
Journal of Advanced Ceramics 
2022, 11(12): 1944–1955 ISSN 2226-4108
https://doi.org/10.1007/s40145-022-0658-3  CN 10-1154/TQ

Research Article 
 
 

www.springer.com/journal/40145 

 
Layer-structured Cr/CrxN coating via electroplating-based  

nitridation achieving high deuterium resistance  
as the hydrogen permeation barrier 

Liyu ZHENGa, Heping LIa,*, Jun ZHOUa, Xinluo TIANa,  
Zhongyang ZHENGa, Long WANGb, Xinyun WANGa, Youwei YANa 

aState Key Laboratory of Materials Processing and Die & Mould Technology,  
International Joint Research Laboratory of Magnetic Confinement Fusion and Plasma  
Physics, School of Materials Science and Engineering, Huazhong University of Science  

and Technology, Wuhan 430074, China 
bSouthwestern Institute of Physics, Chengdu 610225, China 

Received: April 21, 2022; Revised: September 3, 2022; Accepted: September 6, 2022 

© The Author(s) 2022. 

Abstract: Hydrogen isotope permeation through structural materials is a key issue for developing 
nuclear fusion energy, which will cause fuel loss and radioactive pollution. Developing ceramic 
coatings with high thermal shock and hydrogen resistance is an effective strategy to solve this issue. 
In this work, a layer-structured Cr/CrxN coating was successfully fabricated by a facile electroplating- 
based nitridation technique, which is easy, facile, and applicable to coating complex-shaped substrates. 
The Cr/CrxN coating, composed of a bottom Fe/Cr interdiffusion zone, a middle Cr layer, and a top 
CrxN layer, exhibits high bonding strength, high anti-thermal-shock ability, and high deuterium 
permeation resistance. Its bonding strength achieves 43.6 MPa. The Cr/CrxN coating remains intact 
even after suffering 300 thermal shock cycles under a 600 ℃–water condition. Through optimizing 
the nitridation temperature, the Cr/CrxN coating achieves a deuterium permeation reduction factor 
(PRF) as high as 3599 at 500 ℃. Considering its scalable fabrication technique and considerable 
properties, the developed Cr/CrxN coating may serve as a novel high-performance hydrogen permeation 
barrier in various fields. 
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1  Introduction 

During the past decades, great efforts have been 
dedicated to the exploration of hydrogen energy as an 
alternative to conventional fossil fuels, which led to  
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rapid development of hydrogen fuel cells and nuclear 
fusion reactors [1,2]. The nuclear fusion reactor can 
release huge energy by triggering a fusion reaction 
between hydrogen isotopes—deuterium and tritium. As 
deuterium is abundant in seawater, and tritium can be 
produced by neutron and lithium, nuclear fusion is a 
sustainable energy in the future. Moreover, the fusion 
reaction only produces helium and neutron accompanied 
with the energy, which is green and clean without 
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pollution to the Earth. Therefore, nuclear fusion energy 
has earned worldwide concern in recent years. 321 
austenitic stainless steel is a candidate as the structural 
material for the fusion reactor due to its outstanding 
mechanical properties. However, hydrogen isotopes 
can easily penetrate through the 321 steel, and thus 
cause fuel loss, radioactive pollution, and hydrogen 
embrittlement. Developing ceramic coatings with high 
thermal shock and hydrogen resistance is an effective 
strategy to solve this issue [3,4]. Up to now, the most 
effective strategy to address this issue is to deposit 
ceramic coatings on the steel surface as a hydrogen 
permeation barrier, because hydrogen isotopes 
permeate much slower through ceramics than metals. 

