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A B S T R A C T

Cr-CrN/TiSiN-Cr multilayer coatings were deposited on Zircaloy substrates by multi-arc ion plating, and the 
microstructure and oxidation behavior of the as-deposited coatings, specifically the middle CrN/TiSiN layer, 
were investigated. The CrN/TiSiN layer exhibited a superlattice structure. The multilayer coatings effectively 
protected the Zircaloy substrates from oxidation. (Cr1-xTix)2O3 and Cr2TiO5 phases were produced in the coating 
after oxidation at 1200 ◦C for 1500 s. With oxidation time increases, most of the Cr atoms in these two phases 
were replaced by Ti atoms. Oxidation mechanisms of the as-deposited coatings are discussed and a decompo-
sition model of the superlattice CrN/TiSiN layer is proposed.   

1. Introduction

Zirconium alloys (Zircaloy) have been used as nuclear reactor fuel
cladding materials for more than 50 years owing to their various ad-
vantages such as low neutron absorption cross-section, outstanding 
high-temperature water corrosion resistance, high thermal conductivity, 
excellent mechanical properties, and promising irradiation resistance 
[1–4]. However, under loss-of-coolant accident conditions, Zircaloy 
severely reacts with high-temperature steam, which produces a large 
amount of H2 and heat, further causing H2 explosion and serious acci-
dents in nuclear power plants [5–8]. After the Fukushima accident in 
2011, research and development of innovative accident-tolerant fuels 
(ATFs), which are safer, more reliable, and economical, has been 
accelerated in the nuclear industry worldwide [9–11]. ATFs not only can 
significantly improve the accident tolerance of commercial nuclear re-
actors, particularly by reducing H2 generation and heat release during 
oxidation, but can also replace the existing fuel system technology to 
further improve the safety and competitiveness of these reactors. Among 

the various ATFs, surface-coated Zircaloy substrates are the most 
developed candidate materials [12]. By depositing surface coatings with 
excellent high-temperature oxidation resistances on Zircaloy substrates, 
severe oxidation of these substrates can be effectively delayed, and more 
time margin can be provided to cope with accidents [13–19]. Further-
more, the existing advantages of the current commercial Zircaloy can be 
completely utilized without considerably changing the design of the 
present reactors and nuclear fuels. Therefore, surface-coated Zircaloy 
has been considered as one of the most promising candidate materials 
for application in the nuclear power plant industry. Among the current 
coatings, pure Cr coating with optimal oxidation and corrosion resis-
tance and excellent mechanical properties is deemed the best surface 
coating for Zircaloy substrates [14,15,18–21]. However, there are still 
several limitations of Cr-coated Zircaloy substrate systems: 1) the in-
ward diffusion of Cr from coating to substrate, which decreases the 
thickness of the coating [22]; 2) selective oxidation of the outward 
diffused Zr at the grain boundaries of the coating, and the resulting 
oxidation products afford O diffusion paths and cause the transition of 
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oxidation kinetics [15]; 3) Cr–Zr eutectic reaction at temperatures above 
1332 ◦C, which forms a liquid phase and affects the structural integrity 
of the coating [15]; and 4) during oxidation, the thickness of the pro-
tective Cr2O3 scale can be decreased through the reduction reaction 
between Cr2O3 and Zr, and this thickness decrease destroys the protec-
tive function of the coating [14,19]. Thus, it is still necessary to inves-
tigate and establish other types of coatings that may avoid the 
shortcomings of Cr-coated Zircaloy substrate systems. 

Nitride coatings, including CrN coatings, have been widely applied in 
the field of cutting tools and molds owing to their superior mechanical 
properties and excellent oxidation resistance [16,23]. To further 
improve the comprehensive properties of CrN coatings, multi-element 
hard coatings were designed by adding different elements, such as Al, 
Si, Ti, and Y, to CrN coatings and extensively analyzed [17,24,25]. 
Subsequently, the mechanical properties and oxidation resistance of 
nitride coatings were significantly improved. In our previous studies 
[16,17], CrN and multi-element hard coatings, including CrAlN and 
CrAlSiN coatings, on the surfaces of Zircaloy substrates exhibited 
excellent oxidation resistances when exposed to a high-temperature 
steam atmosphere up to 1200 ◦C. Moreover, nitride coatings can effi-
ciently inhibit the outward diffusion and the selective oxidation of Zr 
inside the coating, which are considered the most serious problems in 
Cr-coated Zr substrate systems and are the primary reasons for the 
failure of coatings during oxidation. Nevertheless, nitride coatings are 
unstable at temperatures above 940 ◦C because decomposition and N2 
release occur at these temperatures [16,17,26]. N2 release at high 
temperatures can lead to the formation of N2 bubbles inside the coating 
and pores inside the oxide scale and at the coating/substrate interface. 
These bubbles and pores affect the structural integrity of the nitride 
coating. Multi-element hard coatings with superlattice structures 
composed of nanoscale multilayer sequences of two or more materials 
showed superior mechanical properties, higher thermal stabilities, and 
better oxidation resistance [27–31]. Therefore, the introduction of a 
superlattice structure may be deemed as an effective approach to solve 
the current problems of conventional monolithic nitride coatings. In 
addition, the multilayer structure may serve as a defect sink to diverge 
irradiation-induced defects such that they do not form clusters, which 
are detrimental to the integrity of the coating [32]. 

Surface coatings with superlattice structures have been systemati-
cally investigated and utilized in other fields owing to their excellent 
comprehensive properties. However, only few studies have been con-
ducted on the evaluation of superlattice-coated Zircaloy as an accident- 
tolerant fuel cladding candidate material. Furthermore, the oxidation 
behavior and oxidation mechanisms of superlattice coatings in steam at 
temperatures up to 1200 ◦C have rarely been examined. Consequently, 
in this study, triple-layer coatings with middle CrN/TiSiN superlattice 
layers were deposited on the surfaces of Zircaloy substrates. Structures 
of the as-deposited coatings were analyzed in detail. Oxidation behav-
iors of the coatings in steam were studied at high temperatures up to 
1200 ◦C, and the oxidation mechanisms of the coatings were discussed. 

