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Abstract  

Protective coatings of Zr-based claddings have been proposed for the development of 

Accident Tolerant nuclear Fuel (ATF). Coatings forming stable oxides at high temperature 

such as MAX phases are attractive candidates for these applications. In this study Cr-Al-C 

coatings were deposited on coupons of Zr-based alloy (Zr702) by High Power Impulse 

Magnetron Sputtering (HiPIMS). Cr2AlC coatings were then obtained by annealing of the as-

deposited films at a temperature below metallurgical degradation of Zr alloys. The behavior 

of as-deposited Cr-Al-C and annealed Cr2AlC coatings with respect to high-temperature 

oxidation slightly differ for short oxidation times but converge for longer durations. Oxidized 

coatings are made of (i) an external dense, covering, adherent and thin scale of aluminum and 

chromium oxides, (ii) an intermediate thicker, porous layer of chromium carbide and (iii) an 

interdiffusion layer. Both coatings are protective in dry and wet air (up to 1473 K for 2 h in 

air-28 % H2O for an initial thickness of 7 µm), and are thermal shock-resistant. Self-healing 

capability is observed for submicronic defects. The top oxide scale acts as a barrier against 

oxygen diffusion, thus efficiently protecting the Zr702 substrate from extended oxidation 
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except near coupon edges. The results indicate that Cr-Al-C thin films grown by HiPIMS 

process and annealed Cr2AlC coatings are both promising candidates for ATF cladding 

coatings. 

 
Keywords: HiPIMS, Accident Tolerant Fuels, Cr2AlC, MAX phase coating, high-

temperature oxidation, self-healing 
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1 Introduction  

In light water reactors (LWRs), uranium oxide or other fissile fuels are encased in metallic 

tubes or claddings. Claddings therefore represent a crucial safety component in LWRs, as they 

are the first containment barrier against dispersal of fission products. Zirconium alloys are 

widely used as fuel cladding material in LWRs owing to their transparency to neutrons, 

reasonable corrosion resistance in pressurized water conditions (up to 573 K, 155 bar [1]) and 

structural integrity under irradiation. However, the properties of Zr-based claddings are 

dramatically altered under the severe conditions of a loss of coolant accident (LOCA) [2, 3].  

In the LOCA scenario, a rapid increase in temperature leads to zirconium oxidation and 

corrosion by high-temperature steam, resulting in cladding degradation and burst, along with 

dihydrogen release. Eventually, the nuclear core can partially melt and dihydrogen explode. 

To limit the impact of the high-temperature steam oxidation and to prevent dihydrogen 

generation during LOCA, accident-tolerant fuels (ATF) are now developed. One strategy is to 

replace the current Zr-alloys by materials exhibiting enhanced oxidation resistance, mainly 

SiC-SiC composites [4, 5], or Mo or FeCrAl alloys [6, 7]. These long-term solutions require 

prolonged developments and qualification efforts. An alternate approach is to protect the Zr 

alloy of current fuel claddings with coatings. To this end, most studies are focusing on 

metallic coatings and specifically Cr [8-12]. Chromium performs well under high-temperature 

oxidation conditions thanks to the formation and growth of a protective Cr2O3 scale. 

However, Cr2O3 becomes unstable when exposed to steam at temperatures above 1473 K 

[13]. Another concern is the behavior of Cr-coated Zr-based cladding beyond the Cr-Zr 

eutectic point, which occurs around 1600 K. This eutectic formation could lead to the 

embrittlement of the cladding [11, 14]. Other coating materials and architectures are 

investigated like carbon-based coatings [15, 16], metallic alloys [17-19], ceramics including 

oxides [20], nitrides [21, 22], composites or multilayers coatings [8, 23, 24] and 

nanolaminated ceramics such as MAX phases [25-30]. 
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The MAX or Mn+1AXn phases (where ‘M’ stands for an early transition metal element, ‘A’ is 

an element of the A group, mostly from the IIIA and IVA columns of the periodic table, and 

‘X’ is C or N) are hexagonal ternary carbides or nitrides with a nanolayered structure, 

resulting in a unique combination of both metal and ceramics properties [31-33]. The various 

MAX stoichiometries are often referred to as 211 (for n = 1), 312 (n = 2), and 413 (n = 3). 

Aluminium-containing MAX phases, for example Cr2AlC, possess excellent high-temperature 

oxidation resistance both in air and steam due to the formation of a continuous, dense and 

adherent alumina scale [34, 35]. This external layer can withstand higher temperatures in 

steam before volatilization compared to chromia [36, 37]. In addition, Al atoms easily diffuse 

from the MAX phases structure at elevated temperatures and oxidize to form Al2O3 in cracks 

and other defects, thereby obstructing these voids according to a self-healing process [38-40]. 

Finally, MAX phases display reasonable radiation tolerance [41-43]. Reported studies show 

that their behavior under irradiation depends on the elements and exact stoichiometry of the 

respective phases along with the initial microstructure [44-50]. 