References [5–8] have been conducted toward 
seeking suitable materials for hydrogen permeation 
reduction. Metal oxide coatings such as Al2O3 [9,10], 
Cr2O3 [11,12], Er2O3 [13,14], Y2O3 [15,16], and their 
composites [17,18] have been fabricated as potential 
hydrogen permeation barriers. Whereas, damages are 
easily generated in these oxide coatings during thermal 
cycling, because of the big difference in thermal 
expansion coefficient between oxides and the steel 
substrate, which inevitably cause the coating failing 
[19]. For this reason, it is essential to develop new 
kinds of candidate that own both outstanding anti- 
thermal-shock properties and high hydrogen isotope 
resistance. We have firstly focused on CrxN, a material 
previously used as hard coatings and decoration films 
for its closer thermal expansion to steels and its 
superior mechanical characteristics [20,21]. As reported, 
metallic nitrides were stable in a lithium corrosion  
situation from the perspective of thermodynamics. 
This is also beneficial to their application in nuclear 
fusion reactors [22]. As reported, CrxN coatings are 
usually deposited by the magnetron sputtering method, 
e.g., Obrosov et al. [23] deposited CrxN coatings on 
the Inconel 718 superalloy, and Sidelev et al. [24] 
fabricated multilayer CrN/Cr coatings on Zr alloy to  

 

improve its oxidation resistance. Shen et al. [25] 
successfully obtained CrxN coatings through plasma 
nitriding of Cr electroplated on 304 stainless steel. 
Compared with the metal oxides, CrxN is emerging as 
a new type of hydrogen permeation barrier with 
attractive performance [26–28]. 

In this study, we developed electrodeposition combined 
with nitridation to deposit CrxN coatings. Such a 
preparation technique is simple, facile, and applicable 
to complicated substrates with many advantages 
including good controllability of coating thickness, low 
costs, and good scalability from laboratory to industry 
[29]. The obtained coating consisted of a layered steel/ 
Cr/CrxN structure. Its structure evolution, micromorphology, 
coating bonding strength, thermal shock resistance, 
and hydrogen and deuterium permeation reduction 
property were intensively investigated. The CrxN coating 
was composed of Cr2N and CrN phases with a bonding 
strength of 43.6 MPa. At a 600 ℃–water thermal 
cycling condition, the main body of Cr/CrxN coating 
retained well even after suffering 300 thermal shock 
cycles. Deuterium resistance of the coated substrate 
was increased by 3599 times at 500 ℃, as compared 
with that of the bare one. The results indicate that CrxN 
may serve as a new hydrogen permeation barrier 
candidate with desired combination of good bonding 
with the substrate, high anti-thermal-shock property, 
and considerable hydrogen isotope resistance. These 
advantages provide the possibility for its usage in 
hydrogen-related industries. 

2  Experimental 

2. 1  Fabrication of Cr/CrxN coatings 

The whole procedure for fabricating a layer-structured 
Cr/CrxN coating is schematically shown in Fig. 1. 
Firstly, 321 austenitic stainless steel (0.07 wt% C,  

 

 
 

Fig. 1  Schematic diagram for fabricating a layer-structured Cr/CrxN coating. 



1946  J Adv Ceram 2022, 11(12): 1944–1955 

www.springer.com/journal/40145 

18.20 wt% Cr, 10.50 wt% Ni, 1.96 wt% Mn, 0.04 wt% P, 
1.00 wt% Si, and balanced Fe) was cut into wafers 
(20 × 0.7 mm2), and then ground with silicon-carbide 
abrasives, and finally cleaned by ethyl alcohol and 
deionized water. Secondly, Cr electroplating was 
performed in aqueous solution containing 250 g/L 
chromic acid (CrO3) and 2.5 g/L sulfuric acid (H2SO4). 
The optimal electroplating parameters were set according 
to Ref. [30], with a current density of 0.3 A/cm2 and an 
electroplating time of 80 min. Thirdly, the as-deposited 
Cr layer was washed, dried, and calcined in ammonia 
at a temperature range of 650–750 ℃ for 2 h. 

2. 2  Characterization 

The compositions of the coatings were identified by 
the X-ray diffractometer (XRD, Empyrean, PANalytical 
B.V., the Netherlands) coupled with Cu Kα radiation  
(λ = 0.15406 nm) at a sweep rate of 4 (°)/min. The 
morphologies and microstructures of the coatings were 
observed by the field emission scanning electron 
microscope (FESEM, Nova Nano SEM 450 microscope, 
FEI, the Netherlands) equipped with an energy dispersive 
spectrometer. Further insight into the microstructure of 
the coatings was characterized by the transmission 
electron microscope (TEM, Tecnai G2 F30, FEI, the 
Netherlands). 

