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A B S T R A C T   

Alumina-forming MAX phase coatings reveal great potential for accident tolerant fuel (ATF) cladding applica-
tions due to their favorable physical and mechanical properties and excellent high-temperature oxidation 
resistance. The feasibility of Cr2AlC MAX phase as protective coating on zirconium-alloy fuel claddings was 
explored focusing on high-temperature oxidation resistance in steam and hydrothermal corrosion performance in 
autoclave. Single-phase and basal-plane textured Cr2AlC coatings (~6 μm thick) were synthesized on Zircaloy-4 
substrate by thermal annealing of specifically designed, magnetron-sputtered Cr/C/Al elemental multilayers at 
550 ◦C for 10 min. Additionally, a second Cr/Cr2AlC bilayer coating design was fabricated aiming to eliminate 
potential rapid hydrothermal dissolution of Al during normal operating conditions. Micro-cracking appeared on 
both annealed coatings owing to thermal expansion differences between coating layer and substrate. 

Growth of an adherent and dense α-Al2O3 scale during high-temperature oxidation in steam and of a thin 
passivating Cr2O3 layer during hydrothermal corrosion in an autoclave imply excellent combined oxidation and 
corrosion resistance of the textured Cr2AlC coatings on Zircaloy-4. A self-healing capability via growth of 
alumina filling the micro-crack (annealing-induced) gaps was observed during high-temperature oxidation. 
However, partial delamination was seen for both coatings after short autoclave exposure and their mechanical 
properties (fracture toughness and adhesion strength) need further enhancement. Overall, tailored Cr2AlC-based 
(multilayered) coatings can be attractive candidates as potential type of coated ATF claddings.   

1. Introduction 

Improving the efficiency, reliability, and safety in energy-related 
processes and technologies apparently demands advanced engineering 
structural materials (e.g. turbine blades and fuel claddings), specifically 
with excellent mechanical properties (strength and ductility) and high- 
temperature corrosion resistance, to withstand elevated temperatures 
and high stresses in various atmospheres [1]. Surface modification of 
high-strength engineering materials to enhance their corrosion/oxida-
tion resistance enabling higher operating temperatures encompasses 
numerous techniques, including for examples thermal and environ-
mental barrier coatings [2]. Zirconium-based alloys have been applied 
as fuel cladding in water-cooled nuclear reactors for several decades. 
They exhibit multiple desirable attributes, such as good hydrothermal 
corrosion resistance and irradiation stability during steady-state normal 
operation. However, rapid exothermic oxidation and severe mechanical 

degradation of zirconium alloy cladding tubes under design extension 
conditions threaten the reactor safety with the potential risk of hydrogen 
denotation, such as occurred during the Fukushima-Daiichi accidents 
[3,4]. Thus, enhancing the safety and reliability of water-cooled nuclear 
reactors via implementing advanced accident tolerant fuel (ATF) clad-
dings has attracted great attention worldwide afterwards [5,6]. 

Surface modification of zirconium-based alloy cladding via deposi-
tion of oxidation-resistant coatings comprises one near-term evolu-
tionary strategy of ATF claddings which preserves favorable neutronic 
and irradiation properties of state-of-the-art zirconium alloy cladding as 
substrate. Numerous coating design concepts have been proposed, 
including single-layer metallic or ceramic coatings, and multilayered 
coatings [7]. The thermodynamic stability under normal hydrothermal 
corrosion conditions and moderate oxide growth rate at elevated tem-
peratures in oxidizing environments during accidental scenarios make 
chromia scale forming Cr-based or Cr-containing coating concepts 
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represent one most promising option [6,7]. Among these Cr-based 
coating materials, pure metallic Cr coatings have recently been inten-
sively explored [8–17]. They offer advantages of easy fabrication, high 
thermal conductivity, good adhesion strength and irradiation resistance. 
However, the growth rate of Cr2O3 scale substantially accelerates once 
oxidizing temperatures exceed ~1200 ◦C [9,18]. The formation of vol-
atile hydroxides in water vapor-containing atmosphere especially at 
high steam partial pressure and elevated temperatures can further 
restrict its protective capability [19]. Thus, it can be anticipated that a 
relatively thick Cr coating is needed to protect the zirconium alloy 
substrate from rapid oxidation and gain sufficient coping time during 
severe accidents. A thick metallic Cr layer could however cause abrupt 
degradation of the whole coated cladding system via rapid interdiffusion 
and formation of liquid phase at temperatures above the Cr–Zr eutectic 
point (1332 ◦C) [20,21]. 

Exploration and development of advanced robust Cr-containing 
compounds as coating materials for ATF applications, for instance 
alumina-forming materials instead of chromia-forming ones at elevated 
temperatures, enabling thin protective coating and higher failure tem-
perature are of great interest. In comparison with Cr2O3 scale, Al2O3 
scale possesses higher thermodynamic stability and lower growth rate in 
high-temperature oxidizing conditions [6]. Cr2AlC, one of the most 
studied Al-containing MAX phases, appears to be promising as coating 
material for ATF application due to its high Cr content and exceptional 
high-temperature oxidation resistance via formation of an external and 
protective Al2O3 layer. Mn+1AXn (MAX) phases (M: transition metals, A: 
mainly group IIIA or IVA elements, X: C or N, n: typical 1–3) are layered 
ternary compounds which exhibit many attractive attributes combining 
properties characteristic of both ceramics and metals. Their combined 
property profiles are related to their layered crystal structures and 
special bonding characteristics [22,23]. For instance, Cr2AlC is light-
weight (5.24 g/cm− 3), elastically stiff (Young's modulus of 278 GPa, 
shear modulus of 116 GPa) and relatively soft (Vickers hardness of ~5 
GPa) [24]. It also shows high electrical and thermal conductivity, good 
flexural and compression strengths, thermal shock resistance and in-
termediate fracture toughness [24,25]. Furthermore, selective oxidation 
of Al in some Al-containing MAX phases, particularly Ti2AlC, Ti3AlC2 
and the aforementioned Cr2AlC, renders them excellent oxidation 
resistance and autonomous self-healing capacity (crack gap filled by 
growth of alumina scale and associated volume expansion) [26–29]. 
Hence, these Al-containing MAX phases have been proposed and eval-
uated as oxidation/corrosion protective coatings on Zr-based alloys 
[30–33] and other structural materials [34,35]. Moreover, the low 
thermal neutron absorption cross-section of these three elements war-
rant a negligible impact on the neutronic economy inside the reaction 
core for ATF application [36]. 

A range of methods, for instance physical vapor deposition (PVD) 
[23] and spraying techniques [37], have been implemented to synthe-
size MAX phase thin films and coatings. Synthesis of MAX phase mate-
rials via PVD (primarily by sputtering techniques) usually results in 
relatively thin and dense coatings. In case of PVD-synthesis of Ti-based 
MAX phases, high processing temperatures (typically >700 ◦C) are 
required which hinders their application on temperature-sensitive sub-
strates [23]. In addition, Ti2AlC coatings also display poor oxidation 
resistance at elevated temperatures in steam due to the formation of 
mixed oxide scales [38]. In contrast, Cr2AlC coatings have been realized 
at relative low synthesis temperature at ~500 ◦C, via either intentional 
heating during deposition or exercising thermal annealing afterwards 
[39–41]. The low processing temperature makes it more favorable for 
depositing Cr2AlC coating on fuel claddings than other MAX phase 
coatings since it will not significantly alter the structure and mechanical 
properties of the alloy substrate. 