Thin films made of MAX phases have been successfully synthesized by various physical 

vapor deposition (PVD) techniques like magnetron sputtering [51-55] and cathodic arc 

evaporation [56, 57]. Moreover, in order to obtain thin films of fairly crystalline Ti-based 

MAX phases, quite high temperatures or additional heat treatments (typically ≥ 873 K) are 

needed [58-60]. These temperatures are greater than the recommended upper limit of 853 K 

imposed on Zr-based alloys to avoid metallurgical degradation [61]. In keeping with this 

constraint, crystalline or partially crystalline Cr2AlC films have been obtained under 823 K 

with PVD techniques. The (micro)crystalline phases were obtained either directly in a heated 

deposition chamber or on a heated substrate-holder [53, 62-65], or by growing the coating 

without intentional heating and by performing an annealing afterwards [66-68]. The 

deposition of Cr2AlC protective films for ATF may be further optimized by using high power 

impulse magnetron sputtering (HiPIMS). First, the HiPIMS plasma delivers a high energy 
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flux of ionic metallic species [69, 70] which can enhance surface mobility of species on the 

growing films, and so improve structural reorganization at the growth surface. This would 

favor the formation of pure, well crystallized 211 MAX phases below the highest 

temperatures allowed for work on the last generations of Zr alloys, as reported for Cr2AlC and 

V2AlC [55, 71]. Second, despite lower growth rates, superior properties are often reported for 

some materials deposited by HiPIMS compared to direct current (DC) magnetron sputtering, 

especially regarding protective applications (denser, smoother and better adhesive coatings) 

[72-74]. 

In this study, Cr-Al-C thin films were deposited on Zr-based alloy (Zr702) by HiPIMS from a 

Cr2AlC compound target and subsequently annealed. The composition, structure and behavior 

of as-deposited and annealed coatings are investigated at high temperatures in dry and wet air. 

The results provide an insight into the oxidation mechanisms and the protective effects of the 

coatings grown by HiPIMS. A comparison is made for some oxidation tests with a reference 

system consisting of Cr deposited by HiPIMS. 

2 Material and methods 

2.1 Cr-Al-C and Cr film growth 

Briefly, Zr702, stainless steel (SS304L) and monocrystalline silicon flat substrates were used 

in this work. Centimetric-size Zr702 coupons (30×20×2 mm) with a suspension hole were 

ground with SiC paper up to 2000 grit and ultrasonically cleaned in water, acetone and 

alcohol. Cr-Al-C and pure Cr coatings were grown using an in-house PVD-HiPIMS 

equipment developed by DEPHIS (Etupes, France) equipped with two cathodes and a sample 

holder with a triple rotation axis. Zr702 coupons were dangling from hooks of the sample 

holder. A Cr2AlC composite target (560×150×10 mm) with a Cr:Al:C stoichiometry of 2:1:1 

(99.9%) synthesized by hot pressing (Neyco Vacuum & Materials) was mounted and 

sputtered. X-ray diffraction (conditions given below) showed that the target material 

corresponds to crystalline Cr2AlC, with no detected contribution from other crystalline phases 
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(Fig. 1a). A Cr target (99.8% purity; Nano&Micro PVD) with the same dimensions was used 

for reference Cr coatings. Unipolar pulse was applied to the targets using a DC power supply 

from ADL GmbH (10 kW GX100/1000) combined with a MELEC HiPIMS pulse controller 

(SPIK2000USB Dual) operated in a power-controlled mode. Substrates were etched prior to 

deposition in order to remove contaminants and improve adhesion of coatings. For this 

etching step, the Cr target was sputtered under HiPIMS regime (target voltage 950 V, pulse 

frequency 1923 Hz and pulse width 20 μs for an average power of 3000 W) in a 0.5 Pa Ar 

atmosphere for 10 min. A negative bias of -900 V was applied to the sample holder. After 

etching, Cr-Al-C coatings were deposited in 0.35 Pa Ar and substrates were left at a floating 

bias potential. The average power, pulse width and frequency were 2500 W, 70 µs, and 

310 Hz, respectively. These parameters resulted in a peak power density of 280 W/cm2 and a 

duty cycle of 2.2%. The vacuum chamber was heated by two radiant heaters up to 673 K. A 

constant temperature was maintained during film growth. The Cr coatings were deposited 

under Ar at 0.7 Pa and the substrates were biased at -150 V. The target was operated in 

HiPIMS mode with the following parameters: pulse width of 50 μs at a frequency of 500 Hz 

and average power of 3500 W. 

Coating crystallization was promoted by an ensuing annealing step. Coated samples were 

loaded in a horizontal alumina tube furnace (Carbolite; Gero 301 PID controller) at room 

temperature, then heated to 823 K at a heating rate of 4 K/min and were held for 4 h at 823 K 

in Ar (99.9999%). After 4 h, samples cooled down to room temperature in the oven. In the 

following paper, Cr-Al-C refers to as-deposited coatings, and Cr2AlC refers to annealed films. 