The electrochemical corrosion resistance of the 
coatings was tested by an electrochemical workstation 
(CHI600E, CH Instruments, China) with a sweep rate 
of 50 mV/min ranged from −1 to +1 V in 3.5% NaCl 
solution. The bonding strength between the coating 
and the substrate was performed through a dual-rod 
pull-off method with a tensile rate of 0.5 mm/min [31].  
 

The bonding strength was recorded from the tensile 
load and evaluated when the coated specimen was 
broken. 

The deuterium permeation test at high temperatures 
was performed by a self-assembled system. The 
thermal shock resistance measurement was performed 
by heating the samples at 600 ℃ for 6 min, followed 
by quickly quenching it in water at room temperature. 
The thermal shock life was assessed by the number of 
cycles of the above steps until the coatings failed. 

3  Results and discussion 

3. 1  Microstructure and phase composition 

The CrxN coating was fabricated by the nitridation of 
electrodeposited Cr. The Cr coating was firstly 
deposited on the steel surface by electroplating with 
optimized parameters. As shown in Fig. 2(a), there are 
no scratches or slag inclusions on the surface, and Cr 
particles arrange closely to each other, suggesting a 
good quality of electrodeposited Cr coating with a 
thickness of about 5 μm (Fig. 2(e)). The Cr coating 
was then converted into Cr/CrxN by nitridation. It is 
worthy to note that only the surface area of Cr was 
transformed to CrxN, and the underneath part of Cr was 
retained, leading to a peculiar layer-structured Cr/CrxN 
coating. The maintained Cr was speculated to be 
resulted from the formation of compact CrxN layer 
with small grains on the coating surfaces (Figs. 2(b) 
and 2(c)), which would function as a barrier to prohibit 
nitrogen (N) atoms from entering into the bottom of 
the coating [32]. The existence of Cr as a middle layer  

 

 
 

Fig. 2  Surface and cross-section back-scattered SEM images of (a, e) Cr coating and Cr/CrxN coatings nitrided at different 
temperatures: (b, f) 650 ℃, (c, g) 700 ℃, and (d, h) 750 ℃. 
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between the steel substrate and CrxN can greatly 
improve both the bonding strength and the thermal 
shock resistance (TSR) of the coating, as revealed in 
the later sections of bond strength test and TSR test. 
However, a higher nitridation temperature of 750 ℃ 
generated pores on the coating surface (Fig. 2(d)), 
probably owing to the grain growing and the CrN 
phase emerging. In the cross-section back-scattered 
electron SEM images, as shown in Figs. 2(e)–2(h), the 
Cr/CrxN was uniform and dense with no pores or 
cracks at the interface between Cr and CrxN as well as 
the interface between Cr and the substrate, and the 
CrxN layer became thicker with the increasing nitridation 
temperature. Even though micropores appear on the 
coating surface prepared at 750 ℃, they have not 
stretched through the coating, and the coating structure 
is dense without cracks from its cross-section SEM 
images. Further insight into the micromorphology of 
the coating was offered by the TEM images. Compared 
with the conventional magnetron sputtering method or 
arc ion plating method for obtaining metal nitrides, the 
electroplating-based nitridation technique is simple, 
facile, and convenient without requiring special and 
complicated apparatus [33,34]. More importantly, it is 
applicable to coating substrates with complex 
geometrical shapes. 

The phase constitutions of the Cr/CrxN coatings 
nitrided at different temperatures are shown in Fig. 
3(a), referred to JCPDS data for CrN (JCPDS Card No. 
01-077-0047) and Cr2N (JCPDS Card No. 00-027-0217). 
At 600 , the presence of the diffraction peak of Cr ℃

(110) was noted intensively, suggesting an inadequate 
nitridation process. Compared with the JCPDS data for 