2. Experimental

Herein, the following Zircaloy substrates were used: commercial
Zircaloy-4 (Zry-4, Zr–1.5Sn–0.2Fe–0.1Cr) solid rods with diameters 
of ~10 mm and lengths of ~10 mm and Zry-A (Zr–1Sn–1Nb–0.1Fe) 
tubes with outer diameters of ~9.5 mm, lengths of ~10 mm, and wall 
thicknesses of ~0.7 mm. A threaded hole of size M3 was drilled at the 
bottom of the samples to hang the samples in a vacuum chamber during 
coating deposition. Before coating deposition, all Zircaloy samples were 
pickled in a mixed acid solution (10 vol% hydrofluoric acid + 45 vol% 
nitric acid + 45 vol% water) to remove the oxide layer on the surface of 
the samples and reduce the surface roughness. After pickling, ultrasonic 
cleaning was successively performed in acetone and ethanol for 900 s 
followed by drying in hot air to clean the surface of the samples. Multi- 
arc ion plating was employed for coating deposition, and specific 

deposition was conducted as follows:  

1) Ion etching under an Ar atmosphere for 1200 s at a flow rate of 3 mL/
s and a vacuum degree of 0.7 Pa to clean the surface of the samples.

2) Deposition of a Cr interlayer for 1200 s at an Ar flow rate of 2 mL/s
and a vacuum degree of 0.5 Pa; a high-purity Cr target (99.9%) was
used, and arc current was controlled at 100 A. The purpose of
depositing a Cr interlayer is to strengthen the adhesion between the
nitride coating and the Zircaloy substrate.

3) Deposition of a CrN/TiSiN superlattice coating for ~10,800 s under a
N2 atmosphere at a flow rate of 8.3 mL/s and a vacuum degree of 1.2
Pa. The same abovementioned Cr target and a Ti85Si15 (99.9%) target
were utilized and symmetrically installed on opposite sides. All arc
currents were 100 A.

4) Deposition of a Cr outer layer under the same conditions as above-
mentioned in 2). This Cr outer layer is to improve the mechanical
compatibility of the inner nitride coating, and prevent the nitride
coating from cracking due to the mismatch of the thermal expansion
coefficient between the nitride coating and the Zircaloy substrate
when the sample is under extreme conditions of rapid heating up or
cooling down.

During the entire deposition process, the samples were installed on a
rotation bracket and rotated at a speed of 15 Hz. During coating depo-
sition, temperature was maintained below 400 ◦C to prevent phase 
transformation of Zircaloy substrates. 

A synchrotron thermogravimetric analysis system (STA, NETZSCH 
STA 449F) was used to analyze isothermal oxidation behavior of bare 
and as-deposited samples under a steam atmosphere at 1000 and 
1200 ◦C. The STA can provide information about the mass change of the 
samples in situ during steam oxidation. In the first step, the furnace of 
the STA was vacuumed. Then, the furnace was heated from 30 ◦C at a 
heating rate of 5 K/60 s to the designated temperature of 1000 or 
1200 ◦C. High-purity Ar at a flow rate of 2.5 mL/s was injected into the 
furnace to protect the samples from oxidation during heating. When the 
temperature in the furnace reached the predefined value, steam pre- 
heated at 150 ◦C at a flow rate of 1.5 g/3600 s was introduced into 
the furnace. The isothermal oxidation time at 1000 ◦C was 3600 s, 
whereas the isothermal oxidation times at 1200 ◦C were 1500 s and 
3600 s. When isothermal oxidation was completed, the steam injection 
was stopped, Ar was continuously introduced into the furnace to protect 
the samples, and the samples were cooled inside the furnace. 

X-ray diffraction (XRD) was performed using an X-ray diffractometer
(Bruker D8 Focus) to study the surface phases of the coated samples 
before and after high-temperature steam oxidation. The diffraction 
source was Cu Kα (λ 1.5406 Å), the 2θ range was 20–100◦, and the 
scanning step was 0.02◦. X-ray photoelectron spectroscopy (XPS, 
Thermo Fisher ESCALAB Xi+) with an Al Kα (hv 1486.6 eV) radiation 
source was used to analyze the binding energy of each element inside the 
coating. Before XPS, the surfaces of the samples were polished to remove 
most part of the outer Cr layer. Scanning electron microscopy (SEM, 
GeminiSEM 500) coupled with energy-dispersive X-ray spectroscopy 
(EDS, Oxford) was used to characterize the surface and cross-sectional 
microstructures of the samples before and after steam oxidation. The 
samples used for cross-sectional microstructural characterization were 
initially embedded in epoxy resin and were then cut along the central 
axis by a low-speed cutting machine, followed by grinding and polishing 
to a mirror surface; finally, they were ultrasonically cleaned and dried. 
Transmission electron microscopy (TEM, JEOL JEM-F200) was utilized 
to further comprehensively characterize the microstructures of the as- 
deposited coatings. Specimen for TEM was prepared using a focused 
ion beam (FIB, Helios Nanolab 600i) on the cross-section of the sample 
at the interface between the coating and the substrate. 
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3. Results

3.1. Microstructures of the as-deposited coating

Fig. 1 shows the XRD patterns of the as-deposited Cr-CrN/TiSiN-Cr 
multilayer coating. Cubic CrN (c-CrN), cubic TiN (c-TiN), and cubic Cr 
(c-Cr) phases were detected in the coating. The c-Cr phase was the outer 
thin protective Cr coating. No clear peaks of Si and Si nitrides were 
observed due to the low content of these components in the coating.  
Fig. 2 depicts the fitted Cr 2p, Ti 2p, Si 2p, and N 1s XPS spectra of the as- 
deposited multilayer coating. The peaks in the Cr 2p spectrum were 
attributed to Cr and CrN phases (Fig. 2(a)). In the Ti 2p and Si 2p spectra, 
only peaks related to TiN and Si3N4 phases were obtained (Fig. 2(b) and 
(c)), respectively. The presence of these three types of nitrides can be 
verified by the N 1s XPS spectrum (Fig. 2(d)). Note that peaks corre-
sponding to Cr–Ti or Ti–Si bonds inside the coating were not noticed. 
Based on the XRD (Fig. 1) and XPS results (Fig. 2), a total of four types of 
phases were present in the as-deposited coating: CrN, TiN, Si3N4, and Cr. 