2.2 Oxidation tests 

To evaluate the performances of Cr2AlC as an ATF coating material, two oxidation tests were 

performed on coupons (uncoated or coated on all faces with as-deposited and annealed 

coatings). In a first approach (test #1), isothermal oxidations were conducted at 1373 K under 

static air in a muffle furnace. Samples were loaded in the furnace pre-heated at 1373 K, and 
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were baked for different oxidation times (15, 30 and 60 min). Samples were then rapidly 

removed and directly quenched in ambient water. 

The second oxidation test (test #2) consisted in thermogravimetric analyses, using a TGA16 

system (Setaram) coupled with a humidity generator (Wetsys; Setaram) for experiments in 

humid air. Humid air generation was prepared at 343 K with a relative humidity of 90 %, 

resulting in 28 vol. % H2O content (hereafter called wet air). Samples were hung to a Pt wire 

and heated from room temperature to 1473 K at a rate of 10 K/min under dry and wet air with 

a flow rate set to 38 mL/min. They were kept at 1473 K for 10 min. Mass changes were 

monitored during the entire thermal cycle. 

2.3 Structural and chemical characterization  

The surface, cross section morphology, and composition of the as-deposited and annealed 

coatings before and after oxidation experiments were investigated by scanning electron 

microscopy (SEM) equipped with a field emission gun (JEOL JSM7000-F) operated at 15 kV 

with a beam current of 2 nA and coupled with an energy dispersive X-ray (EDX) 

spectrometer (Bruker XFlash 5010) for quantitative analysis. Crystallographic structures of 

the Cr2AlC target material and of the coatings were investigated by X-ray Diffraction (XRD; 

Bruker D8 Discover) using Cu Kα radiation with a fixed angle incident beam (1 or 5° with 

respect to the sample plane). Raman spectra were collected on a LabRam HR spectrometer 

(Horiba Jobin Yvon). A frequency-doubled Nd-YAG laser (wavelength of 532 nm) was used 

as source. Chemical compositions of the coatings were measured by Glow Discharge Optical 

Emission Spectroscopy (GDOES; Horiba GD-Profiler 2™). 

3 Results 

3.1 Characterization of as-deposited and annealed Cr-Al-C coating 

A weak and diffuse contribution around 42° is detected on the XRD pattern of the as-

deposited Cr-Al-C coating, characteristic of nanocrystalline materials (Fig. 1a). The formation 

of nanocrystals or of metastable solid solutions were already observed for substrate 
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temperatures too low to form well crystallized MAX phases [52, 55, 67, 75]. After annealing 

at 823 K for 4 h in Ar, the presence of Cr2AlC in the films was confirmed by detection of 

relevant diffraction peaks (Fig. 1a). The annealed coating has a preferred orientation along the 

(006) axis with a texture coefficient of 3.5 (calculated according to the equation given in [76] 

with the reference PDF-00-058-0267 phase). Compared to the XRD pattern of the target 

material, the only missing reflection is (002) around 13°, probably hidden in the baseline. 

There is no evidence of the formation of any other phase such as carbides or intermetallic 

compounds. 

Raman spectra of as-deposited and annealed samples were compared to that of the Cr2AlC 

target in Fig. 1b. The 150 to 400 cm-1 wavenumber range contains typical peaks for M2A1X1 

phases. Attribution of the Raman bands was based on theoretical prediction of the Raman 

spectra [45, 77-82]. For theoretical Cr2AlC spectra, four Raman active optical modes, noted 

1a to 1d, were expected. The second and third contributions (1b and 1c) are usually 

overlapping in experimental data [45, 79-82]. Three bands are visible on the Raman spectrum 

of the HiPIMS target around 155 cm-1 (1a), 245 cm-1 (1b and 1c) and 335 cm-1 (1d) which are 

in agreement with the prediction. The as-deposited coating shows only a very broad hump 

around 220 cm-1. After annealing for 4 h in Ar, this hump is still present and two bands appear 

at Raman shifts corresponding to the 1b (mixed with 1c) and 1d contributions. The evolution 

of the Raman spectra from the as-deposited to the annealed coatings supports the partial 

crystallization of Cr2AlC MAX phase, as observed in XRD. 

The SEM micrographs of cross-sections from the as-deposited coating on silicon and the 

annealed coating on Zr702 are shown in Fig. 2. The microstructure of as-deposited coatings 

consists in a dense packing of columns of about 100 nm wide (Fig. 2a). After annealing, the 

columns are still present, and a fine and submicronic structure is visible (Fig. 2b). Moreover, 

a 300 nm thick layer of distinct electron density (brightness on SEM images in back-scattered 

electron mode) appears on all annealed samples at the interface between the coating and the 
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Zr702 substrate. We attribute the formation of this layer to interdiffusion between the coating 

and the substrate during annealing. Interdiffusion of Cr, Al, C and Zr over distances of about 

100 nm across the interface was further supported by GDOES measurements (data not 

shown). This results from the high chemical activity of Al in the coating as well as the high 

solubility of Al and Cr in Zr [35, 83]. 