CrN (JCPDS Card No. 01-077-0047) and Cr2N (JCPDS 
Card No. 00-027-0217), it can be seen that with the 
temperature increasing to above 650 ℃, strong diffraction 
peaks indexed to Cr2N crystal emerged, accompanied 
by a set of weak peaks at 37.3°, 43.6°, and 63.1° those 
were ascribed to the CrN phase, indicating that Cr2N 
was the dominant component at the coating surface. To 
be noted, a very strong (300) texture is observed in 
Cr2N nitrided at 700 . Similar preferred orientation ℃

of Cr2N layers has been reported in Ref. [25]; the 
reason might be that the texture of the coatings is 
affected by the nature of different species, impinging 
on the growing film, the energy, and the substrate 
temperature [35]. However the specific mechanisms 
are not completely clear. A higher nitridation temperature 
of 750 ℃ led to a stronger diffraction peak of CrN, 
because the increase in ammonia dissociation and N 
activity at higher temperatures could generate a N-rich 
CrxN phase [36]. The elemental distributions along the 
depth of the coating are shown in Fig. 3(b). The 
Cr/CrxN coating nitrided at 700 ℃ consists of three 
parts, including a bottom Fe/Cr interdiffusion zone, a 
middle Cr layer of nearly 4 μm, and a top CrxN layer of 
about 2 μm. The bottom Fe/Cr interdiffusion zone 
could enhance the adhering strength of the coating by 
forming a metallurgical bonding interface, the middle 
Cr layer could help to remedy the thermal mismatch 
between the substrate and the ceramic coatings, and the 
top CrxN layer could effectively serve as a hydrogen 
permeation barrier. As a result, the synergistic effects 
of these different layers guaranteed an outstanding 
overall performance of such a peculiar layer-structured 
Cr/CrxN coating. 

 

 
 

Fig. 3  (a) X-ray diffraction (XRD) patterns of Cr/CrxN coatings and (b) cross-section energy dispersive spectroscopy (EDS) 
analysis of the Cr/CrxN coating nitrided at 700 ℃. 
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Further insight into the microstructure of the 
Cr/CrxN coating nitrided at 700  was offered by the ℃

TEM images, as shown in Fig. 4. As seen, the coating 
was composed of nanosized little grains, whose 
selected area electron diffraction (SAED) pattern is 
shown in the inset of Fig. 4(a). The polycrystalline 
rings corresponding to CrN (111), Cr2N (300), and 
Cr2N (112) agreed well with the XRD results, 
confirming the CrN and Cr2N components inside the 
coating [37,38]. The CrN nanocrystals were distributed 
scatteredly among the Cr2N phase (Fig. 4(b)). In the 
cross-section TEM image (Fig. 4(d)), the CrN 
nanocrystals were also apparent on the coating surface. 
The interface between the middle Cr layer and the top 
CrxN layer is displayed in Fig. 4(c), and its SAED 
pattern shows both Cr and Cr2N phases. At the 
interface, no defects such as pores or cracks were 
detected. 

The TEM and EDS mapping images of the Cr/CrxN 
coating nitrided at 750 ℃ are shown in Fig. 5. Figure 
5(a) shows the morphology of a slice cut by the 
focused ion beam (FIB) from cross-section of the 
coating; a destroyed portion next to the substrate is 
observed. Figure 5(b) shows a uniform polycrystalline 
CrN layer with a thickness of nearly 500 nm on the 
coating surface, and several small and isolated holes 
appear in this layer. In contrast, some larger holes are 

present in the columnar-crystallized Cr2N layer that is 
underneath the CrN layer, probably caused by the 
hydrogen infiltration generated by ammonia decomposition 
during the nitridation treatment. However, these holes 
are discontinuous and isolated in the coating. From the 
high deuterium permeation resistance of the coating 
with the permeation reduction factor (PRF) achieving 
3599, as demonstrated in the later section of deuterium 
permeation resistance test, this small quantity of 
isolated holes have not deteriorated the performance of 
the coating greatly. It is worthy to note that the 
interface between the CrN and Cr2N layer may help to 
improve the deuterium resistance of the coating, and 
the formation of Cr and Fe/Cr layer at the bottom is 
favorable to enhance its bonding and anti-thermal- 
shock property. Figure 5(c) shows the corresponding 
EDS mapping image of the Cr/CrxN coating shown in 
Fig. 5(a). The N element is enriched in the surface 
layer and becomes less beneath the surface layer, and 
the Cr layer with a thickness of about 1 μm is visible. 
From the cross-section EDS mapping images, the 
absence of O element indicates that the Cr2O3 layer 
generally formed on the surface of 321 austenitic stainless 
steel has been eliminated during the nitridation process. 
It is speculated that the Cr2O3 film was reduced by the 
nascent hydrogen released from the dissociation of 
ammonia in the nitridation treatment [36]. 