Fig. 3 shows the surface and cross-sectional microstructures of the as- 
deposited coating. The coating surface was smooth without cracks 
(Fig. 3(a) and (b)). However, a large number of particles and voids were 
distributed on the surface, which were also observed in other coatings 
fabricated by multi-arc ion plating [17,33,34]. Semi-quantitative 
elemental contents of these particles and the coating matrix at P1–P6 
positions in Fig. 3(b) were evaluated by EDS point analysis, and the 
results are provided in Table 1. No significant differences were noticed 
between the element contents of the particles and the coating matrix, 
and mainly Cr and small amounts of Ti, Si, and N were present. As shown 
in the cross-section image of the as-deposited sample (Fig. 3(c)), the 
coating structure was consistent with the designed structure. According 
to the EDS line scans, Cr layers were distributed on both sides of the 
coating, and a CrN/TiSiN layer was dispersed in the middle of the 
coating. The coating was dense and tightly bonded to the Zircaloy 
substrate. The coating thickness was uniform, and the average thickness 
was measured to be ~15.2 µm. The average thickness of the Cr layers on 
both sides of the coating was ~1.2 µm. Nevertheless, microcracks par-
allel to the coating/substrate interface were distributed inside the 
nitride layer. Higher-magnification SEM image (Fig. 3(d)) demonstrated 
the presence of a superlattice structure inside the nitride layer, which 
was a nanoscale multilayer sequence of two different materials (with 
dark and bright colors). It can be clearly observed in Fig. 3(d) that the 
microcracks inside the nitride layer are distributed at the interface be-
tween nanolayers. 

To better study the microstructure of the middle CrN/TiSiN super-
lattice layer, further characterization was conducted using TEM, and the 
results are shown in Fig. 4. Fig. 4(a) depicts the high-angle annular dark 
field (HAADF) scanning transmission electron microscopy (STEM) 
image of the CrN/TiSiN superlattice layer; the superlattice structure was 
consistent with the SEM results (Fig. 3(d)). The structures of both the 
bright and the dark layers were continuous at the grain boundaries 
(Fig. 4(a)). Average thicknesses of the bright and dark layers were 
evaluated to be ~47.6 and ~31.2 nm, respectively. In the HAADF 
image, the brightness can be linked to the atomic number; thus, the 
bright layers should be CrN. Furthermore, according to the EDS maps 
(Fig. 4(b)), Cr and N were present in the bright layers, which confirmed 
that the bright layers were CrN layers. In contrast, Ti, Si, and N were 
distributed in the dark layers, indicating that the dark layers were TiSiN 
layers. Note that the concentration of N in the dark layers was higher 
than that in the bright layers because there were two types of nitrides 
(TiN and Si3N4) in the dark layers. Only a single cubic phase was 
identified via selected area electron diffraction (SAED) (Fig. 4(c)) by 
analyzing the diffraction rings, which implied the existence of a 
coherent lattice relationship between the CrN and TiN phases. However, 
no clear diffraction spots of the Si3N4 phase were obtained in the SAED 
pattern. This could be due to the fact that Si3N4 phase always exists as 
amorphous nanoparticles in Si-containing nitride coatings [17,35,36]. 
The amorphous phase can be observed by high-resolution TEM 
(HRTEM) in Fig. 4(f) inside the yellow circles, and the appearance of the 
amorphous phase can be further verified by the fast Fourier transform 
(FFT) pattern in Fig. 4(g) where there exists the halo ring pattern. This 
type of amorphous phase is possibly the Si3N4 amorphous nanoparticle. 
The grains of the CrN/TiSiN superlattice layer were columnar, as shown 
in the bright field (BF) image in Fig. 4(d) and the corresponding dark 
field (DF) image in Fig. 4(e). The HRTEM image of the CrN/TiSiN 
superlattice layer is shown in Fig. 4(h), and no clear phase boundaries 
were noticed between the CrN phase and the TiN phase, which further 
verified the coherent lattice relationship between these two phases. 

3.2. Oxidation behavior of coated Zircaloy in steam 

Fig. 5 shows the oxidation curves of weight gain versus time for Cr- 
CrN/TiSiN-Cr-coated and bare Zircaloy samples in steam at 1000 and 
1200 ◦C. Images of the samples before and after oxidation are also 
depicted in Fig. 5. For steam oxidation at 1000 ◦C (Fig. 5(a)), the 
oxidation kinetics of the bare Zry-A tube initially obeyed a parabolic 
law, and then, a kinetic transition occurred at ~1200 s; finally, the 
weight gain rapidly increased with the oxidation time. The oxidation 
kinetics of Cr-CrN/TiSiN-Cr-coated Zry-A followed a parabolic law 
during the initial oxidation stage, and a kinetic transition took place at 
~500 s. Nevertheless, even after the kinetic transition, the total weight 
gain of the coated sample (~1271.0 mg/dm2) was substantially lower 
than that of the bare sample (~2967.7 mg/dm2) after oxidation. As 
shown in Fig. 5(a), after exposure to steam at 1000 ◦C for 3600 s, most 
regions of the coated sample surface were appropriately protected; 
however, large cracks formed on the surface along the axial direction of 
the tube. Moreover, the edge of the tube was extensively attacked by 
steam. Therefore, it is highly possible that the oxidation of the edge and 
the formation of cracks led to the transition of the oxidation kinetics of 
the coated sample. During the entire oxidation process in steam at 
1200 ◦C (Fig. 5(b)), the oxidation kinetics of bare Zry-4 obeyed a 
parabolic law. However, the oxidation kinetics of the coated sample at 
1200 ◦C showed a similar variation to that at 1000 ◦C: a transition 
occurred at ~500 s, and then, the kinetics started following a faster 
exponential law instead of the parabolic law. The total weight gain of the 
coated sample (~3470.9 mg/dm2) after oxidation was considerably 
lower than that of the bare Zry-4 sample (~7223.8 mg/dm2). Surface 
morphology evolution during steam oxidation at 1200 ◦C was substan-
tially different from that during steam oxidation at 1000 ◦C, and no 
evident cracks were observed on the surface of the rods; nevertheless, Fig. 1. XRD patterns of the as-deposited Cr-CrN/TiSiN-Cr coating.  
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spallation occurred. Similar to the case of the tube sample, the corners of 
the rod samples significantly oxidized at 1200 ◦C. This phenomenon was 
primarily caused by stress concentration at the edges or the corners of 
the samples and was also noticed and discussed in our previous studies 
[16,17]. 