Generally, coating thicknesses are homogeneous on Si substrates while they show small 

variations, mainly at the edges, on Zr702 coupons. It is worth noticing that no delamination 

and no spallation occurred for both as-deposited Cr-Al-C and annealed Cr2AlC coatings. EDX 

and GDOES analyses of as-deposited and annealed coatings yield an average chemical 

composition of 48-52 at. % Cr, 23-25 at. % Al, and 24-27 at. % C, close to the stoichiometry 

of Cr2AlC.  

3.2 High-temperature oxidation behavior 

3.2.1 Test #1 for 15 minutes on as-deposited and annealed coatings 

During tests of isothermal oxidations in static dry air at 1373 K for 15 minutes followed by 

quenching in room temperature water, three phases crystallized in different proportions for as-

deposited and annealed coatings, as shown in XRD (Fig. 3a). Two different oxidation 

products were detected in oxidized as-deposited coatings, i.e. Cr2O3 and α-Al2O3. The most 

important XRD contribution could however be attributed to Cr7C3. In contrast, in annealed 

films, α-Al2O3 was the only oxide present in significant amounts (Fig. 3a). Peaks 

characterizing the Cr2AlC MAX phase disappeared and Cr7C3 was the main detected phase. 

Micro-Raman analysis of oxidized as-deposited coatings (Fig. 3b) yielded only one major 

contribution at 562 cm-1, corresponding to Cr2O3 [84, 85], and no Al2O3 was observed. Five 

bands at 375, 415, 575, 645 and 748 cm-1 characteristic of Al2O3 and one band at 490 cm-1 

associated to aluminium oxyhydroxide (bohemite or γ-AlOOH) were observed for the 

oxidized annealed coatings [86-90]. 
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Fig. 4 superimposes SEM cross-sections with GDOES depth profiles for as-deposited and 

annealed coatings after oxidation. For all oxidized coatings, three distinct layers can be 

observed. First, a thin and dense layer of oxide scale covers the top of the coating. Second, a 

thicker and porous non-oxidized layer composed mainly of Cr and C coincides in position 

with the coating. Finally, a dense layer is observed in contact with the Zr702 substrate, and 

results from the interdiffusion of the elements between the coating and the substrate. No 

significant O uptake is detected in the (Cr,C) layer, the interdiffusion layer and the Zr702 

substrate. GDOES measurements and complementary EDX mappings suggest the formation 

of an (Al,Cr,O) fringe at the surface of the oxidized as-deposited film (Fig. 4a), confirming 

XRD results. It is worth noticing that profiles of Cr and Al concentrations present local 

maxima in the top oxide layer which are not located at the same depth. On the other hand, the 

oxidized top layer of annealed coatings (Fig. 4b) contains mostly Al and O with a minor 

amount of Cr. It also appears that the (Cr,C) layer contains a minor Al content of about 10 at. 

%. Finally, C has diffused deeper in the Zr702 substrate than Cr and Al. 

Micro-cracking was observed at the surface of the coatings and was attributed to water 

quenching following isothermal oxidation. However, the coatings remained adherent during 

the whole treatment and did not show any sign of spallation. Micro-cracking phenomena 

released internal stresses that were introduced during the growth of the films by HiPIMS 

(intrinsic and thermal stresses) and quenching (thermal stresses). Thermal stresses originate 

from contrasted thermal expansion of the substrate and the coatings over the investigated 

temperature range. Most cracks and the underlying substrate are not oxidized, confirming that 

they formed after the high-temperature test. However, in some locations, cracks cross-cutting 

the coatings down to the substrate are observed (Fig. 5a,b). The inner surface of these cracks 

is covered by the same oxide as the top oxide layer, meaning they formed before the oxidation 

test. A restricted volume (no more than 10 µm deep) of the Zr702 substrate is locally enriched 

with N, as revealed by EDX analysis (not shown here). Thus, the occurrence of nitridation 
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means that remaining nitrogen (from air) diffuses through the imperfections in the coating to 

the metal/coating interface, reacts with zirconium and forms nitrides, such as ZrN. It is worth 

noticing that nitrogen in the oxidizing atmosphere results in significantly stronger degradation 

of the cladding material than oxidation in pure oxygen or steam [91-93]. 

When surface damage is larger (as shown in Fig. 5c,d), the substrate is significantly more 

oxidized (up to 150 µm deep). This difference suggests that the dense and covering oxide 

scale on as-deposited and annealed coatings grows until a certain extent, depending on the 

aggressive atmosphere. A small defect, < 1 µm in our case, can be clogged, i.e. self-healed, 

preventing further degradation. This behavior is consistent with previous studies on Cr2AlC 

[38], and illustrates the self-healing capability of the MAX phase coating. 