Recently, Zhang et al. found that Cr2AlC coatings exhibit good 
chemical compatibility and mechanical integrity with Zircaloy substrate 
up to 800 ◦C [42]. At higher temperatures reaching 1000 ◦C, a diffusion 
barrier should be introduced to avoid fast inward diffusion of Al into the 

substrate. Thermal stability enhancement of Cr2AlC coatings on Zr alloys 
by utilizing a double layer diffusion barrier (ZrN/AlN) was reported 
previously [43]. Our recent work demonstrated that magnetron sput-
tered Cr2AlC coatings (and Ti2AlC) act as a robust hydrogen diffusion 
barrier on Zircaloy-4 substrate, effectively suppressing hydrogen 
permeation into the substrate [44]. Ougier et al. reported that as- 
deposited Cr-Al-C and annealed Cr2AlC coatings on Zr alloys are pro-
tective in dry and wet air at 1200 ◦C owing to the growth of a dense and 
adherent Al2O3-based scale [33]. Even though previous studies have 
demonstrated that PVD Cr2AlC coatings on, for example superalloy [45] 
or titanium alloy substrates [46], possess excellent hot corrosion resis-
tance and high-temperature oxidation resistance in air, but the hydro-
thermal corrosion behavior and high-temperature steam oxidation 
mechanism (prototypical to normal and accident conditions in nuclear 
reactor, respectively) of Cr2AlC coatings on Zircaloy substrate have been 
rarely explored yet. In addition, the successfully synthesized Cr2AlC 
coatings on Zircaloy substrate often are not single phase, but a mixture 
of binary compounds and MAX phase composite. The impure nature 
could hinder a clear understanding of the protective and potential 
degradation behavior of the coatings during service. Thus, it is necessary 
to synthesize phase-pure Cr2AlC coating on Zircaloy substrate and 
examine its hydrothermal corrosion and steam oxidation performances 
to validate the feasibility for ATF application. 

In the present work, we prepared single-phase and textured Cr2AlC- 
based coatings on Zircaloy-4 substrates via thermal annealing of 
magnetron-sputtered nanoscale elemental multilayers. Two coating 
designs have been realized on Zircaloy-4 substrates, i.e. without or with 
a 1.5 μm thick Cr overlayer. The Cr overlayer aims to eliminate potential 
fast hydrothermal dissolution of Al during normal operation conditions 
[7]. Moreover, the specific basal-plane textured microstructure offers 
the potential to enhance oxidation/corrosion and irradiation resistance 
of the Cr2AlC coatings [47,48]. High-temperature oxidation tests from 
1000 ◦C to 1400 ◦C in steam and short-term autoclave tests have been 
conducted. Systematic characterizations have been carried out to eval-
uate their oxidation/corrosion mechanisms and kinetics, oxide scale 
microstructure and protective capability. 

2. Experiment details 

2.1. Coating deposition 

The synthesis of the Cr2AlC MAX phase coatings involves two steps, i. 
e. deposition of nanoscale Cr/C/Al multilayers via magnetron sputtering 
using three elemental targets and subsequent thermal annealing of the 
as-deposited multilayers in argon atmosphere. The thicknesses of the 
individual elemental layers of the multilayers were around 7 nm for 
chromium, 2 nm for carbon (graphite) and 4 nm for aluminum, calcu-
lated according to the stoichiometric ratio (i.e. 2:1:1) in Cr2AlC and 
considering the theoretical densities of these three elements. Initially, 
Cr/C/Al multilayered stacks with around 3 μm thickness were deposited 
on the alumina substrates to investigate its crystallization behavior and 
identify the suitable annealing parameters for MAX phase formation. 
These experimental results have been published [41] and are not further 
discussed in this paper. 

In this study, polished Zircaloy-4 sheets (10 × 10 or 10 × 15 mm2) 
were used as substrates. The chemical composition (wt%) of the 
Zircaloy-4 is as follows: Sn~1.4, Cr~0.10, Fe~0.22, O~1000 ppm, Zr 
balance. The finished surface roughness (Ra) was ~50 nm. The as- 
deposited coatings consisted of two designs, which are schematically 
depicted in Fig. 1. A thin metallic layer acting as bonding layer have 
been frequently reported to improve the adherence of ceramic coatings 
onto metallic substrates [49]. Thus, both designs utilized a thin Cr 
interlayer (500 nm) aiming as bonding layer on the Zircaloy-4 substrate. 
In the first design (Type A), the periodical multilayered stacks have been 
repeated to ~640 stacks with a total thickness of ~6 μm. In the second 
design (Type B), the number of the periodical multilayered stacks were 



reduced to 350, with a total thickness ~4.5 μm. Then, a ~1.5 μm Cr 
overlayer was deposited on top to avoid the potential rapid dissolution 
of Al within the coatings during reactor normal operations [7]. The 
thickness of the Cr overlayer was chosen to not considerably reduce the 
number of the multilayered stacks (i.e. Al reservoir for oxidation pro-
tection) and also to provide adequate hydrothermal corrosion resis-
tance. Hence, the entire coating thickness was about 6.5 μm for both 
designs. Both sides of the samples were coated. 

The deposition of the coatings was carried out using a laboratory 
PVD equipment, Leybold Z 550 coater. The substrates were ultrasoni-
cally washed in acetone for 10 min and then introduced into the vacuum 
chamber. They were placed on a rotating sample holder at a vertical 
distance of about 7 cm from the sputtering target inside the chamber. 
The chamber was evacuated to a base pressure of about 1 × 10− 4 Pa and 
the substrate was plasma-etched for 10 min in a pure Ar atmosphere 
(grade 6 N) with a gas pressure of 0.5 Pa and a radio frequency (RF) 
power of 500 W. The power was fixed at 200 W for the three elemental 
targets during deposition, with RF power supplied on the chromium and 
aluminum targets and direct current (DC) power supplied on the 
graphite target. The argon working pressure was 0.5 Pa, and the sub-
strates were grounded and not intentionally heated during deposition. 
Their deposition rates were measured in same setup previously and were 
approximately 0.8 nm/s for Cr, 0.2 nm/s for C and 1.1 nm/s for Al. The 
sputtering device operates in a stop-and-go mode through an individual 
steering of samples and shutter movement to realize the multilayered 
design. The sample holder and shutter rotated from one target position 
to another one, and different dwell times were pre-defined at each in-
dividual target position. The Cr interlayer and overlayer were deposited 
by only switching on the Cr target power without rotating the substrate 
holder. More detailed information on the deposition of the nanoscale 
elemental multilayers are given in references [38,41]. 