3.2.1. Microstructures of the samples after oxidation in steam at 1000 ◦C 
Fig. 6 shows the surface microstructures of Cr-CrN/TiSiN-Cr-coated 

Zry-A after oxidation in steam at 1000 ◦C for 3600 s. At the edge of 
the coated Zry-A tube (Fig. 6(a)), circumferential and axial cracks were 
observed, and partial spallation of the coating occurred. Coating spall-
ation and the formation of cracks could be the main reasons for the 
extensive oxidation of the edges. As shown in Fig. 6(b), microcracks and 
bulges formed on the surface of the coated sample after steam oxidation. 
According to the EDS maps (Fig. 6(d)), Ti was enriched at these bulges, 
which indicated outward diffusion of Ti through the outer Cr layer. 
Except for the bulge regions, most areas on the surface of the sample 
comprised Cr2O3. Based on the higher-magnification SEM image of the 
surface (Fig. 6(c)), the average grain size of Cr2O3 was ~160 nm. Small 
pores were distributed on the sample surface. 

Fig. 7 depicts the cross-sectional microstructures of the coated tube 
after steam oxidation at 1000 ◦C for 3600 s. On the inner surface of the 
tube without coating, the Zircaloy substrate was seriously oxidized by 
steam. A thick non-protective oxide scale with an average thickness of 
~172 µm generated after oxidation. However, on the coated outer sur-
face of the tube, most regions of the substrate were suitably protected 
and not attacked by steam. Via the back-scattered electron SEM image 

(Fig. 7(b)) and EDS line scans (Fig. 7(d)), four layers were identified 
inside the coating after oxidation: an outermost Cr2O3 layer; a decom-
posing layer where no clear elemental distribution differences were 
observed, since the superlattice structure of this layer was destroyed 
(Fig. 7(c)); a middle unoxidized CrN/TiSiN coating layer, whose 
superlattice structure was maintained (Fig. 7(c)); and an innermost Cr 
interlayer. The average thickness of the Cr2O3 scale was ~2 µm, which 
suggested that this oxide scale was primarily the oxidation product of 
the original outer Cr layer (~1.2 µm) due to the large Pilling–Bedworth 
ratio (PBR, ~2 [37]) during the oxidation of Cr. Inside the decomposing 
layer beneath the oxide scale (Fig. 7(c)), the TiSiN nanolayers between 
CrN layers transformed into pores, which indicated the decomposition of 
TiSiN. Considering the appearance of Ti precipitates on the surface of 
the sample (Fig. 6(b)), this decomposition may be attributed to outward 
diffusion of Ti. The average thickness of the Cr interlayer was 0.7 µm, 
which was substantially lower than that of the original outer Cr layer 
(1.2 µm). Note that a Zr–Cr intermetallic compound layer formed be-
tween the Cr interlayer and the Zircaloy substrate. The presence of Zr 
inside the nitride coating was verified by EDS line scans (Fig. 7(d)). 

3.2.2. Surface phases of the coating after oxidation in steam at 1200 ◦C 
Fig. 8 presents the XRD patterns of the Cr-CrN/TiSiN-Cr coating after 

steam oxidation at 1200 ◦C for 1500 s and 3600 s. No diffraction peaks 
of the original nitride coating were noticed owing to the formation of a 
thick oxide scale on the surface of the coating after oxidation. After 
oxidation at 1200 ◦C for 1500 s, four types of oxide phases formed on 
the surface of the sample: (Cr1− xTix)2O3 (x was close to 0.12 based on the 

Fig. 2. Fitted (a) Cr 2p, (b) Ti 2p, (c) Si 2p, and (d) N 1s XPS spectra of the as-deposited Cr-CrN/TiSiN-Cr coating.  
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positions of diffraction peaks), Cr2TiO5, ZrO2, and SiO2. The 
(Cr1− xTix)2O3 phase was generated due to the substitution of partial Cr 
atoms in the Cr2O3 grains by Ti atoms. Owing to the larger atomic 
volume of Ti when compared with that of Cr, the lattice parameters of 
the (Cr1− xTix)2O3 phase (a 4.97217 Å, b 4.97217 Å, and 
c 13.6343 Å when x 0.12 (namely, the (Cr0.88Ti0.12)2O3 phase)) 
were larger than those of the Cr2O3 phase (a 4.95876 Å, 
b 4.95876 Å, and c 13.5942 Å). The Cr2TiO5 phase had also formed 
during the oxidation of Cr- and Ti-containing MAX ceramics [38]. In 
addition, a similar stoichiometric oxide phase of Al and Ti (that is, 
Al2TiO5 phase) was produced after the oxidation of a TiAlN coating in 
air [39]. The formation of the ZrO2 phase can be ascribed to two factors: 
1) spallation of the surface coating and oxidation of the Zircaloy sub-
strate and 2) outward diffusion of Zr through the coating followed by
further oxidation inside the coating, which has been extensively
observed and studied during the oxidation of Cr coatings on Zircaloy
substrates [15,19]. The SiO2 phase could be the oxidation product of
Si3N4 in the coating. These four oxide phases were also noticed on the
surface of the sample exposed to steam at 1200 ◦C for 3600 s. However,
a small difference was found between these two samples with different
oxidation times: leftward shifts of the diffraction peaks of (Cr1− xTix)2O3 

and Cr2TiO5 phases occurred in the case of the sample with an oxidation 
time of 3600 s. Note that such peak shifts were not caused by the effects 
of stress inside the oxide scale because there was no change in the po-
sitions of the peaks of ZrO2 and SiO2 phases. Consequently, it should 
have been induced by an increase in the lattice parameter according to 
the Bragg equation. This indicated that more Ti atoms were doped into 
the lattices of the (Cr1− xTix)2O3 and Cr2TiO5 phases. To differentiate the 
Ti contents, (Cr1− yTiy)2O3 (y > x) and (Cr1− zTiz)2TiO5 were employed to 
describe the abovementioned two phases after oxidation for 3600 s. The 
TiO2 phase, which is the primary oxidation product of Ti-containing 
nitride coatings or ceramics [40–42], was not observed on the surfaces 
of the samples after oxidation. 

