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Abstract: Four types of MAX-phase coating samples (Cr2AlC, V2AlC, Ti2AlC, and Ti3AlC2), synthesized 

via physical vapor deposition and post-annealing of elemental multilayer films, have been  

investigated toward their potential corrosion protection in 10-6 wt.% oxygen-containing molten Pb for 

3200 h at 600 °C. Three MAX-phase coatings (Cr2AlC, Ti2AlC, and Ti3AlC2) are corrosion resistant 

against the molten Pb, via formation of a protective oxide layer. Specifically, various oxide scales 

formed on each sample: an Al2O3 scale, containing a low amount of Cr2O3 was formed in case of the 

Cr2AlC coating; a mixed Al2O3 and TiO2 oxide scale was observed for both Ti2AlC and Ti3AlC2 coatings. 

A more complex mixed oxide layer consisting of VO2, V4O7, and Pb3(VO4)2 phases is formed on the 

V2AlC coating, while the MAX-phase coating was almost entirely consumed. According to their 

corrosion performance against oxygen containing molten Pb, the order of corrosion resistance is: 

Cr2AlC > Ti2AlC > Ti3AlC2 > V2AlC. 
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1. Introduction 

The increasing demands on energy and the necessity to reduce environmental pollutions urge 

humans to look for environmental friendly and more efficient energy production technologies, 

including advanced Gen IV fast-neutron fission reactors [1-5], accelerator-driven systems (ADS) [6], 

concentrated solar power (CSP) plant [1-3], liquid metal batteries (LMB) [7]. On the other side, these 

advanced systems often employ heavy liquid metals (HLMs), namely Pb or Pb-Bi eutectic (LBE), as 

the thermal transfer or storage media because of their promising thermo-physical, thermo-hydraulic 

and neutronic properties [8-10]. However, the compatibility of structural steels (e.g. 
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ferritic/martensitic and austenitic steels) with HLMs, especially the corrosion properties, challenges 

the application of HLMs. Moreover, the corrosion attack is accelerated when the operating 

temperature is above 500 °C [11-16]. Therefore, it is necessary to develop advanced corrosion 

resistant materials or coatings, like alumina-forming austenitic steels and MAX-phase 

materials/coatings [15-19]. 

 

One type of layered ternary compounds, also known as MAX-phase materials [17], with the 

formula Mn+1AXn (n=1 to 3), where M belongs to an early transition metal, A is an A-group (mostly 

IIIA and IVA) element, and X can be C or N, shows the excellent oxidation/corrosion resistance at 

elevated temperature, good thermo-physical and thermal stability properties [18-23]. Their crystal 

structures can be described as different MX layers interleaved with pure-A element layers. The 

specific nanolayered structure and bonding characteristics endow them to possess both metallic and 

ceramic properties [17-21]. 

 

In general, the oxidation resistance is related with the formation of a dense and continuous 

oxide layer acting as an elemental diffusion barrier, such as Al2O3, Cr2O3, or/and potentially mixed 

oxide scale [15, 16, 18-21]. Of particular interest of current work are alumina-forming or 

aluminum-containing MAX-phases (e.g. Cr2AlC, Ti2AlC, V2AlC, Ti3AlC2) when considering the high 

thermal stability of an Al2O3 rich oxide scale [15-16, 18-21].  

 

The high-temperature oxidation of aluminum-containing MAX-phases has been extensively 

investigated [19, 21, 24-29]. However, the reported corrosion/oxidation tests are mainly performed 

in air or water containing environments. Lee et al. [24] studied the oxidation behavior of Cr2AlC in the 

temperature range of 700 to 1000 °C in air. An Al2O3 layer together with a sub-layer of Cr7C3 has been 

observed after oxidation tests. The formation of Cr7C3 underneath the Al2O3 layer is due to the 

selective oxidation of Al and the strong bond of Cr-C [24-25]. When the oxidation is performed at a 

lower temperature, a layer of Cr2O3 instead of Al2O3 is formed, e.g. the oxidation test of Cr2AlC in 

simulated primary water at 300 °C [22]. The V2AlC MAX-phase is also considered due to the low 

deposition temperature and good irradiation tolerance [26]. In the case of the oxidation in air, a 

multi-layer structure, consisting of V2O5, AlVO4, or/and Al2O3, is frequently observed in the 

temperature range of 600 to 800 °C [26-29]. The morphologies of the oxide layer also vary from 

needle-like to strip-type grains, depending on the types of oxides formed [26, 29]. The oxide scales 

formed on Ti2AlC and Ti3AlC2 are mainly dependent on the oxidation temperatures. At exposure 

temperature above 900 °C, nearly pure alumina scale forms with some TiO2 particles decorated on 

the surface [30-35]. However, at low oxidation temperatures, abnormal oxidation behavior has been 

reported due to the fast growth of TiO2 with different crystalline structures (anatase and rutile) of 

TiO2 [31]. Both inward diffusion of oxygen and outward diffusion of Al and Ti contributes to the 
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oxidation process [31, 34].  