2.2. Annealing, oxidation and autoclave tests 

The as-deposited coatings were annealed in pure Ar (grade 6 N) at 
atmospheric pressure using a commercial thermal balance (NETZSCH 
STA-449 F3 Jupiter) to promote the growth of Cr2AlC MAX phase via 
diffusion-controlled solid-state reaction from the Cr/C/Al multilayered 
stacks. Based on our previous findings for thermally induced Cr2AlC 
MAX phase formation on alumina substrates, the suitable annealing 
parameters are 550 ◦C and 10 min in argon atmosphere [41,44]. The 
heating and cooling rates were fixed at 10 K/min. The experimental 
results (next section) will confirm that the Cr bonding layer and over-
layer remain intact without manifest reaction or diffusion to the 

multilayered stacks under such annealing conditions. In addition, the 
relatively low annealing temperature and short dwell time herein are 
favorable for application on fuel claddings which will not significantly 
modify the microstructure and mechanical properties of the Zircaloy-4 
substrate. After annealing in argon, the coated samples were then sub-
jected to steam oxidation and autoclave tests. 

Isothermal oxidation and transient oxidation tests in steam atmo-
sphere were conducted to examine the oxidation performance of both 
uncoated and coated Zircaloy-4 samples. The size of the sample herein is 
10 × 10 × 0.575 mm3. Isothermal tests at 1000 ◦C and transient tests 
from 300 ◦C to 1200 ◦C were carried out also using the NETZSCH 
thermal balance with a water vapor furnace. The mass change of the 
samples during the oxidation testing was recorded in-situ. The steam 
flow rate was 3 g/h produced by a steam generator. The steam was 
injected directly into the reaction tube from the top enabling a nearly 
pure steam atmosphere at the sample position. Transient oxidation tests 
from 500 ◦C to 1400 ◦C were conducted using a horizontal alumina tube 
furnace, the so-called BOX rig with higher temperature capability up to 
1700 ◦C [50]. During the steam oxidation phase, the atmosphere con-
sisted of 20 l/h Ar and 20 g/h H2O (resulting in ~55 vol% H2O). A 
quadrupole mass spectrometer (Balzers GAM 300) was installed and 
connected to the off-gas to measure its composition, especially hydrogen 
to quantitatively determine the oxidation kinetics. The heating rates in 
the ramp period were 10 K/min. 

Short-term autoclave tests of both uncoated and coated Zircaloy-4 
samples were conducted to assess the hydrothermal corrosion perfor-
mance of the coatings. For that purpose, the samples are 15 × 10 × 0.60 
mm3 within a 2 mm diameter suspension hole. In the case of first design 
(i.e. Type A without Cr overlayer), one side of the substrates was not 
covered with the Cr bonding layer. The autoclave tests were carried out 
in a static autoclave (Westinghouse test T949) with 360 ◦C pure water 
and 18.8 MPa pressure (PWR normal operation). The test duration was 
3 days. 

2.3. Characterization 

The phase composition and constitution of the coatings, including as- 
deposited, annealed and oxidized coatings, were analyzed by X-Ray 
diffraction (XRD, Seifert PAD II diffractometer) with Cu Kα1 radiation (λ 

0.15406 nm, 40 kV and 30 mA). A classical Bragg–Brentano geometry 
(θ-2θ) was applied with a step size of 0.002◦ and a scan speed at 1◦/min. 
The potential preferred orientation of specific phases was analyzed by 
comparing with standard JCPDS/ICDD cards. Before and after testing, 
the mass of the specimens was measured using an analytical balance. 

Fig. 1. Schematic illustrations of the as-deposited coatings on Zircaloy-4 substrate. (a) Type A: without and (b) Type B: with a ~1.5 μm Cr overlayer. The blue, black 
and purple strips represent the Cr, C and Al nanolayer within the multilayer stacks, respectively. 



The morphology and chemical composition of both surfaces and cross- 
sections of the uncoated and coated Zircaloy-4 samples were exam-
ined by a field-emission scanning electron microscopy (SEM, Philips 
XL30S). The specimens were embedded in epoxy resin, then polished 
using SiC paper and diamond suspensions for cross section in-
vestigations. The SEM facility is equipped with an energy dispersive X- 
Ray spectrometer (EDS) for element analysis. 

Selected annealed and oxidized samples were also evaluated by high- 
resolution transmission electron microscopy (HRTEM, FEI Tecnai 20 
FEG). The cross-sectional lamellas for HRTEM analyses were prepared 
by focused ion beam (FIB) in situ lift-out technique (Auriga™, Carl 
Zeiss). The characterizations were focused on identification of the phase 
formation, grain size and orientation, and interfacial microstructure at 
various positions across the samples using different imaging modes, 
including bright and dark field, scanning-TEM, and high-angle annular 
dark-field imaging (HAADF). 

3. Results 

3.1. Phase formation and microstructure 

The XRD patterns of as-deposited and 550 ◦C annealed coated 
Zircaloy-4 samples are presented in Fig. 2. All XRD signals marked by Zr 
(JCPDS #05-0665) are attributed to the Zircaloy-4 substrate. The Al 
(111) (JCPDS #04-0787) and Cr (110) (JCPDS #06-0694) reflections 
were identified for as-deposited coatings of Type A (without Cr over-
layer). A weak diffraction intensity of the Al (111) peak was seen 
because of the low thickness and nanocrystallinity of the Al layers. The 
broad feature and small shift towards lower angle of the Cr (110) signal 
can be attributed to its nanocrystallization and abundant growth defects 
during deposition. As expected consequence of the nanoscale design of 
the as-deposited multilayers, the multilayered stacks are suggested to be 
composed of nanocrystalline Cr and Al layers as well as amorphous 
carbon layers. The Al (111) signal was barely detected for the as- 
deposited coatings of Type B because of the presence of the Cr over-
layer. Further, the Type B coatings with the Cr overlayer showed an 
additional broad diffraction signal which is centered around the Cr 
(200) reflection and superimpose a substrate signal there. This suggests 
that the nanoscale multilayered arrangement restricts the growth of the 
chromium nanolayers with specific preferential orientation, i.e. Cr 
(110), the most densely packed plane [41]. The thick Cr overlayer, on 
the other hand, can grow randomly without particularly preferential 
orientation. 

After annealing, the Type A-A coatings (annealed, without Cr over-
layer) only exhibited diffraction signals belonging to the Cr2AlC MAX 
phase (JCPDS #29-0017), i.e. Cr2AlC (002) and (006) planes. No other 
impurity phases, such as binary carbides or intermetallic compounds, 
were recognized. Thus, the Cr/C/Al elemental multilayered stacks have 
transformed to the Cr2AlC MAX phase via thermally induced solid-state 
diffusion reaction. The high intensity and exclusive {00l} diffraction 
reflections detected by XRD indicate that the Cr2AlC coating possesses a 
basal-plane textured structure, in consistence with our previous findings 
[41]. In addition, both diffraction peaks are quite broad, showing 
nanocrystalline feature of the Cr2AlC layer. For the Type B-A coatings 
(annealed, with Cr overlayer), only Cr2AlC and Cr phases are observed 
after annealing. Absence of other phases related to the coatings reveals 
that no apparent reaction occurs between the Cr overlayer and the Cr/C/ 
Al multilayered stacks during annealing. While, the signal associated 
with the Cr2AlC (002) plane was barely detected, likely owing to its 
relatively lower intensity and limited probing depth of the X-ray. The 
diffraction peaks attributed to Cr became significantly sharper and were 
slightly shifted to higher diffraction angles compared to those before 
annealing, which indicates grain coarsening effect, recovery of growth 
defects and reduction of residual stresses (intrinsic and thermal stresses) 
within the Cr overlayer after thermal annealing [51]. 