3.2.2 Test #1 for 30 and 60 minutes on annealed coatings 

After 30 and 60 minutes in static dry air at 1373 K followed by water quenching, α-Al2O3, 

Cr2O3 and Cr7C3 are detected (Fig. 6). Moreover, ZrO2 is identified after 30 minutes of 

oxidation and its contribution increases for 60 minutes, suggesting that the substrate is 

partially oxidized. This results from premature failure of the thinner coating at the edges of 

our rectangular coupons [66]. Coating spalling is also visible on the edges of the hole drilled 

into the coupons (Fig. 8). The hole clearly acts as a weak point, from which oxidation of the 

Zr702 substrate propagates. The increase in amount of Cr2O3 is also evident, whereas Cr7C3 

contribution decreases with increasing oxidation time. This indicates the gradual oxidation of 

the chromium carbide layer. Finally, the XRD contribution of α-Al2O3 decreases with an 

increasing oxidation time. 

Fig. 7 compares the microstructural and architectural evolution of annealed Cr2AlC coatings 

(Fig. 7a-c) and reference Cr coatings (Fig. 7d-f) during test #1 for 15 and 60 minutes. 

Annealed Cr2AlC and reference Cr coatings had initial thicknesses around 3 and 15 µm, 

respectively. After 60 minutes the architecture of the oxidized annealed Cr2AlC coating is 

similar to 15 minutes, i.e. (i) a thin top oxide scale (~ 400 nm), (ii) a thicker and porous 
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(Cr,C) layer (~ 2 µm) and (iii) a dense interdiffusion layer (~ 800 nm) near the substrate 

surface. According to EDX mappings, XRD patterns, and GDOES profiles, the top oxide 

scale is made first of α-Al2O3 and then of a mixture of α-Al2O3 and Cr2O3. The top oxide scale 

is adherent and dense. The porous (Cr,C) layer has Al, C and Cr contents (measured by 

GDOES) of around 10, 28, and 62 at. %, respectively, which gives a Cr:C ratio of 2.2, very 

close to the ratio 2.3 for the Cr7C3 phase detected by XRD. Finally, GDOES analysis and 

SEM observations also show the mutual exclusion of Zr and O over most of the surface, 

meaning that the ZrO2 contribution in XRD patterns of oxidized coatings corresponds to the 

oxidation of the substrate around the sample edges only. 

A succession of three layers is observed for Cr coatings after 15 and 60 minutes (Fig. 7d-f). 

They consist in a top covering and dense Cr2O3 layer. It is however brittle and less adherent 

for similar thicknesses than the top oxide scale of Cr2AlC. The thickness of this Cr2O3 film 

increases with oxidation time at the expense of the underlying non-oxidized Cr layer. About 5 

µm of Cr is left after an oxidation time of 60 minutes, i.e. one third of the initial thickness. An 

interdiffusion layer between Zr and Cr is also observed. This interphase is four times thicker 

than for Cr2AlC coatings according to SEM observations. GDOES profiles confirmed this 

extended diffusion of Cr in the substrate, with an amount of 10 at. % Cr measured even 15 µm 

below the substrate surface. On the other hand, for the oxidized annealed Cr2AlC coating, the 

10 at. % threshold is reached at 500 nm below the substrate surface. Unlike Cr2AlC coatings, 

ageing of the Cr coating leads to the formation of a limited amount of porosities, concentrated 

at the interface between the Cr and the interdiffusion layer.  

3.2.3 Test #2 on as-deposited coatings 

Mass gains of uncoated and coated Zr702 coupons were measured by TGA during a heating 

ramp and an isothermal oxidation step under dry and wet air at 1473 K (Fig. 8). Coated 

coupons consisted of as-deposited Cr-Al-C coatings with a thickness of 7 µm and a reference 

Cr coating with a thickness of 15 µm. Final mass gains for coated samples (2 to 5 mg.cm-2) 
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are about five times smaller than for uncoated Zr702 (23 to 28 mg.cm-2) under both 

atmospheres. Moreover, Cr and as-deposited Cr-Al-C delay runaway oxidation of the Zr702 

substrate for 50 minutes, corresponding to a temperature higher by 400 K. Furthermore, the 

mass gain of coated samples is mostly caused by substrate oxidation around the suspension 

hole, due to peeling after local failure of thinner and inhomogeneous coating (e.g. Fig. 8). It 

appears that the mass gain is lower in wet air, suggesting lower oxidation rates, as reported 

elsewhere [94]. 

SEM cross-sections after test #2 in dry air show that uncoated Zr702 was strongly 

deteriorated by oxidation with the formation of an 80 µm-thick porous ZrO2 layer. In contrast, 

the underlying substrate of the coated sample is not oxidized, except in the vicinity of coupon 

edges and hole. As for the test #1, the surface of the oxidized, as-deposited coating is mostly 

made of a mixture of Al and Cr oxides. 