 

 
 

Fig. 4  TEM images of Cr/CrxN coating nitrided at 700 ℃: (a, b) surface areas in the coating, (c) interface between CrxN and 
Cr, and (d) outermost layer of the coating. Note: The inset in (c) is the corresponding SAED patterns. 
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Fig. 5  Cross-section TEM images of Cr/CrxN coating nitrided at 750 ℃: (a) SEM image of a cross-section slice cut by the FIB, 
(b) bright-field image showing the CrN layer and Cr2N layer, and (c) corresponding EDS mapping images of the Cr/CrxN 
coating shown in (a). 

 
3. 2  Corrosion resistance and bond strength 

The electrochemical corrosion resistance of the coating 
was tested to evaluate its compactness. The polarization 
curves of 321 steel and Cr/CrxN coatings are shown in 
Fig. 6(a). Generally, a larger positive corrosion voltage 
or a smaller corrosion current indicates a higher corrosion 
resistance [39]. Compared to that of the bare substrate, 
the corrosion voltage of the Cr/CrxN coating shifted 
150 mV towards a positive direction, with the corrosion 
current density decreased by more than one order of 
magnitude (from 2.0×10−5 to 7.4×10−7 A/cm2). Among 
these coatings, the one nitrided at 700 ℃: possessed 
the highest corrosion resistance, revealing the most 
compact structure of the coating obtained at this  
temperature. The bonding strengths of the coatings are 
shown in Fig. 6(b), which all achieved above 30 MPa, 
and the maximum value reached as high as 43.6 MPa. 
Compared with those of the previously reported metal 
oxide coatings [30,40], the bonding strength of the  

 

Cr/CrxN coatings is much bigger, which is attributed to 
the metallurgical bonding interface formed at the 
bottom Fe/Cr interdiffusion zone [41]. A high bonding 
strength can protect the coating from falling off when 
suffered external forces. 

3. 3  Deuterium permeation resistance 

The deuterium permeation resistance of the Cr/CrxN 
coatings nitrided at different temperatures was assessed 
by a deuterium gas-driven permeation device, as 
shown in Fig. 7(a). The deuterium permeation device 
consists of an upstream and downstream vacuum 
chamber. During the measurements, both the two 
chambers were pumped to achieve a low pressure 
around 10−5 Pa, and then pure hydrogen (99.9999%) 
was injected into the upstream until reaching a 
pressure of 4×104 Pa. Once deuterium atoms 
penetrated through the sample and entered the 
downstream vacuum chamber, their ion current could  

 

 
 

Fig. 6  (a) Corrosion resistance and (b) bonding strength of Cr/CrxN coatings. 
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Fig. 7  (a) Home-made deuterium permeation device; deuterium permeabilities and PRFs calculated at different nitridation 
temperatures with different testing temperatures: (b, c) one-side-coated Cr/CrxN coatings and (d, e) double-side-coated ones. 

 
be recorded by a quadrupole mass spectrometer (QMS, 
PrismaPro QMG 250 M1, Pfeiffer Vacuum, Germany). 
The deuterium permeation measurement can be conducted 
at controllable temperatures by using a furnace to heat 
the sample during the measuring process. During the 
deuterium permeation test, the number of deuterium 
atoms that penetrated through the sample was too 
small to significantly affect the deuterium pressure in 
the upstream, which made the pressure remain at 4×104 
Pa until the test ended. For this reason, the deuterium 
permeation test was taken directly by increasing or 
decreasing the temperature on the basis of the former 
test, in agreement with the method, as reported in Refs. 
[42,43]. The permeation flux rate of deuterium through 

the sample (J) is typically expressed by the following 
equation: J = P·pn/d, where P (mol·m–1·s–1·Pa–0.5) 
means the deuterium permeability of the sample, p (Pa) 
is the driving pressure, d is the sample thickness, and n 
indicates the pressure exponent, which is commonly 
regarded as 0.5 [44]. 