The surface and cross-sectional morphologies inspected by SEM of 
the coated Zircaloy-4 samples before and after 550 ◦C annealing are 
shown in Figs. 3 and 4, respectively. Both as-deposited coatings are 
dense, smooth and free of macroscale defects, as depicted in Fig. 3(a) 
and (c). Even though both coatings remained adherent and uniform 
without spallation, parallel micro-cracks (longitudinal/channel cracks) 
were observed (highlighted in Fig. 3(b) and (d) via dashed lines) on the 
surfaces after annealing. As displayed in Fig. 4 for both designs of 
coatings after annealing, the Cr layer (both bonding layer and overlayer) 
and the Cr2AlC layer inside the two types of coatings could be easily 
distinguished via their different contrasts; their interfaces are sharp and 
clear. The overall coating thicknesses including each individual sublayer 
are consistent with the predicted values based on measured deposition 
rates, as indicated in Fig. 4. These features manifest that no obvious 
interaction and/or interdiffusion between the relatively thick Cr layer 
(bonding layer and overlayer) and the MAX phase formation Cr/C/Al 
multilayer during the annealing stage. 

The annealed coatings were additionally characterized by TEM to 
clarify the phase formation and interfacial microstructure. Fig. 5 shows 
an overview bright-field TEM image and HRTEM images at two in-
terfaces and inside the Cr2AlC layer. Fig. 6 displays the EDS mapping of 
Cr and Al at the Cr/Cr2AlC interface. As shown in Fig. 5, the underneath 
Zircaloy-4 substrate consists of randomly-orientated, coarse grains. A 
compact microstructure without macro-size growth defects is evidenced 
for the coatings. A columnar structure along the growth direction of the 
Cr bonding layer is evident from the cross-sectional overview TEM 
image at low magnification. The Cr2AlC layer is free of columnar grain 
boundaries and composed of nano-crystallites. Annealing of the multi-
layered stacks, as proved previously [41], resulted in platelet-like, 
elongated grains of the final MAX phase coatings. The HRTEM image 
(number 1) revealed that a thin interdiffusion/reaction layer, around 10 
nm thick, established at the Zircaloy-4 substrate/Cr bonding layer 
interface after annealing, as indicated by the black arrows. No apparent 
interdiffusion layer was found at the Cr/Cr2AlC interface (number 2). In 
addition, the EDS mapping results in Fig. 6 demonstrate no obvious 
chemical gradient of Cr and Al across the Cr/Cr2AlC interface. 

Transformation of the nanoscale elemental multilayers to the Cr2AlC 
MAX phase is unquestionably proved by the unique layered structure 
and the inserted FFT image, Fig. 5 (number 3). However, the image 
disclose a relatively low degree of crystallinity and the grain size is only 
approximately 10 nm of the Cr2AlC layer. The low annealing tempera-
ture combined with the short dwell time here, i.e. 550 ◦C 10 min, 
logically limited the growth and coalescence of the crystallites. 

Fig. 2. XRD patterns of as-deposited and annealed coatings on Zircaloy-4 
substrates. The Type A-A and Type B-A represent the two designs of coatings 
after annealing at 550 ◦C and 10 min in argon. 



Fig. 3. Surface morphologies of the as-deposited and annealed coatings on Zircaloy-4 substrates. (a) Type A and (b) Type A-A, inserts are high-magnification images; 
(c) Type B and (d) Type B-A. 

Fig. 4. Cross-sectional morphologies of the annealed coatings on Zircaloy-4 substrates. (a) Type A-A, (b) Type B-A.  



3.2. High-temperature oxidation in steam 

3.2.1. Isothermal tests 
Fig. 7 shows the oxidation rate, i.e. mass gain per unit area as a 

function of oxidation time, of one uncoated reference and two coated 
Zircaloy-4 samples at 1000 ◦C in steam for 1 h. The inserted images 

exhibit the post-test surface appearances of the coated samples. The 
oxidation kinetics of uncoated Zircaloy-4 obeyed roughly a parabolic 
law, as indicated by the fitting curve and related coefficients. Its mass 
gain reached 25.1 mg/cm2 after oxidation exposure. The high- 
temperature oxidation resistance of the two coated Zircaloy-4 was 
significantly improved compared to the uncoated Zircaloy-4. But their 

Fig. 5. TEM images of the Type A-A (without Cr overlayer) coated Zircaloy-4. The upper image is a general view and the images below are detailed views at two 
interfaces and in the middle of the Cr2AlC layer as marked by different numbers. The inset in image number 3 describes the corresponding FFT of the image. 

Fig. 6. EDS mapping of Cr and Al at the Cr/Cr2AlC interface of the Type A-A (without Cr overlayer) coated Zircaloy-4.  



oxidation rates are difficult to fit into a typical power law owing to small 
mass gains and oxidation contributions from uncoated regions. Their 
weight gains were similar, around 3.7 mg/cm2, which means these 
coated samples showed a reduction of weight gain by a factor of roughly 
7 times and only 14.7% of the weight gain of the uncoated Zircaloy-4. 

The inserted images reveal that both coatings were adherent after 
oxidation, showing no spallation but displaying different colors (owing 
to the growth of different oxide scales on the surface, i.e. Al2O3 on Type 
A-A and Cr2O3 on Type B-A, which will be shown later). Severe oxida-
tion of the Zircaloy-4 substrate occurred adjacent to the improper coated 

or uncoated edges/corners (i.e. edge effect, confirmed later via cross- 
section examination). Overall, the two coated samples exhibited 
extremely slow oxidation rates without accelerated oxidation or 
breakaway oxidation phenomenon throughout the exposure. 

The surface and cross-sectional morphologies of the uncoated and 
two coated Zircaloy-4 samples after oxidation are presented in Fig. 8. As 
shown in Fig. 8(a) and (b), the oxide scales on both coatings are rela-
tively smooth and free of large nodules. The oxide scale was mainly 
composed of fine oxide crystals for the Type A-A coating (Cr2AlC), while 
needle-like and equiaxed oxide grains grew on the surface of the Type B- 
A coating (Cr/Cr2AlC). As identified and confirmed by cross-sectional 
SEM and XRD analyses of the oxidized samples (please see Figs. 8 and 
9), the outermost layer of the oxide scales are α-Al2O3 and Cr2O3, 
respectively. Thus, oxidation of the two types of coatings resulted in 
growth of α-Al2O3 scale for Cr2AlC and Cr2O3 scale for Cr/Cr2AlC on the 
surface. The α-Al2O3 scale, Fig. 8(a), revealed a substantially denser 
surface microstructure compared to that of the Cr2O3 scale, Fig. 8(b), 
which consisted of fine voids. The cross-sectional SEM image in Fig. 8(c) 
confirms that a thin and dense α-Al2O3 scale grew on the Cr2AlC coating, 
which acts as an effective diffusion barrier and inhibits oxidation of the 
substrate for at least 1 h exposure in steam at 1000 ◦C. The thickness of 
the α-Al2O3 scale is roughly 0.6 μm and the calculated mass gain based 
on this scale thickness is ~0.12 mg/cm2. 