3.2.3. Microstructures of the sample after oxidation in steam at 1200 ◦C 
for 1500 s 

Fig. 9 depicts the surface and cross-sectional SEM images of Cr-CrN/ 
TiSiN-Cr-coated Zry-4 after oxidation in steam at 1200 ◦C for 1500 s. As 
shown in Fig. 9(a), the surface of the sample after oxidation was rela-
tively smooth, and no significant cracks were noticed on it. Although the 
oxide grains on the surface were relatively small, a few large needle-like 
grains were distributed on the surface. According to the EDS maps 
(Fig. 9(b)), mainly Cr, Ti, and O were distributed on the surface, and 
small amounts of Si, N, and Zr were also observed. No elemental 
segregation was detected on the surface. Oxidation of the Zry-4 substrate 
was appropriately prevented by the surface coating, as observed from 
the cross-section image shown in Fig. 9(c). After oxidation, the coating 
was dense without cracks. However, pores formed at the interface be-
tween the mixed oxide layer and the unoxidized nitride coating. In local 
regions of the sample (Fig. 9(f)), these pores connected to each other, 
and a large crack was generated at the oxide/nitride coating interface, 

Fig. 3. SEM images of the as-deposited Cr-CrN/TiSiN-Cr coating: (a) surface at low magnification, (b) surface at high magnification, (c) cross-sectional micro-
structure at low magnification along with EDS line scans, and (d) cross-sectional microstructure at high magnification. 

Table 1 
The semi-quantitative elemental contents at P1–P6 positions in Fig. 3(b).  

at% P1 P2 P3 P4 P5 P6 

Cr  82  86  89  79  88  87 
Ti  7  7  3  5  4  4 
Si  0  0  0  1  0  0 
N  11  7  8  15  8  9  
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which separated the outer mixed oxide layer from the coating matrix. 
After exposure to steam at 1200 ◦C for 1500 s, the coating was not 
completely consumed by oxidation. A multilayer structure formed inside 
the coating, and the layers, from the outside to the inside, were identi-
fied as a Cr-rich mixed oxide layer, a Ti-rich mixed oxide layer, a Cr-rich 
mixed oxide layer, an unoxidized nitride coating, and a Cr interlayer, 
respectively, by the EDS maps (Fig. 9(d)) and EDS line scans (Fig. 9(e)). 
The EDS maps (Fig. 9(d)) indicated a Ti concentration gradient inside 
the middle Cr-rich mixed oxide layer, and Ti segregation was noticed at 
the oxide/nitride coating interface. Si segregated on the surface of the 
sample after oxidation. A Si-rich layer was also observed at the oxide/ 
nitride coating interface. Nevertheless, this Si-rich layer was formed by 
the filling of the SiO2 polishing paste in the pores at the interface during 
sample polishing instead of by the segregation of Si. Note that Zr was 
found inside the coating, which implied that Zr in the substrate diffused 
outward into the coating. A Zr–Cr layer was also discovered at the 
coating/substrate interface via the EDS line scans (Fig. 9(e)). Partial 
spallation of the outermost Cr-rich mixed oxide layer is shown in Fig. 9 
(c). However, in local regions of the coating (Fig. 9(f)), the entire Cr-rich 
mixed oxide layer and some of the inner Ti-rich mixed oxide layer 
peeled. This result is consistent with the image of the sample surface in 
Fig. 5(b), showing spallation of the local dark oxide layer. Fig. 9(g) 
presents the microstructure of the oxide/nitride coating interface. On 
the nitride coating side, dark Ti segregated close to the interface, and in 
these regions, the coating no longer had the superlattice structure. In 
contrast, the superlattice structure inside the nitride coating far from the 
interface was not destroyed after oxidation. 

3.2.4. Microstructure after oxidation in steam at 1200 ◦C for 3600 s 
Fig. 10 shows the surface morphologies of the Cr-CrN/TiSiN-Cr 

coating after oxidation in steam at 1200 ◦C for 3600 s. The surface 
was no longer smooth, and large bulges (indicated by yellow arrows) 
and small precipitates (shown by blue arrows) were distributed on it. 
The appearance of these small precipitates was similar to that of the Ti- 
rich precipitates observed on the surface of the sample after oxidation at 

1000 ◦C (Fig. 6(b)). However, the EDS maps (Fig. 10(b)) indicated no Ti 
segregation inside these precipitates. Moreover, no clear elemental 
segregations were detected at the positions of the large bulges. The el-
ements on the surface of the sample were mainly Cr, Ti, and O. Small 
amounts of Zr, N, and Si were also observed on the surface. As shown in 
the higher-magnification SEM image (Fig. 10(c)), the grain size of the 
surface oxide was larger than those of the samples after oxidation at 
1200 and 1000 ◦C for 1500 s and 3600 s, respectively. According to the 
EDS maps (Fig. 10(d)), the surface oxides with large grains were pri-
marily the mixed oxides of Cr and Ti. Interestingly, small ZrO2 grains 
were identified via the EDS maps. These ZrO2 grains were distributed 
not only at the grain boundaries of the mixed oxide (indicated by yellow 
arrows), but also inside the grains of the mixed oxide (shown by blue 
arrows). 

Fig. 11 shows the cross-sectional microstructures of the samples 
exposed to steam at 1200 ◦C for 3600 s. The microstructures of the 
samples exposed to steam at 1200 ◦C for 1500 s and 3600 s were 
considerably different; however, there were also some similarities. The 
coating was completely consumed with no nitride layer, and the 
superlattice structure was destroyed. Layers from the outside to the in-
side of the multilayer structure (Fig. 11(a)) were determined to be a 
Cr–Ti mixed oxide layer, a Cr-rich mixed oxide layer, a Ti-rich mixed 
oxide layer, and a Cr interlayer, respectively, via the EDS maps (Fig. 11 
(b)) and line scans (Fig. 11(c)). A Zr–Cr layer formed between the 
coating and the substrate after oxidation. In the Cr–Ti mixed oxide layer, 
the ratio of the concentrations (at%) of Cr and Ti was close to 1. Small 
dark precipitates were dispersed close to the outer surface of the sample 
(indicated by white arrows), whose microstructures were similar to 
those of the Ti-rich precipitates beneath the outermost Cr-rich layer in 
the sample exposed to steam oxidation for 1500 s (Fig. 9(c)). Note that 
the thickness of the Cr interlayer was higher when compared with that in 
the case of the sample exposed to steam oxidation for 1500 s. In most 
regions of the sample, no continuous porous layers were detected inside 
the coating. The pores, which formed after oxidation at 1200 ◦C for 
1500 s, at the oxide/nitride coating interface entirely disappeared after 