As the electroplating-based nitridation technique 
developed here has an inherent advantage to coating 
both sides of the substrate, the samples of one-side- 
coated substrate and double-side-coated substrate were 
all prepared at different nitrided temperatures for the 
measurement. As shown in Fig. 7(b), all the Cr/CrxN 
coatings nitrided at different temperatures exhibit a 
much lower deuterium permeability compared with 
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321 steel. The deuterium PRF is calculated by dividing 
the deuterium permeability of 321 steel by that of the 
coated one. The highest PRFs reach 850 and 729 for 
the Cr/CrxN coating nitrided at 750 and 700 ℃ , 
respectively (Fig. 7(c)). It is speculated that both the 
phases and the coating structures have a great 
influence on the PRF. Generally speaking, the 
hydrogen isotope permeation through a coating can be 
depicted into two predominant processes—solution 
and diffusion, probably including five steps: absorbing 
at the surface, dissociating into atoms, dissolving into 
barriers, diffusing through barriers, and recombining 
on downsides [43,45]. Compared with the hexagonal 
close-packed (hcp)-Cr2N, the face-centered cubic 
(fcc)-CrN with a higher packing density is more 
capable for preventing the penetration of deuterium 
atoms through the crystals in the coating [23]. And the 
dense nano-polycrystalline CrN formed by nitridation 
at 750 ℃ decreases the grain gaps and reduces the 
penetration channels of deuterium atoms; consequently, 
the coating nitrided at 750 ℃ has a relatively high 
PRF [26]. Furthermore, Fig. 7(c) shows a higher 
increase in the PRF along with the test temperature. 
Watching more in detail, it is worth highlighting that 
the deuterium permeation through the bare steel 
sample is negligible at lower temperatures below 
400 ℃. With the increasing temperature, the deuterium 
flux through bare steel dramatically increases, while it 
is nearly a constant for the coated samples; hence, the 
PRF increases with the temperature. This phenomenon 
was also revealed in the research of Al2O3 coatings 
[42]. The double-side coating displays a far lower 
deuterium permeability than one-side coating (Fig. 7(d)), 
and the PRF of each coating is shown in Fig. 7(e). 
Consistent with the single-sided coating results, the 
double-sided coating nitrided at 750 ℃ has the best 

deuterium permeation resistance, and the PRF reaches 
3599 at 500 ℃. This value is almost 16-30 times those 
of the CrxN coatings prepared by physical vapor 
deposition with the PRFs of 117–236 [27]. To be noted, 
the deuterium permeability of 321 steel determined in 
this work was in good agreement with the data 
obtained in Ref. [30], and thus verified the reliability 
of the deuterium permeation measurement. Up to date, 
the deuterium permeation resistance of Cr/CrxN coatings 
was almost among the highest value as reported before. 

After deuterium permeation test, the surface 
morphologies of the Cr/CrxN coating nitrided at 750 ℃ 
are further characterized, and the SEM images are 
shown Fig. 8. No cracks are observed on the coating 
surface. For the double-side sample, the cross-section 
image of the coating nitrided at 700 ℃ facing the 
deuterium gas chamber was characterized by the TEM 
(Fig. 9). In Fig. 9(a), the Pt layer is deposited to form a 
protective layer. In the cross-section morphologies of 
the Cr/CrxN coating both before and after deuterium 
permeation, there were CrN crystals formed on the 
coating surface, which resulted in N enrichment in the 
surface layer; meanwhile, almost no micropores observed. 
As a result, defects were still visible in Cr2N phases 
but not expanded, as seen in Fig. 9(a), indicating the 
excellent stability of the Cr/CrxN coatings; moreover, 
these defects were basically distributed at the interface 
between neighbouring layers. In addition, no defects 
were found in the middle Cr layer. The diffusion of Cr 
element from the coating to the substrate forming a 
bottom Fe/Cr interdiffusion zone was again observed 
in the EDS mapping images (Fig. 9(b)). As shown in 
Figs. 9(c) and 9(d), the crystal structures of both CrN 
and Cr2N were well retained after deuterium permeation, 
which means that the CrxN phases are stable in a 
deuterium atmosphere. 