Oxidation of the Cr/Cr2AlC coating resulted in the formation of a 
more complex, multilayered configuration of structure, consisting of 
several sublayers. The sequence of the sublayers from surface to interior 
region follows Cr2O3/Cr/Al2O3/un-oxidized coating, Fig. 8(d). Nearly 
80% of the Cr overlayer was oxidized, and the growth rate of the Cr2O3 
scale was obviously much faster than that of α-Al2O3 scale. Steam 
penetrated the Cr2O3 scale and the residual Cr layer to oxidize the 
Cr2AlC coating beneath, forming a thin α-Al2O3 scale at the Cr/Cr2AlC 
interface. The absence of XRD signals from the alumina, binary chro-
mium carbides and un-oxidized Cr2AlC phases for Cr/Cr2AlC coating in 
Fig. 9 is due to the relatively thick Cr2O3 + Cr surface layer and limited 
probing depth of the X-ray. The relatively porous microstructure of the 

Fig. 7. Oxidation rate of the uncoated and two coated Zircaloy-4 samples at 
1000 ◦C in steam for 1 h. The inserted images show the post-test surface ap-
pearances of the coated samples. The dashed line shows the fitting result with 
parabolic law for uncoated Zircaloy-4. Here, the Cr2AlC and Cr/Cr2AlC repre-
sent the coatings without and with the Cr overlayer after annealing, 
respectively. 

Fig. 8. Surface and cross-sectional morphologies of the uncoated and two coated Zircaloy-4 samples after oxidation at 1000 ◦C in steam for 1 h. Surface views: (a) 
Type A-A (Cr2AlC) and (b) Type B-A (Cr/Cr2AlC) coated Zircaloy-4 samples. Cross-sectional views: (c) Type A-A (Cr2AlC) and (d), (e) Type B-A (Cr/Cr2AlC) coated 
Zircaloy-4 samples, (f) uncoated Zircaloy-4. Figures c, d, e and f are taken in back-scattered electrons (BSE) mode. 



Cr2O3 scale (Fig. 8(b)) in conjunction with columnar grain boundaries 
within the Cr overlayer can act as short-circuit diffusion paths for steam, 
leading to the internal oxidation of the Cr2AlC layer. The calculated 
mass gain here was several times higher compared to the Cr2AlC coating, 
~0.45 mg/cm2. 

Even though micro-cracks existed before oxidation, no noticeable 
oxidation of the substrate beneath the cracks and a self-healing capa-
bility via growth of alumina filling the crack gap were seen for both 
coatings. As shown in Fig. 8(c), (d) and (e), the micro-cracks were 
completely healed after oxidation at 1000 ◦C for 1 h. The dense alumina 
scale acted as an effective diffusion barrier and suppressed further 
oxidation of regions adjacent to the cracks. Two contrasts of white and 
gray domains within the Cr2AlC layer, especially in Fig. 8(c) for the 
Cr2AlC coating, could be distinguished. The domain with brighter color 
was deficient in Al and enriched in Cr and C, presumably to be the CrCx 

(Cr7C3 and/or Cr3C2 phases) as indicated in the XRD patterns (Fig. 9) 
[26,33]. The other more gray phase represents original Cr2AlC grains. In 
addition, some voids were observed at the coating/substrate interface, 
as displayed in Fig. 8(c), and the Cr bonding layer could hardly be 
distinguished now. The explanations arise from the Kirkendall effect 
[52] via interdiffusion between the Cr bonding layer and the Cr2AlC 
layer as well as between the coating (especially Al, see below EDS 
mapping results) and the substrate. The low-magnification image of 
Fig. 8(e) confirms the edge effect for the coated samples during oxida-
tion, which shows thick ZrO2 layer growth on the uncoated edges. In the 
coated surfaces, the coatings are protective and adherent. 

In comparison, oxidation of uncoated Zircaloy-4 under the same 
condition led to the growth of a porous, less-protective ZrO2 layer with 
substantial pores and cracks, Fig. 8(e). The thickness of the ZrO2 layer 
was about 135 μm, more than 200 times thicker than the oxide scales 
formed on the coatings. The microstructure and thickness of the oxide 
layer is in accordance with earlier findings [53]. 

To confirm the multilayered configuration and mutual diffusion 
behavior within the coatings during oxidation, an EDS elemental map-
ping result of the Cr/Cr2AlC coating after oxidation is shown in Fig. 10. 
From the surface to the interior zone, a multilayered structure following 
the sequence of Cr2O3/Cr/Al2O3/Cr2AlC + CrCx was derived by EDS 
mapping, as previously seen in Fig. 8(d). The principal diffusion element 
identified is Al and the spatial distribution of aluminum in the Cr2AlC 
layer became uneven after oxidation. Rapid local diffusion of Al from the 
Cr2AlC layer into the Cr bonding layer and beneath Zircaloy-4 substrate 
was shown, most probably after the columnar grain boundaries of the Cr 
bonding layer. There was negligible mutual diffusion between the Cr 
bonding layer and the Zircaloy-4 substrate. 

3.2.2. Transient tests 
The mass gain curves and oxide scale structures obtained in transient 

tests from 300 ◦C to 1200 ◦C in steam are presented in Fig. 11. Notice-
ably, oxidation rate of the uncoated Zircaloy-4 was considerably faster 
than that of the coated ones. Furthermore, oxidation rate of the un-
coated Zircaloy-4 accelerated from approximately 900 ◦C associated 
with increased mass gain rate. Both coated samples had comparable 

Fig. 9. XRD patterns of two coated Zircaloy-4 samples after oxidation at 
1000 ◦C in steam for 1 h. 

Fig. 10. Cross-sectional SEM image of the Type B-A (Cr/Cr2AlC) coated Zircaloy-4 and corresponding EDS elemental mapping in the area marked by the red 
rectangle after oxidation at 1000 ◦C in steam for 1 h. 



Fig. 11. Mass gain and oxide scale structure of uncoated and two coated Zircaloy-4 samples after transient tests from 300 ◦C to 1200 ◦C with 10 K/min heating rate 
and 10 min isothermal period at 1200 ◦C. (a) Mass gain curves during oxidation; cross-sectional SEM-BSE images (b) uncoated, (c) Type A-A (Cr2AlC) coated, (d) and 
(e) Type B-A (Cr/Cr2AlC) coated samples. 

Fig. 12. TEM images of the Type B-A (Cr/Cr2AlC) coated Zircaloy-4 after transient test from 300 ◦C to 1200 ◦C in steam and corresponding EDS elemental mapping 
across the area marked by the red rectangle. The pores and AlN precipitates were marked by dashed and solid arrows, respectively. 



mass gains during the tests, but clearly lower values compared to the 
uncoated sample, around 4 times lower after exposure (Fig. 11(a)). A 
thick ZrO2 scale (nearly 100 μm) grew on the uncoated Zirclaoy-4, 
Fig. 11(b). Under identical conditions, a thin and dense α-Al2O3 scale 
or a bi-layered Cr2O3/α-Al2O3 scale formed on Type A-A (Cr2AlC coated) 
and Type B-A (Cr/Cr2AlC coated) samples, respectively, as shown in 
Fig. 11(c) and (d). The Cr2O3 sublayer (resulting from complete oxida-
tion of the Cr overlayer) in Fig. 11 (d) was several times thicker than the 
α-Al2O3 layer. Obviously, the α-Al2O3 scale can provide better high- 
temperature oxidation resistance than the Cr2O3 scale with a slower 
growth rate. The uncoated edges were severely attacked by steam, and a 
thick ZrO2 scale formed as displayed in Fig. 11(e) showing a cross- 
sectional image at low magnification. Steam penetrated profoundly 
into the interior regions at the corners. Thus, in the case of coated 
samples, the mass gains recorded in Fig. 11(a) were largely attributed to 
rapid oxidation of the uncoated edges, i.e. an edge effect occurred like 
before. The coatings exhibit good adherence without spallation, and 
only limited local failure of the coatings near the corners was observed. 
In all other regions, the coating protected the underneath Zircaloy-4 
substrate from oxidation. 

