8 (c)) after approximately 40 min. One 

ossible reason was that the protective Cr2 O3 scale began to de- 

rease at this point, and the newly-formed reduced Cr layer could 

ot effectively prevent the permeation of outside oxygen. 

Furthermore, the EDS point analysis ( Table 3 ) confirmed the ox- 

dized Cr-coated sample formed a coherent ZrO2 layer, in contrast 

o the oxidized MAO/Cr-coated sample, highlighting the superior 

igh-temperature steam oxidation resistance of the MAO/Cr coat- 

ng over the Cr coating. Additionally, a multitude of chromium- 

ich exudates were observed in the α-Zr(O) layer of the oxidized 

AO/Cr-coated sample, attributable to the diffusion of Cr from the 

oating into the alloy, indicating the coating was on the verge of 

ailure. 
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Fig. 13 shows the cross-section OM images of bare, Cr, and 

AO/Cr coatings oxidized at 1200 °C for 90 min, followed by 

hemical corrosion. In contrast to the oxidized coating samples, 

he oxidized bare Zr alloy displayed a thicker ZrO2 scale and more 

efects, highlighting the need for anti-oxidation coatings to en- 

ure the safety and reliability of Zr alloy cladding under LOCA 

onditions. In addition, the α-Zr(O) layer in the Cr coating sam- 

le was thicker than in the MAO/Cr coating sample after oxidation 

or 90 min, in contrast to the situation observed after oxidation 

or 30 min, where the α-Zr(O) layer in the Cr coating sample was 

maller than in the MAO/Cr coating sample. This difference can be 

ttributed to the superior oxygen diffusion-blocking capability of 

he MAO/Cr coating compared to the Cr coating, despite the even- 
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Fig. 13. Cross-section OM images of bare, Cr and MAO/Cr coatings oxidized at 1200 °C for 90 min, followed by chemical corrosion. 

Fig. 14. Schematic of the oxidation process of the MAO/Cr coating on Zr substrate 

at 1200 °C in a steam environment. 

t

s

a

c

f

Z

t

n

g

c

e

f

c

i

i  

M

f

u

t

b

d

Z

s

e

M

d

α
i

4

i

t

t

p

c

g

s

u

i

e

e

a

M

s

g

b

a

u

D

c

i

C

r

o

W

ual degradation of the MAO interface layer in high-temperature 

team environments. 

Fig. 14 illustrates the oxidation process of the MAO/Cr-coated Zr 

lloy in a steam environment at 1200 °C. As the temperature in- 

reased to 1200 °C, the crystal structure of the Zr substrate shifted 

rom α-Zr (I) with a hexagonal close-packed (HCP) structure to β- 

r (II) with a body-centered cubic (BCC) structure. At the same 

ime, the top Cr layer underwent a transition from slender colum- 

ar crystals to larger equiaxed crystals, driven by recrystallization 

rowth at high temperatures. During the short-term oxidation pro- 

ess from Stage II to Stage IV at 1200 °C, the Cr2 O3 scale thick- 

ned, the residual Cr layer thinned over time, and a Zrx Cry (O) layer 

ormed due to element interdiffusion between Zr alloy and MAO/Cr 

oating. Besides, the oxygen element easily diffused from the MAO 

nterlayer into the Zr substrate due to the temperature exceed- 

ng 900 °C [ 10 ]. This diffusion resulted in the degradation of the

AO interlayer and a transition in the near-surface Zr substrate 

rom β-Zr (II) to the α-Zr(O) (III). After the thickness of the resid- 

al Cr layer reached the minimum, with extended oxidation time, 

he protective Cr2 O3 scale gradually diminished as it was reduced 

y the underlying Zr substrate, newly forming a non-protective re- 
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uced Cr layer and a ZrO2 layer between the Crx Zry (O) and α- 

r(O) layers ( Ⅴ ). Furthermore, the thinning of the protective Cr2 O3 

cale facilitated external oxygen diffusion to the substrate, thick- 

ning both the ZrO2 layer and the α-Zr(O) layer ( Ⅵ ). The oxidized 

AO/Cr-coated Zr alloy was then cooled to room temperature, in- 

ucing a transition of the high-temperature β-Zr phase into the 

-Zr phase, commonly denoted as "Prior β-Zr" ( Ⅶ ) to distinguish 

t from the α-Zr phase existing before oxidation. 

. Conclusion 

In this study, we successfully fabricated MAO/Cr bilayer coat- 

ng on Zr alloy via a combination of MAO and HiPIMS surface 

reatments. The corrosion resistance to electrochemical and high- 

emperature steam of the bare, Cr, and MAO/Cr coatings was com- 

aratively studied. The results showed that the MAO interlayer 

ould refine the grain size of the Cr top layer, and promote the 

rowth of passive film, thus improving its electrochemical corro- 

ion resistance in lithium borate aqueous solution. Furthermore, 

nder simulated LOCA conditions with 1200 °C steam, the MAO 

nterlayer gradually degraded with increasing oxidation time. Nev- 

rtheless, after oxidation for 90 min, the MAO/Cr bilayer coating 

xhibited a weight gain roughly 65.9 % lower than the bare Zr alloy 

nd 34.9 % lower than the Cr coating. This can be attributed to the 

AO interlayer inhibiting element interdiffusion at the coating- 

ubstrate interface and reducing the rapid diffusion paths for oxy- 

en in the residual Cr coating during oxidation. Hence, MAO/Cr 

ilayer coating has excellent electrochemical corrosion resistance 

nd high-temperature steam oxidation resistance which can be 

sed to protect the Zr alloy claddings. 
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