Fig. 4. TEM characterization of the as-deposited CrN/TiSiN superlattice layer: (a) HAADF-STEM image, (b) EDS maps of (a), (c) SAED pattern, (d) BF-TEM image, (e) 
DF-TEM image of (d), (f) HRTEM image of the TiSiN layer, (g) FFT pattern of (f), and (h) HRTEM image. GB: Grain boundary. 
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further oxidation for 3600 s. Nevertheless, in local regions of the sample, 
large cracks were generated inside the coating; these cracks were par-
allel to the coating/substrate interface and separated the mixed oxide 
layer and the unoxidized coating (Fig. 11(d)). These regions with large 
cracks were associated with the bulges observed on the surface of the 
sample (Fig. 10(a)). Interestingly, the EDS maps (Fig. 11(f)) indicated 
that the single Cr2O3 phase precipitated in the mixed oxide layer outside 
the bulges (Fig. 11(e)). 

4. Discussion

4.1. Microstructure of the as-deposited coating

The middle CrN/TiSiN layer inside the as-deposited multilayer 
coating had a superlattice structure composed of a nanoscale multilayer 
sequence of CrN/TiSiN. Inside the TiSiN layers, nano-sized Si3N4 parti-
cles possibly dispersed in the TiN matrix; however, no Ti–Si bonds were 
produced. A coherent lattice relationship, which is typically the primary 
characteristic of a superlattice structural coating [28,43,44], existed 
between the CrN and TiN layers. Both TiN and CrN have face-centered 
cubic (fcc) structures and B1 lattice structures. Only a small difference 
was noticed between the lattice parameters of CrN 
(a b c 0.4148 nm) and TiN (a b c 0.4241 nm), and the 
lattice misfit of crystal orientation between CrN and TiN was calculated 
to be 2.2%. Superlattice structure improves the thermal stability of the 

coating [29,45,46], and, in this study, the unoxidized coating can 
maintain the nitride superlattice structure at 1000 ◦C and 1200 ◦C. 
However, cracks were distributed along the CrN/TiSiN interface. The 
formation of cracks may be attributed to the small lattice mismatch 
between TiN and CrN. 

4.2. Oxidation behavior and oxidation mechanism of the as-deposited 
multilayer coating on Zircaloy substrates 

Oxidation behavior of the Cr-CrN/TiSiN-Cr-coated Zircaloy at high 
temperatures is complicated owing to the complex structure and multi- 
element nature of this surface coating and the interdiffusion behavior 
between the coating and the substrate. Fig. 12 depicts the schematics 
describing the oxidation behavior and oxidation mechanism of the Cr- 
CrN/TiSiN-Cr-coated Zircaloy. The microstructure of the as-deposited 
coating is shown in Fig. 12(a). At the initial stage of oxidation (Fig. 12 
(b)), a single-phase Cr2O3 scale formed by the reaction between steam 
and the outer Cr layer (Fig. 7(b)) as follows:  

2Cr + 3H2O → Cr2O3 + 3H2 (1) 

This kind of oxidation is mainly dominated by the outward diffusion 
of Cr cations [47,48] when only one type of cations exists during 
oxidation; nevertheless, Ti, Si, and Zr also diffused from the inner 
superlattice coating and substrate to the outer surface of the coating 
(Fig. 6(d) and 7(d)), respectively. This outward diffusion of other ele-
ments can affect the oxidation behavior of Cr. Therefore, the inward 
diffusion of O during this type of oxidation cannot be ignored. 
Furthermore, inward diffusion of O was reported during the oxidation of 
the TiCrN coating [49]. After the Cr outer layer was consumed, oxida-
tion of the inner superlattice coating occurred. Accordingly, the oxida-
tion behaviors of multi-element coatings should depend on the O 
affinities of all components. Standard Gibbs formation energies (△Gf) of 
several oxides (per mol O2) at 1000 and 1200 ◦C are presented in  
Table 2. According to the △Gf values of different oxides, the O affinities 
of Cr, Ti, Si, and Zr are in the following order: Zr > Ti > Si > Cr. 
Therefore, during the oxidation of the CrN/TiSiN superlattice coating, 
the oxidation of Ti and Si preceded the oxidation of Cr. Outward diffu-
sions of Ti, Si, and Zr took place due to the O potential gradient, which 
extended from the gas/coating interface to the substrate [50]. Moreover, 
the decomposition of the TiSiN layer occurred before the decomposition 
of the CrN layer, which was the primary reason for the formation of the 
decomposing layer beneath Cr2O3 and the appearance of pores at the 
position of the TiSiN layer (Fig. 7(c)). Schematics of the decomposition 
of the superlattice CrN/TiSiN layers are shown in Fig. 13, and the N 
atoms are not depicted in these schematics. Outward diffusion of Ti 
atoms led to the production of vacancies at the original positions of the 
Ti atoms (Fig. 13(b)). Subsequently, with the further outward diffusion 
of Ti, more vacancies formed. These vacancies coalesced with each 
other, eventually resulting in the production of pores inside the TiSiN 
layer (Fig. 13(c)). Note that these pores can act as sinks for absorbing N2 
generated during the decomposition and oxidation of the nitride coating 
[16,17]. As shown in Fig. 12(b), in local regions, Ti reached the outer 
surface of the coating and formed Ti-rich oxides, which was the reason 
for the appearance of Ti precipitates (Fig. 6(b)). As shown in the image 
of the surface (Fig. 6(b)), microcracks that penetrated through these 
precipitates were always generated. Therefore, the inhomogeneous 
outward diffusion of Ti atoms and the formation of precipitates on the 
surface may have led to changes in the surface stress and the production 
of microcracks. At the Cr interlayer/Zircaloy substrate interface, inter-
diffusion and solid reactions occurred between Zr and Cr; thus, the 
thickness of the Cr interlayer decreased, and a Zr–Cr layer formed 
beneath the Cr interlayer. This type of Zr–Cr layer has always been 
observed during the high-temperature oxidation of Cr-coated Zircaloy 
[15,19,22]. 