The coated samples were additionally characterized by TEM and 
results of the Cr/Cr2AlC coated Zircaloy-4 are shown in Fig. 12 as an 
example. The bi-layered oxide scale was proven via EDS mapping. The 
Cr overlayer was completely oxidized and transformed into an exterior 
Cr2O3 layer. Selective oxidation of Al within the Cr2AlC layer resulted in 
growth of an α-Al2O3 layer accompanied by a chromium carbide (CrCx: 
Cr7C3 and Cr3C2) layer beneath. The two oxide sublayers (Cr2O3 and 
Al2O3) revealed good adhesion without delamination. Some pores 
existed at the α-Al2O3/CrCx interface and within the CrCx layer. In 
addition, partial delamination occurred at the α-Al2O3/CrCx interface, 
which can be attributed to a weak interface and thermal stresses induced 
by temperature change during cooling [54]. Interestingly, the binary 

chromium carbide layer separated into two sublayers (Fig. 12) with 
different carbon concentrations (lower in bottom layer) arising from 
inward diffusion of carbon into the substrate. The Cr bonding layer is not 
distinguishable in this image and a thin ZrC layer grew on the original 
Zircaloy-4 substrate surface. 

Unlike isothermal oxidation at 1000 ◦C (Fig. 10), now no evident Al 
diffusion into the substrate and precipitation of some AlN particles were 
seen within the carbide layer. The main reasons for these dissimilar 
observations likely comprise higher oxidation temperature here 
increasing the outward diffusion flux of Al for external oxidation and 
AlN precipitates reducing the chemical activity of residual Al. The Al 
reservoir undoubtedly was rapidly depleted owing to the oxidation 
processes plus a thin Cr2AlC coating layer. In addition, inward diffusion 
of C forming the ZrC layer may act as an unanticipated Al diffusion 
barrier. Formation of AlN precipitates can be explained by some residual 
air inside the furnace during oxidation, which has been frequently 
observed during oxidation of Al-containing alloys particularly in air 
atmosphere [55,56] In addition, Zr-enriched isolated particles were seen 
at the bottom of the carbide layer, presumably owing to rapid diffusion 
of Zr into the coatings along the columnar grain boundaries of the initial 
Cr bonding layer. 

Transient tests from 500 ◦C to 1400 ◦C were conducted to explore the 
degradation/failure behavior of the coatings under severe conditions. 
The results including hydrogen release and oxide scale structure are 
presented in Fig. 13. The hydrogen concentration (or release) curve in 
Fig. 13(a) demonstrates a continuous and steady increase as a function 
of oxidation temperature with respect to uncoated Zircaloy-4. The 
hydrogen curves of the two coated samples overlapped together with 
lower values during the initial oxidation period. However, once the 
oxidation temperature reached specific high values an abrupt escalation 
phenomenon was seen. 

The temperatures at which the curvature changes, marked by dashed 

Fig. 13. Hydrogen release and oxide scale structure of uncoated and two coated Zircaloy-4 samples after transient tests from 500 ◦C to 1400 ◦C with 10 K/min 
heating rate. (a) Hydrogen release curves during oxidation, cross-sectional optical images (b) uncoated, (c) Type A-A (Cr2AlC) coated, (d) Type B-A (Cr/Cr2AlC) 
coated samples, SEM images (e) and (f) are taken at area 1 and 2, respectively. 



arrows in Fig. 13(a), are ~1260 ◦C and 1325 ◦C for Cr2AlC coated and 
Cr/Cr2AlC coated samples, respectively. Both hydrogen release rates 
then surpassed the uncoated one at slightly higher temperatures. 
Apparently, both coatings lost their protective capability at such tem-
peratures and rapid oxidation of the Zircaloy-4 substrates was initiated. 
The cross-sectional optical images evidence that uniform ZrO2 layers 
formed on uncoated and Cr/Cr2AlC coated samples, Fig. 13(b) and (d). 
In comparison, Cr2AlC coated samples formed an uneven and discon-
tinuous ZrO2 layer, Fig. 13(c). In limited areas, the coating sustained its 
protective effect, and the Zircaloy-4 substrate was free of oxidation, 
Fig. 13(e). Thus, the hydrogen release behavior coupled with cross- 
sectional structures revealed that a single-layer Cr2AlC coating under-
went brittle fracture (macro-cracking) at ~1260 ◦C. The fracture is 
presumably connected with increasing stresses within the coating/sub-
strate system induced by the oxidation process and mismatch in thermal 
expansion coefficients. 

Via addition of a surface metallic layer (Cr overlayer), the Cr/Cr2AlC 
coating evidently possesses higher ductility and fracture toughness. The 
loss of protective effect at ~1325 ◦C can be attributed to complete 
oxidation of the thin coatings. The reduced thickness of the Cr2AlC layer 
(decreased to 75% of the original value) here obviously limits the 
reservoir of Al. Consequently, full oxidation of the Cr/Cr2AlC coatings 
proceeds at a faster rate. The oxide scale configurations on both 

coatings, as displayed in Fig. 13(e) and (f), are similar as in previous 
oxidation tests. 

3.3. Short-term hydrothermal corrosion 

Short-term autoclave tests simulating typical PWR conditions to 
assess the hydrothermal corrosion performance of both coatings were 
conducted and the surface appearance and cross-sectional structure of 
the samples after testing are shown in Fig. 14. 

Hydrothermal corrosion of uncoated Zircaloy-4 altered its original 
surface appearance from metallic luster to slightly gray. No noticeable 
transformation of color was seen before and after corrosion for the 
coated samples, Fig. 14(a). The uncoated Zircaloy-4 displayed a mass 
gain via formation of a thin and adherent ZrO2 layer, Fig. 14(b). How-
ever, all four coated samples revealed mass loss with different levels of 
coating spallation. A lower level of spallation was seen on Cr/Cr2AlC 
coated samples, as presented by the mass loss values. In addition, the 
majority of spallation occurred on the side that was not in contact with 
the sample holder during annealing. The discrepancy in cooling rates 
likely contributes to different residual stress states on the two sides after 
annealing, making one side more susceptible to cracking and spallation. 
Quantitative measurements of the residual stress using methods such as 
grazing-incidence X-ray diffraction [57] in the future will allow to gain a 

Fig. 14. Surface appearance and cross-sectional structure of uncoated and two coated Zircaloy-4 samples after 3 days autoclave test at 360 ◦C and 18.8 MPa. (a) 
Surface appearance, up row: first side, bottom row: second side, (b) uncoated Zirccaloy-4, (c) Type A-A (Cr2AlC) coated with EDS elemental mapping in the area 
marked by red rectangle, (d) Type B-A (Cr/Cr2AlC) coated sample. 



more profound understanding of stress evolution and to adjust annealing 
conditions to avoid spallation. 