 

 
 

Fig. 8  Surface SEM images of Cr/CrxN coating nitrided at 750 ℃ after deuterium permeation test. 
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Fig. 9  (a) Cross-section TEM image and (b) EDS mapping images of Cr/CrxN coating nitrided at 700 ℃ after deuterium 
permeation test; (c, d) cross-section HRTEM images of Cr/CrxN coating nitrided at 700 ℃ after deuterium permeation test. 

 
3. 4  Thermal shock resistance 

TSR is another quite important property required by 
the hydrogen permeation barriers, because it directly 
determines the service life of the coating [46]. For this 
reason, the thermal shock cycling test was sufficiently 
conducted for the Cr/CrxN coating at a 600 ℃–cold 
water condition, and the results are shown in Fig. 10. 
The Cr/CrxN coating could hold its initial morphology 
without any cracks or falling off even after bearing 240 
thermal shock cycles. When 300 thermal shock cycles 
were finished, a crack emerged at the coating edge, but 
the center of the coating without damage was still 
adhered firmly to the substrate. Figure 11 shows the 
surfaces and cross-section SEM images of the Cr/CrxN 
coating after 300 thermal shock cycles. It is dramatic 
to note that no matter on the surface or inside the 
coating, pores and cracks are inexistent in these areas, 
and additionally no defects are found at the interface 
between the coating and the substrate. These results 
indicate not only excellent bonding but also good 
thermal adaptation between the coating and substrate, 
which can be attributed to the unique Cr/CrxN layered 
structure with a Fe/Cr interdiffusion zone. The 
significant improvement in TSR achieved by Cr/CrxN 
coating may effectively solve the failure problem faced 
by traditional hydrogen permeation barriers, and 
enable the coating to be used in a long run. 

 
 

Fig. 10  Photographs of Cr/CrxN coating nitrided at 
700 ℃  after different thermal shock cycles under a 
600 ℃–cold water condition. 

 

 
 

Fig. 11  SEM images of Cr/CrxN coating nitrided at 
700 ℃ after 300 thermal shock cycles: (a, b) coating 
surface and (c, d) cross-section of the coating. 



J Adv Ceram 2022, 11(12): 1944–1955  1953  

www.springer.com/journal/40145 

4  Conclusions 

In summary, a layer-structured Cr/CrxN coating was 
successfully fabricated by a versatile electroplating- 
based nitridation technique, through which Cr coating 
was deposited on the substrate by electroplating, and 
then transformed into Cr/CrxN coating by nitridation. 
The Cr/CrxN coating was relatively compact and 
consisted of three parts, including a bottom Fe/Cr 
interdiffusion zone, a middle Cr layer, and a top CrxN 
layer. Such a unique layered structure enables the 
coating to own a prominent overall performance. To be 
specific, the bonding strength of the coating achieved 
up to 43.6 MPa, due to the bottom Fe/Cr interdiffusion 
zone that enhances the adhering strength of the coating 
through forming a metallurgical bonding interface. The 
coating could adhere firmly even after 300 thermal 
shock cycles at a 600 ℃–water condition, as the 
middle Cr layer could help to remedy the thermal 
mismatch between the substrate and the ceramic 
coatings. The deuterium PRF of the coating reached 
3599 at 500 ℃, which was among the highest values 
as reported, suggesting that the top CrxN layer could 
effectively prevent hydrogen isotopes from permeation. 
Considering its facile and complex-substrate applicable 
fabrication method together with the marvelous 
combination of high bonding strength, thermal shock 
resistance, and hydrogen/deuterium PRF, such a 
peculiar layer-structured Cr/CrxN coating may serve as 
a promising and attractive barrier for hydrogen isotope 
permeation reduction. 
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