Theoretically, the oxidation of TiN is mainly controlled by the 

Fig. 5. Isothermal oxidation kinetics of the bare and coated Zircaloy samples 
along with the surface images of the coated samples before and after oxidation: 
(a) oxidation in steam at 1000 ◦C for 3600 s and (b) oxidation in steam at
1200 ◦C for 3600 s.
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inward diffusion of O through the oxide layer [51]. However, in this 
study, the oxidation mechanism was significantly different. As shown in 
Fig. 12(c), when Ti diffused into the outer Cr2O3 layer, the Cr atoms in 
Cr2O3 were replaced by Ti atoms because of the higher O affinity of Ti 
than that of Cr. Therefore, the outer oxide phase transformed into a 
(Cr1-xTix)2O3 phase via the reaction described in Eq. 2. This 
(Cr1-xTix)2O3 layer is the outermost Cr-rich layer shown in Fig. 9(c).  

2xTiN + Cr2O3 → (Cr1-xTix)2O3 + 2xCr + 2xN (2) 

Beneath the (Cr1-xTix)2O3 layer, CrN and TiN were oxidized by the 
inward diffused O, and a mixed oxide (Cr2TiO5) layer formed via the 
reaction presented in Eq. 3. This Cr2TiO5 layer is the middle Ti-rich 
mixed oxide layer depicted in Fig. 9(c), and the concentration of Ti in 
the Cr2TiO5 layer was substantially higher than that in the (Cr1-xTix)2O3 
layer.  

TiN + 2CrN + 5O → Cr2TiO5 + 3N (3) 

With the fast outward diffusion of Ti, a large number of CrN mole-
cules were left below the Cr2TiO5 outer layer. Thereafter, these CrN 
molecules were further oxidized by the inward diffused O, and a thick 
Cr-rich mixed oxide layer was produced. Moreover, the nitride coating 
beneath this Cr-rich oxide layer continued to decompose, and Ti 
continuously diffused outward to this Cr-rich oxide layer and replaced 
the Cr atoms in Cr2O3. This is the reason for the development of a Ti 
concentration gradient inside the Cr-rich oxide layer and the segregation 
of Ti in the nitride coating close to the oxide/nitride coating interface. 
During the oxidation of the inner superlattice coating, the oxidation 
behavior was primarily controlled by the outward diffusion of Ti and 
inward diffusion of O, which was also detected during the oxidation of 
the TiCrN coating [52]. The outward diffusion of Cr may be inhibited by 

the outward diffusions of Ti, Zr, and Si, whose O affinities are higher 
than that of Cr. During oxidation, a SiO2 layer generated close to the 
surface of the coating, which was the oxidation product of outwardly 
diffused Si and inwardly diffused O. Zr in the substrate also diffused into 
the coating. When numerous Ti atoms diffused to the outer surface of the 
coating and uniformly dispersed on the coating surface, almost no 
elemental difference was noticed between the original Ti precipitates 
and the mixed oxide matrix (Fig. 10(b)). In this oxidation stage, a porous 
layer formed at the oxide/nitride coating interface. There are two 
possible mechanisms for the formation of interfacial pores: 1) the pores 
produced by the outward diffusion of Ti and the decomposition of the 
TiSiN layer (Fig. 13(c)) further absorb vacancies and N2 and grow, and 
2) Kirkendall voids generated owing to the difference between the
diffusion coefficients of Ti and Cr during oxidation [53].

With an increase in the oxidation time, the further outward diffusion 
of Ti transformed the (Cr1-xTix)2O3 and Cr2TiO5 phases to (Cr1− yTiy)2O3 
(y > x, ~1) and (Cr1-zTiz)2TiO5 phases due to the replacement of the Cr 
atoms in the crystal lattice by Ti atoms (Fig. 12(d)). This transformation 
led to a leftward shift of the XRD peaks of these two phases (Fig. 8). The 
thickness of the (Cr1− yTiy)2O3 layer (the outermost Cr-Ti oxide layer in 
Fig. 11(a)) increased owing to the outward diffusion of Ti. Corre-
spondingly, the thickness of the Cr-rich mixed oxide layer beneath the 
(Cr1− yTiy)2O3 outer layer (Fig. 11(a)) decreased as compared to that of 
the Cr-rich layer (Fig. 9(c)). However, the thickness of the (Cr1-zTiz)2-

TiO5 layer significantly decreased and only a few particles remained 
close to the surface after oxidation. This decrease in the content of the 
(Cr1-zTiz)2TiO5 phase was also indicated by the XRD patterns shown in 
Fig. 8. This content reduction may be due to the instability of the 
Cr2TiO5 phase at high temperatures and its decomposition during 
oxidation [54]. During the oxidation of the remaining unoxidized 
superlattice coating, Ti diffuses outward and is preferentially oxidized 

Fig. 6. Surface SEM characterization of the Cr-CrN/TiSiN-Cr-coated Zry-A tube after oxidation in steam at 1000 ◦C for 3600 s: (a) edge of the tube, (b) surface 
microstructure at low magnification, (c) surface microstructure at high magnification, and (d) EDS maps of (b). 
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by O that diffuses inward; thus, a Ti-rich mixed oxide forms. Further-
more, CrN is left inside the coating close to the Cr interlayer. Because of 
the instability of CrN [16], CrN further decomposes into Cr. This part of 

Cr increases the thickness of the Cr interlayer and diffuses inward to the 
Zircaloy substrate owing to the large diffusion coefficient and solubility 
of Cr in Zr [15,22], which has been extensively reported during the 
high-temperature oxidation of Cr-coated Zircaloy substrate systems [15, 
19]. This oxidation of Ti and Cr beneath the original oxide/nitride 
coating interface (Fig. 12(c)) results in volume expansion due to the 
large PBR during the generation of oxides, which further fills the pores at 
the oxide/nitride coating interface. This is the reason for the complete 
disappearance of the original pores at the oxide/nitride interface when 
the material was oxidized for a longer time (Fig. 12(a)). Nevertheless, in 
local regions of the coating (Fig. 12(d)), the pores at the oxide/nitride 
interface did not disappear; instead, they further absorbed N2 and 
eventually developed into bulges, which entirely separated the oxide 
and the coating matrix (Fig. 11(d)). Such bulges further caused the 
formation of cracks inside the coating and the spallation of the oxide 
scale. In this case, the outward diffusion of Ti from the nitride matrix to 
the outer oxide layer was completely suppressed by the bulges. How-
ever, Ti inside the outer mixed oxide layer continued to diffuse outward 
to the outer surface of the coating. Therefore, the single Cr2O3 phase 
precipitated inside the mixed oxide layer outside the bulges owing to the 
loss of Ti. N2 produced by the decomposition and oxidation of the nitride 
coating not only diffused outward and generated bulges, but also 
diffused inward and produced pores inside the Cr interlayer. During 
oxidation, a large amount of Zr diffused to the outer surface of the 
coating through both the grain boundaries and the bulk of the mixed 
oxides, which suggested that the mixed oxides formed by oxidation and 
the multilayer coating could not act as effective barriers to the diffusion 