As illustrated in Fig. 14(c), the Cr2AlC coating revealed excellent 
hydrothermal corrosion resistance without detectable oxygen-rich layer 
and preferred dissolution of Al, even areas adjacent to the micro-cracks. 
The distribution of Al was homogeneous and did not show any signs of 
local depletion. The coating thickness remained unchanged. Only 
limited corrosion of the Zircaloy-4 substrate was observed underneath 
some cracks (marked by the semicircle). Recent longer-term autoclave 
testing (28 days at 300 ◦C and 12 MPa) of bulk MAX phases Ti3SiC2, 
Ti3AlC2, Ti2AlC and Cr2AlC indicated similar findings [47]. The Ti-based 
MAX phases cannot form a passivating oxide scale together with the 
preferential dissolution of the A-layer (Al or Si). However, there was 
virtually no change with respect to Cr2AlC. The superior hydrothermal 
corrosion resistance of Cr2AlC arises from its high Cr concentration 
permitting the formation of a passivating chromia scale, thereby 
impeding the rapid corrosion and preferential removal of Al. Long-term 
autoclave tests are required and planned to validate the hydrothermal 
corrosion performance of the coatings. The Cr/Cr2AlC coating also 
possesses excellent corrosion resistance due to the presence of the Cr 
overlayer. Delamination of the coatings essentially occurred at the 
Cr2AlC/Cr interface, as seen in Fig. 14(d), as a result of the mismatched 
thermal expansion coefficients between the Cr2AlC and the Cr (as well as 
Zircaloy-4 substrate). 

4. Discussion 

4.1. Microstructure formation after annealing 

Single-layer Cr2AlC and bilayer Cr/Cr2AlC coatings have been syn-
thesized on Zircaloy-4 substrates in this study. The Cr2AlC layers were 
realized via thermal annealing of Cr/C/Al nanoscale elemental multi-
layers deposited by magnetron sputtering, which were composed of 
basal-plane-oriented nano-crystallites and free of typical columnar 
growth. The specific microstructure formation for the Cr2AlC layer is 
consistent with our previous studies on synthesizing Al-containing MAX 
phase carbides on SiO2/Si and alumina substrate via the same method 
[41]. Annealing of Al/TiN multilayers to synthesize the Ti2AlN MAX 
phase also resulted in a similar crystalline morphology before [58]. It is 
suggested that the multilayered architecture of the as-deposited pre-
cursors can adjust the growth model of the MAX phase during thermal 
annealing and allow unhindered growth of the grains in the lateral di-
rection parallel to the multilayered interfaces [41]. In contrast, the Cr 
overlayer in the bilayer Cr/Cr2AlC coatings which were deposited 
continuously from the Cr target shows a typical columnar grain struc-
ture, in line with the structural zone model (SZM) by Thornton [59]. In 
fact, the columnar structure also represents the most common grain 
morphology of PVD MAX phase coatings deposited directly from 
elemental targets or composite targets at high temperatures [23]. 
However, the platelet-like shaped grain structure without columnar 
grain boundaries of the Cr2AlC coatings herein is favorable for oxidation 
and corrosion protection since the columnar grain boundaries often act 
as short-circuit diffusion path for oxidizing species [60]. 

Interfacial characterization between the Cr layer and Cr2AlC layer 
within the annealed coatings by TEM indicated that no apparent diffu-
sion or reaction occurs at the interface. The thermally-induced solid 
state diffusion reaction is largely constrained within the nanoscale 
multilayered stacks and the thick Cr layers (bonding layer and over-
layer) are not involved under the selected annealing conditions. The 
nanoscale multilayers represent one type of energetic material with high 
chemical activity and stored chemical energy [61]. It can be anticipated 
that diffusion reaction is easily stimulated within the nanoscale multi-
layers initially to form MAX phase. The relatively low annealing tem-
perature and short dwell time, i.e. 550 ◦C and 10 min, did not induce the 
observable interactions between the thick Cr layer and formed Cr2AlC 
layer. 

Both types of coatings display micro-cracking after annealing. The 
reasons can be associated with volume change during annealing and 
thermal expansion mismatch between the coating and substrate. The 
transformation of the Cr/C/Al nanoscale multilayers to Cr2AlC MAX 
phase is associated with ~10% volume shrinkage, which will induce 
tensile stress within the coatings. The high mismatch in thermal 
expansion coefficients between the Cr2AlC coating (11– 13.3 × 10− 6 

K− 1) and the Zircaloy-4 substrate (~6 × 10− 6 K− 1) can alter the residual 
stresses within the coatings from compression state before annealing to 
tensile state after annealing [33]. The thermal stress arising from tem-
perature change and thermal expansion coefficients mismatch within 
the coating-substrate system can be estimated by following equation 
[62]: 

σc
Ec (αs αc)∆T

(1 γc) + (2tcEc/tsEs)(1 γs)

Here σ, E, α, ∆T, γ, and t symbolize thermal stress, Young's modulus, 
thermal expansion coefficient, temperature difference upon cooling, 
Poisson's ratio, and thickness, respectively. The subscripts c and s denote 
coating and substrate, respectively. To simplify, it is assumed that the 
coating only consists of a 6.5 μm thick Cr2AlC layer. Based on previously 
reported values, Ec 250 GPa, Es 575 GPa, αc 13 × 10− 6 K− 1, αs 6 × 10− 6 

K− 1, γc 0.24, γs 0.37 are adopted [24]. The tc 6.5 μm, ts 575 μm and ∆T 
550 K are applied. The calculated thermal stress (tensile) within the 
coating layer reaches ~1.2 GPa. This high value outweighs typical ul-
timate tensile and flexural strengths of ceramic materials including MAX 
phases [63]. Therefore, it can be anticipated that micro-cracking was 
triggered within the coating layer during the cooling period due to the 
aforementioned two aspects. However, it should be mentioned that the 
Zircaloy fuel cladding tubes are strongly textured with c-axis in hoop 
direction and their thermal expansion coefficient is anisotropic [64]. 
The differences in hoop and axial direction for cladding tubes may 
impose consequences on coating cracking. Coating deposition on clad-
ding tubes is planned to address this issue. 

4.2. Oxidation and hydrothermal corrosion performances 

Selective oxidation of Al with preferential growth of Al2O3 scale on 
the single-layer Cr2AlC coatings at high temperature in steam was 
confirmed in this study. A high chemical activity of Al in Cr2AlC, 
attributing to its specific nanolaminated structure with weaker Cr–Al 
metallic bonding compared to stronger Cr–C covalent bonding, en-
courages the fast outward diffusion and selective oxidation of Al [54]. 
The potential forms (ions, atoms, or molecules) and transport nature of 
the steam-derived species in oxide scales during oxidation in steam at-
mosphere are not thoroughly understood and still of great debate 
[65,66]. But unlike oxidation in air, hydrogen (protons) or hydroxyl ions 
can be produced by dissociation of steam adsorbed on the oxide surface. 
Inward transport of hydroxyl ions across the oxide scale to the oxide/ 
metal interface accompanied by released hydrogen outward diffusion is 
expected to occur. Since hydroxyl ions (OH− ) has a similar size that 
oxygen ions (O2− ), and protons (H+) are much smaller than above two 
ions. The oxidation rate can be slightly enhanced and the alumina scale 
adherence could also be reduced in steam (due to formation of hy-
droxides at interface [65]) than oxidation in air. Compared with previ-
ous intensive investigations of Cr2AlC bulk or coating oxidized in air 
[26,29,45,46,67], the pure steam atmosphere does not evidently 
degrade its oxidation performance and alumina scale grows on both air 
and steam atmospheres. 