An additional high-temperature oxidation test for an as-deposited Cr-Al-C coated sample 

(7 µm of initial thickness) was performed for nearly 2 h at 1473 K in wet air. The SEM 

micrograph shows that the coating segregates into three sublayers as previously described 

(Fig. 9). The top oxide layer is still dense and adherent even after 2 h. However, the 

metallographic preparation for the microstructural observations induced partial spalling of this 

top layer. We deduced from XRD analyses, EDX mappings and GDOES analyses that this top 

layer is a mixture of α-Al2O3 and Cr2O3. Interestingly, most of the porosities in the 

intermediate (Cr,C) layer disappear after prolonged oxidation, as they are filled by oxides, 

probably α-Al2O3 and Cr2O3. The GDOES analyses (Fig. 9) show that the (Cr,C) layer is now 

depleted in C (5 to 7 at. %) and is mainly composed of Cr (50 to 60 at. %), Al (15 to 20 at. %) 

and O (10 to 15 at. %). The third subunit corresponds to an approximately 1.8 µm thick 

interdiffusion layer formed at the substrate/coating interface. Solid phases in the interdiffusion 

layer could not be identified with our XRD setup, either because of their poor crystallinity and 

low mass fraction or because of the limited penetration depth of X-rays. Deeper in the 
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substrate, the GDOES depth profiles reveal subsurface enrichment of C. This observation 

suggests the possible formation of a zirconium carbide phase in the interdiffusion layer, as 

previously observed for a chromium carbide coating (composition of Cr0.64C0.33O0.03) grown 

on a Zr-based alloy after an oxidation at 1473 K for 10 min in steam [95]. Oxygen amounts 

are negligible inside the Zr702 substrate, except in oxidized areas near the edges and the hole. 

Finally, Zr702 has undergone metallurgical transformation due to the high temperatures. 

4 Discussion  

4.1 Oxidation of the as-deposited Cr-Al-C and annealed Cr2AlC coatings  

The corrosion interfaces for as-deposited Cr-Al-C and annealed Cr2AlC MAX-phase coatings 

exhibit a similar architecture after a long period of oxidation at high temperature in air. Part of 

the similarity can be explained by the fact that the high corrosion temperatures (≥ 823 K, the 

annealing temperature in our study) also promote partial crystallization and ordering of the as-

deposited coating [67, 96]. However, the oxidation behavior of these two coatings displays 

significant differences. 

During the initial stage of oxidation (typically between 15 and 30 minutes), a mixture of Al 

and Cr oxides forms at the top surface of the as-deposited Cr-Al-C coating while a continuous 

and dense layer of α-Al2O3 only appears on the surface of the crystalline annealed Cr2AlC 

coating. For longer oxidation time (in our case, 30 minutes at 1373 K in air), Cr2O3 eventually 

forms in the top oxide layer of annealed Cr2AlC coatings. This contrasted oxidation behavior 

of the M and A elements from the MAX phase was observed for the Ti2AlC phase system. In 

that case, Ti-Al-C thin films were synthesized on alumina substrates by HiPIMS without 

intentional heating, and then some of the films were annealed to promote the formation of 

Ti2AlC [97]. After 5 h at 1073 K in air, the authors reported the growth of TiO2 and Al2O3 for 

as-deposited Ti-Al-C coatings and only Al2O3 for annealed Ti2AlC films. TiO2 crystallized in 

the annealed Ti2AlC coating after 20 hours of oxidation. The different oxidation behavior 

between Ti-Al-C and Ti2AlC coatings was assigned to dissimilar values of the 
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thermodynamic activity for Al in the amorphous coatings and in the crystalline Ti2AlC MAX 

phase films. In our study, we expect that the microstructure and texture of annealed 

crystallized Cr2AlC films may influence on the oxidation behaviour relative to the 

nanocrystalline as-deposited Cr-Al-C coatings.  

As far as Cr2AlC is concerned, the preferential growth of Al2O3 over Cr2O3, on the surface of 

bulk and coated samples at temperatures above 973 K was extensively investigated [66, 96, 

98-103]. Thermodynamic considerations support the experimental observations regarding 

bonding energies for Al-Cr and Cr-C bonds in Cr2AlC along with Gibbs free energies of 

Al2O3 and Cr2O3 formation. For phases of M2AX composition such as Cr2AlC, the crystal 

structure consists of M octahedral sheets with X atoms filling the octahedral sites; these sheets 

are bound by planar closed-packed A atomic interlayers [104]. In Cr2AlC, the metallic Cr-Al 

bonds are weaker than the covalent Cr-C bonds [105, 106], implying that Al atoms diffuse 

outward of the crystal structure more easily than Cr.  

In our case, the oxidation of as-deposited of Cr-Al-C and annealed Cr2AlC coating in air at 

1373 K resulted in the formation of an oxide scale covering a porous (Cr,C) layer. For as-

deposited Cr-Al-C coatings, Al and Cr probably migrated simultaneously to the surface of the 

coatings to form a mixed (Al,Cr) oxide layer. For annealed Cr2AlC coatings, Al initially 

migrated to form a passivating layer of Al2O3. The XRD signal and Cr:C ratio of the porous 

(Cr,C) layer are characteristic of Cr7C3. It is likely that other Cr carbides as Cr3C2 crystallized 

during oxidation, as reported by several authors [102, 103] but they were not detected in our 

experiments. Moreover, the Cr3C2 phase has not been observed after an oxidation at 1372 K, 

probably because it decomposed to form Cr7C3 (s), CO (g), CO2 (g) and Cr2O3 (s) [107-109]. 