Fig. 7. Cross-sectional SEM characterization of the Cr-CrN/TiSiN-Cr-coated Zry-A tube after oxidation in steam at 1000 ◦C for 3600 s: (a) SEM image at low 
magnification, (b) SEM image at high magnification; (c) SEM image of the middle superlattice nitride coating; and (d) EDS line scans of (b). 

Fig. 8. XRD patterns of the Cr-CrN/TiSiN-Cr coating after steam oxidation 
at 1200 ◦C. 
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of Zr. 
The degradation of the multilayer coating on Zircaloy substrates will 

occur if exposure in steam atmosphere at 1200 ◦C for a longer time 
(> 3600 s) according to the oxidation behavior and oxidation mecha-
nism discussed above. There are mainly three reasons that will cause the 
failure of the surface coating:  

1) The formation of bulge will lead to the spallation of oxide scale and
surface coating. Moreover, the bulge can cause the formation of
cracks inside the coating (Fig. 10(a)).

2) The mixed oxide formed during the oxidation cannot effectively
block the outward diffusion of Zr. Similar with the oxidation of Cr
coating-Zircaloy substrate [15], the outward diffusion and oxidation
of Zr can significantly affect the oxidation of coating and accelerate
the failure of the surface coating.

3) The formation of pores inside the coating due to the release of N
during the oxidation is a factor that can affect the structural integrity
of coating [16,17].

5. Conclusion

In this study, Cr-CrN/TiSiN-Cr multilayer coatings were deposited on
Zircaloy tubes and solid rods. Microstructures of the as-deposited coat-
ings, specifically those of the CrN/TiSiN superlattice layers, were 
comprehensively analyzed. Oxidation behaviors of the multilayer coat-
ings under a steam atmosphere at 1000 and 1200 ◦C were investigated. 
Oxidation mechanisms of the coatings, particularly those of the CrN/ 
TiSiN superlattice layers, were discussed. The following conclusions 
were drawn from the results obtained in this study:  

(1) The microstructure of the CrN/TiSiN superlattice layer in the as- 
deposited multilayer coating was composed of nanoscale multi-
layer sequences of CrN (~47.6 nm) and TiSiN (~31.2 nm). A
coherent lattice relationship existed between the CrN and TiSiN
layers. In the TiSiN layer, nanosized Si3N4 particles were
dispersed in the TiN matrix.

(2) The surface multilayer coating improved the oxidation resistance
of the Zircaloy substrate in steam at 1000 and 1200 ◦C within
3600 s. Oxidation behavior of the nitride coating was controlled

Fig. 9. Surface and cross-sectional SEM characterization of the Cr-CrN/TiSiN-Cr coated Zry-4 rod after oxidation in steam at 1200 ◦C for 1500 s: (a) surface SEM 
image, (b) EDS maps of (a), (c) cross-sectional SEM image, (d) EDS maps of the local region in (c), (e) EDS line scans of (c), (f) cross-sectional SEM image of the region 
with surface spallation, and (g) cross-sectional SEM image at the oxide/nitride coating interface. 
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by the outward diffusion of Ti and the inward diffusion of O 
through the oxide. A multilayer mixed oxide scale formed after 
oxidation. When the coating was oxidized at 1200 ◦C, the initial 
oxidation products of the multilayer coating were (Cr1-xTix)2O3 
and Cr2TiO5 phases. Subsequently, with further outward diffu-
sion of Ti, these two phases transformed into (Cr1− yTiy)2O3 and 
(Cr1-zTiz)2TiO5 phases owing to the replacement of the Cr atoms 
in the crystal lattice with Ti atoms. The content of the Cr2TiO5 
phase decreased with an increase in the oxidation time. No TiO2 
phase was generated during oxidation.  

(3) In the early stage of oxidation, the outward diffusion of Ti and Si
led to the decomposition of the TiSiN layer, which further pro-
duced pores inside this layer. In the later stage of oxidation, the
outward diffusion of Ti and Si left CrN in the innermost region of
the coating. The remaining CrN decomposed into Cr, increasing
the thickness of the Cr interlayer.

(4) Pores formed at the oxide/nitride coating interface after oxida-
tion at 1200 ◦C for 1500 s. However, most of the pores were
healed by the oxidation of the remaining nitride coating when the

Fig. 10. Surface SEM characterization of the Cr-CrN/TiSiN-Cr-coated Zry-4 rod after oxidation in steam at 1200 ◦C for 3600 s: (a) surface microstructure at low 
magnification, (b) EDS maps of (a), (c) surface microstructure at high magnification, and (d) EDS maps of (c). GB: grain boundary. 

Fig. 11. Cross-sectional SEM characterization of the Cr-CrN/TiSiN-Cr-coated Zry-4 rod after oxidation in steam at 1200 ◦C for 3600 s: (a) SEM image of the coating, 
(b) EDS maps of the local region in (a), (c) EDS line scans of (c), (d) SEM image of the bulge region, (e) local microstructures in (d) at a higher magnification, and (f)
EDS maps of (e).
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sample was oxidized for a longer time. Nevertheless, some of the 
pores grew by absorbing N2 and eventually formed bulges.  

(5) Zr in the Zircaloy substrate diffused outward to the coating.
Finally, Zr reached the surface of the coating and formed ZrO2 
particles on the coating surface.

(6) Si in the superlattice coating diffused outward to the surface of
the coating during oxidation and formed a SiO2 protective layer.
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