Oxide scale formed on the bilayer Cr/Cr2AlC coatings reveals a much 
lower growth rate of alumina scale compared to chromia scale and 
detrimental effect of columnar grain boundaries to the oxidation resis-
tance. The columnar grain boundaries of Cr overlayer act as rapid 
diffusion paths for oxidizing species, leading to internal oxidation of the 
beneath Cr2AlC layer. Similar internal oxidation behavior of Zr alloy 
substrates has been reported before for other columnar coatings [60]. 



While in our case the growth of thin alumina layer at Cr/Cr2AlC inter-
face owing to internal oxidation can stop further inward diffusion of 
oxidizing species into the alloy substrate before failure of the coatings. 
Otherwise, the internal oxidation of the Zr alloy substrates will make the 
fuel cladding hard and brittle. 

Oxidation degradation of both types of coatings mainly connects 
with Al depletion and void/pore formation [26,33]. The Al depletion 
occurs via two different diffusion processes during oxidation: outward 
diffusion to form alumina scale and inward diffusion to the alloy sub-
strate (interdiffusion between coating and substrate). It is necessary to 
mention that the inward diffusion of Al was found to be greatly sup-
pressed during oxidation at 1200 ◦C compared to at 1000 ◦C. The inward 
diffusion of carbon then became the dominant process. As explained 
before, the main reason can be attributed to remarkably enhanced 
outward diffusion flux of Al for external oxidation with increasing 
temperature and limited Al reservoir of thin coatings. Depletion of Al 
results in dissociation of the Cr2AlC layer into binary Cr–C carbides and 
void nucleation/growth. After the complete consumption of the Al, 
oxidation of the binary chromium carbides will continue with formation 
of Cr2O3 and gaseous carbon oxides, which will increase the density of 
voids within the coatings. The coatings thus will finally lose its protec-
tive effect either by macro-cracking or complete oxidation, as seen in the 
transient tests. The failure temperatures for the single-layer Cr2AlC and 
bilayer Cr/Cr2AlC coatings are ~1260 ◦C and 1325 ◦C, respectively, as 
identified by hydrogen production in the transient test up to 1400 ◦C. 
Their failure temperatures are slightly lower than the accepted 
maximum protective temperature for pure Cr coatings, i.e. Cr–Zr 
eutectic temperature (~1330 ◦C). However, it should be mentioned that 
the Cr2AlC-based coatings here are much thinner than typical Cr coat-
ings deposited for ATF application. Increasing the coating thickness is 
foreseen to enhance its protective capability to higher temperatures in 
steam. 

Both single-layer Cr2AlC and bilayer Cr/Cr2AlC coatings display 
excellent hydrothermal corrosion resistance with formation of a 
passivating chromia scale on the surface. The excellent hydrothermal 
corrosion resistance of Cr coatings in simulated PWR normal conditions 
has been validated by long-term autoclave tests [68]. The autoclave tests 
of Cr2AlC coatings in this study and Cr2AlC bulk reported previously 
[47] reveal that the high Cr concentration also allows Cr2AlC to form a 
passivating chromia scale under hydrothermal corrosion conditions. A 
combination of excellent oxidation resistance (protective Al2O3 scale 
formation) and hydrothermal corrosion resistance (passivating Cr2O3 
scale formation) implies its great potential for ATF application. 

One common challenge for utilization of ceramic coatings for ATF 
application is their relatively low fracture toughness, which makes them 
susceptible to cracking and spallation when suffering high stresses or 
cyclic stresses [7]. Micro-cracking and partial spallation were also seen 
for the Cr2AlC-based coatings during oxidation and corrosion tests in 
this study. While, the bilayer Cr/Cr2AlC coatings have shown better 
mechanical properties compared to the single-layer Cr2AlC coatings, as 
proved by the higher failure temperature in transient oxidation test and 
less level of spallation after autoclave test. Multilayered coatings con-
sisting of both metallic and ceramic sublayers have been frequently 
designed to overcome the weakness of single-layer coatings with 
improved mechanical and corrosion properties [69,70]. Via adjusting 
the modulation ratio between Cr and Cr2AlC layer, Cr/Cr2AlC multi-
layered coatings could achieve both good mechanical properties and 
oxidation/corrosion resistance. 

5. Conclusions 

Single-layer Cr2AlC and bilayer Cr/Cr2AlC coatings were synthesized 
on Zircaloy-4 substrates via thermal annealing of magnetron-sputtered 
nanoscale elemental multilayers at 550 ◦C for 10 min. Their high- 
temperature oxidation performance in steam and short-term hydro-
thermal corrosion behavior in an autoclave were studied to evaluate 

their application capability as coated ATF claddings. The main conclu-
sions are summarized below:  

(1) The as-deposited nanoscale elemental multilayers transform to 
single-phase and basal-plane textured Cr2AlC MAX phase via 
thermally-induced solid state diffusion reaction. The annealed 
coatings showed parallel micro-cracks on the surface due to 
thermal expansion coefficients mismatch between the Cr2AlC and 
Zircaloy-4 and volume change during diffusion reaction.  

(2) Oxidation of single-layer Cr2AlC coatings in high-temperature 
steam resulted in growth of a dense and adherent α-Al2O3 scale. 
A bi-layered oxide scale structure, i.e. Cr2O3/α-Al2O3, formed on 
Cr/Cr2AlC coatings. Oxidation and inward diffusion induced 
depletion of Al caused transformation of the Cr2AlC layer to a 
porous layer consisting of CrCx and un-oxidized Cr2AlC initially. 
Micro-cracks on both coatings can be self-healed after oxidation 
at 1000 ◦C for 1 h via growth of alumina associated with corre-
sponding volume expansion.  

(3) Transient tests up to 1400 ◦C in steam revealed that single-layer 
Cr2AlC and bilayer Cr/Cr2AlC coatings lost their protective effect 
via macro-cracking and complete oxidation, respectively. The 
bilayer Cr/Cr2AlC coatings possessed better mechanical proper-
ties and failed at a higher temperature compared to single-layer 
Cr2AlC coatings.  

(4) Autoclave tests simulating typical PWR conditions for 3 days 
discovered that both coatings, Cr2AlC and Cr/Cr2AlC, displayed 
excellent hydrothermal corrosion resistance without detectable 
oxygen-rich layer and preferred dissolution of Al. 

To enhance the coating performance avoiding premature failure, 
micro-cracking of the annealed coatings has to be avoided, for instance 
by introducing a suitable interlayer or adjusting annealing process. 
Long-term autoclave tests are still required to validate their hydrother-
mal corrosion performance. In addition, the oxidation performance and 
degradation modes of the coatings after substantial time of hydrother-
mal corrosion in nominal conditions are needed to better simulate actual 
accidental scenarios. Multilayered designs with numerous sublayers to 
improve the mechanical properties of the Cr2AlC-based coatings are of 
interest for future studies. 
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