Furthermore, it has been shown that the release of CO or CO2 gas during oxidation of 

carbides such as SiC and Cr3C2 resulted in the formation of cavities [110-112]. Nonetheless, 

no porosity in the carbide layer of massive Cr2AlC specimens was observed for the same 

oxidation conditions [34, 98-100, 103]. In contrast to the Cr2AlC coatings, it is reasonable to 
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assume that bulk Cr2AlC samples have a significantly larger supply of Al available for 

diffusion within the near surface region of the MAX phase to avoid significant depletion and 

disruption of the passivating layer over the duration of corrosion experiments. 

The porosity increase of the carbide layer with oxidation time suggests that pore development 

is likely a consequence of diffusion processes with distinct kinetics and starting times. At the 

initial stage of oxidation, outward diffusion of Al firstly generates rapid growth of a protective 

alumina layer at surface, meanwhile, the Cr2AlC lattice distorts and transforms into (Cr,C) 

phases under oxide scale. Secondly, with the growth of alumina layer, Al is migration out of 

the coating leads to further degradation of the Cr2AlC MAX phase into (Cr,C) phases. When 

Al depletion reaches a critical threshold, inward diffusion of O through the alumina scale 

oxidizes the (Cr,C) layer. It is then likely that O reacted with C to form gaseous compounds 

like CO or CO2 with Cr7C3 and Cr2O3 [103]. The release of CO2 together with the outward 

diffusion of Al and Cr contribute to the formation of a porous sublayer. The presence of Cr2O3 

in the top oxide scale could lead to an accelerated degradation mechanism since Cr oxides 

form volatile hydroxides that can evaporate at high temperatures in H2O-containing 

atmospheres with higher rates compared to alumina [36, 113]. 

Additionally, interdiffusion of elements from the coatings and the Zr702 substrate at high 

temperature (during oxidation) leads to the formation of a specific interphase layer.  

Interestingly, some micro-cracks present before the oxidation tests completely disappeared 

after high-temperature oxidation. This is probably because of the self-healing capabilities of 

Cr-Al-C and Cr2AlC coatings at high temperatures, owing to the high diffusivity of Al, and 

the formation of dense, stable and adhering Al2O3 scale with a high relative volume expansion 

[114]. This self-healing was efficient for submicronic defects but ineffective for larger cracks, 

probably because Al supply was too limited. Our results thereby corroborate high-temperature 

crack-healing behavior observed for the bulk Cr2AlC or other MAX phases [40, 115] and in 

previous studies of Cr2AlC films [38, 66]. 
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4.2 Protective effect of the coating on Zr702 

The main objective of our coating is to hinder high-temperature oxygen diffusion into the 

substrate to prevent devastating damage. One common strategy is the use of coatings favoring 

the formation of a sealing, dense, stable and adherent protective scale of oxide. Unprotected 

Zr702 was significantly oxidized in the temperature range and time intervals investigated in 

our study. In contrast, Zr702 protected by Cr-Al-C and Cr2AlC coatings remained 

undamaged, except at coupon edges. The degradation of coated Zr702 during high-

temperature oxidation is supposed to start when the top oxide scale loses its protecting 

properties. This loss was not observed even after one hour in dry air at 1373 K and two hours 

in wet air at 1473 K. 

The most likely scenario for the degradation of the coatings is Al depletion within the top 

oxide layer. The Al depletion can result from diffusion processes either inwards the substrate 

(Al interdiffusion with the Zr702 substrate) or outward the coating (Al diffusion and 

oxidation within the top scale). One solution to mitigate inward interdiffusion during 

annealing is the insertion of a suitable diffusion barrier. In addition to diffusion 

considerations, this barrier layer should be selected in order to prevent the formation of 

intermetallic brittle phases at any temperatures likely to be reached.  

The Al depletion will also result in the accumulation, in the surface oxide scale, of Cr oxide 

with less favorable protective properties under high-temperature oxidative conditions. 

Moreover, the diffusion of Al, Cr and C to the top oxide scale and inside the substrate is 

deleterious to protective properties since it creates pores within the intermediate (Cr,C) layer, 

as previously reported [103]. Undeniably, porosities potentially constitute a shortcut for 

oxygen diffusion to the substrate. 

We should also keep in mind that LOCA occur with high-temperature water steam that has a 

very particular chemistry. Thus, degradation mechanisms in high-temperature steam may be 

different from the ones identified in (wet) air. Indeed, the oxidation in steam for 1 h at 1273 K 
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of a Cr2AlC coating grown on Zircaloy-4 substrates indeed led to the formation of only an 

Al2O3 scale without Cr2O3 [66]. 

5  Conclusions 

In this study, dense and nanocrystalline Cr-Al-C coatings were deposited by HiPIMS and the 

MAX phase Cr2AlC coatings were obtained by subsequent thermal annealing. Coated samples 

were then subjected to several high-temperature oxidation tests. 

As-deposited Cr-Al-C and annealed Cr2AlC coatings protect Zr702 substrates from oxidation 

in dry or wet air at high-temperature (up to two hours at 1473 K in wet air for a 7 µm thick 

coating) owing to the growth of a continuous, dense and adherent top oxide scale, which acts 

as a barrier against oxygen diffusion. This layer is first made of α-Al2O3 and Cr2O3 for as-

deposited Cr-Al-C coating while only α-Al2O3 is present for annealed Cr2AlC coating. For 

longer oxidation durations, the top oxide layer is made of Al and Cr oxides for both coatings, 

a consequence of Al depletion from the coating. The outward diffusion of Al and Cr to the top 

oxide layer and the inward interdiffusion of Cr, Al and C with Zr at the substrate-coating 

interface leaves a porous intermediate chromium carbide Cr7C3 layer. Further degradation of 

the coatings is expected for prolonged oxidation times after the full oxidation of the (Cr,C) 

middle layer or loss by interdiffusion. 

To extend the coating lifetime at elevated temperatures, greater thicknesses and appropriate 

diffusion barriers between the coating and the Zr substrate should be considered. However, 

the thickness of protective coatings on the surface of Zr-based claddings should be limited to 

avoid significant impact on the neutron transport in LWRs.  

We have not yet assessed the performance of our coatings under normal operation conditions 

of a LWRs, i.e. the chemical stability and radiation resistance of the coating in aqueous 

electrolytes at 633 K. Nevertheless, previous studies of bulk Cr2AlC corrosion showed little 

change under simulated primary water conditions [28]. The coating lifetime in LWR nominal 

conditions can be improved by addition of a thin top layer made with a material that does not 
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form an unstable oxide in aqueous environment, such as Cr. In addition, new oxidation 

experiments at higher temperature and in pure flowing steam more representative of LOCA 

conditions are desirable. The results reveal the possibilities for the application of Cr-Al-C 

based coatings as ATF cladding materials. 
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List of figure captions 

Fig. 1: (a) Comparison of the X-ray diffraction (XRD) patterns for Cr2AlC target and 3.2 µm 
thick as-deposited and annealed coatings on a Zr702.  Cr2AlC peaks are indexed with the 
PDF-00-058-0267 card. (b) Comparison of the µRaman for Cr2AlC target, as-deposited and 
annealed coatings on a Zr702. 

Fig. 2: (a) SEM image in Secondary Electron (SE) mode of a fractured cross-section of as-
deposited Cr-Al-C coating on Si. (b) SEM image in Backscattered electron (BSE) mode of the 
cross-section of annealed Cr2AlC coating on Zr702 after 4 h at 823 K in Ar. 

Fig. 3: XRD patterns (a) and Raman spectra (b) of oxidized 3.2 µm thick as-deposited Cr-Al-
C and annealed Cr2AlC coatings on Zr702. Reaction conditions: 15 min at 1373 K in static 
air. 

Fig. 4: Overlay of GDOES composition profiles and SEM-BSE cross-sections of oxidized 
3.2 µm thick as-deposited Cr-Al-C (a) and annealed Cr2AlC (b) coatings on Zr702. Reaction 
conditions: 15 min at 1373 K in static air. 

Fig. 5: SEM-BSE images of cross-sections at various magnifications of an oxidized 3.2 µm 
thick as-deposited Cr-Al-C coating on Zr702 at a submicronic crack  (a, b), and a larger defect 
(c, d). Reaction conditions: 15 min at 1373 K in static air. 

Fig. 6: XRD patterns of a 3.2 µm thick annealed Cr2AlC coating on Zr702 oxidized at 1373 K 
in static air during 15, 30 and 60 minutes. 

Fig. 7: (a-c) SEM-SE cross-sections images of an annealed Cr2AlC coating (~ 3 µm) after an 
oxidation at 1373 K in static air for 15 min (a) and 60 min (b,c). (d-f) SEM-SE cross-sections 
images of a Cr coating (~ 15 µm) after oxidation at 1373 K in static air for 15 min (d) and 60 
min (e, f). 

Fig. 8: Thermogravimetric analysis (TGA) TGA of uncoated and coated Zr702 substrates (as-
deposited Cr-Al-C (7 µm) and Cr (15 µm) under dry (solid curves) and wet air (dotted curves) 
during the heating ramp and the isothermal oxidation at 1473 K for 10 min. 

Fig. 9: Overlay of GDOES composition profiles and SEM-BSE cross-sections of oxidized 
7 µm thick as-deposited Cr-Al-C coating on Zr702. Oxidation conditions: 120 min at 1473 K 
in wet air.  
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