 

The corrosion tests of Al-containing MAX-phases in HLMs are mainly focused on bulk Ti2AlC and 

Ti3AlC2 [23, 35-37]. Barnes et al. [35] tested the corrosion behavior of Ti2AlC samples in oxygen-free 

molten Pb at 650 and 800 °C, respectively. Their results show that no obvious reaction/interaction 

happens between the MAX-phase and liquid Pb. Lapauw et al. [36] have investigated the corrosion 

behavior of Ti2AlC and Ti3AlC2 in oxygen-poor (CO < 10-8 wt.%) and static LBE at 500 °C. A non-uniform 

and thin oxide scale (< 0.5 µm) is observed after 3500 h corrosion exposure. Besides, local corrosion 

attack in terms of LBE penetration has been observed after 3500 h exposure, mainly caused by the 

preferential dissolving of parasitic phases like TiAl3 [36]. A similar result was obtained by Heinzel et al. 

[37]. Above 550 °C with an oxygen content of 10-8 wt.% in the molten LBE, the Ti2AlC shows LBE 

penetration between the large plate-like Ti2AlC grains due to the corrosion of secondary phases, the 

Ti2AlC grains themselves seem to be corrosion resistant. Besides, Heinzel et al. [37] also tested the 

corrosion behavior of Ti2AlC in 10-6 wt.% oxygen-containing molten LBE at 550, 650, and 700 °C. At 

550 °C a mixed oxide layer consisting of TiO2 (rutile), Pb, Bi, and Al is formed after 10000 h. At higher 

temperatures, an Al2O3 outer layer followed by a TiO2 inner layer protects the material. 

 

 Previous results indicate that MAX-phase coatings with single phase can be prepared by 

magnetron sputtering plus post annealing of nanoscale multilayers [20-21, 26, 38]. No reports on the 

corrosion behavior of MAX-phase coatings in HLMs are avilable up to now. Considering the 

promising corrosion/oxidation behavior of Al-containing MAX-phases like Cr2AlC, V2AlC, Ti2AlC, and 

Ti3AlC2, the motivation of the current work is to investigate the corrosion behavior of such coatings 

in 10-6 wt.% oxygen-containing molten Pb at 600 °C. Moreover, the microstructure of a passivating 

oxide layer on the sample surface is carefully characterized. The results obtained from different 

characterization methods (e.g. XRD, GIXRD, XPS, SEM/EDX, TEM) indicate the protectivity and 

excellent application prospects of MAX-phase coatings, especially the Cr2AlC and Ti2AlC, in heavy 

liquid metal environments.  

2. Material and experiment 

2.1 MAX-phase coating preparation 

Four different types of Al-containing MAX phase coatings were synthesized on polished 

polycrystalline Al2O3 substrates following a two-step process. In the first step, three elemental 

targets (i.e., transition metal Ti, Cr or V, graphite, and aluminum) were adopted to deposit M/C/Al 

elemental multilayers with nanostructured designs by magnetron sputtering (Leybold Z 550 coater). 

The thicknesses of each individual elemental layer are initially calculated based on the stoichiometric 

ratio (2:1:1 or 3:1:2) of specific MAX phases and theoretical densities of the elements. During 

deposition, the sample holder was operated in a stop-and-go mode, i.e. it was cycled and held at 
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each individual target location for different times to achieve the multilayered design. The holding 

times were defined based on the deposition rates of each material and thickness required for each 

element layer. The power for the three targets were set at ∼200 W, using radio frequency (RF) 

power supply for the aluminum and transition metal targets, and direct current (DC) power supply 

for the graphite target. The working pressure of the argon gas was 0.5 Pa. The substrates were not 

deliberately heated and grounded without applied bias, resulting in a thin film deposition at room 

temperature. The final coating thicknesses were targeted at ∼3 μm by repeating the multilayered 

stacks. In the second step, the as-deposited multilayered coatings were annealed in a flowing Ar at 

atmospheric pressure to promote the crystallization of MAX phases via solid-state diffusion 

reactions using a NETZSCH STA-449 F3 Jupiter thermal balance. The annealing temperatures and 

duration time are 550 °C / 10 min for Cr2AlC, 600 °C / 10 min for V2AlC, 800 °C / 10 min for Ti2AlC, 

and 1000 °C / 30 min for Ti3AlC2. The heating and cooling rates during the annealing process are 

fixed at 10 K/min. The detailed information on the deposition and phase/microstructure formation 

after annealing of the different multilayered coatings has been reported in [38-39]. 

2.2 Corrosion experiment 

The corrosion experiment is performed in COSTA facility, a stagnant molten Pb/PbBi corrosion 

test equipment [15]. Each sample with a size of 10*10*1 mm is fixed by a Mo-wire and immersed in 

an alumina crucible containing the molten Pb. The amount of Pb filled in the crucible is 200 g. Based 

on the oxygen saturation data [8], the oxygen content dissolved in the molten Pb is controlled to 10-6 

wt.% at 600 °C. This defined oxygen concentration value is adjusted and monitored by the oxygen 

partial pressure during the experiment. The general process for the corrosion experiment has been 

described in the literature [15-16]. After 3200 h exposure, the glove box with similar oxygen 

condition is employed to extract the samples. Then, samples were cooled down to room 

temperature before the next step treatment. Since there are adherent Pb on the sample surface, the 

samples are generally cleaned by exposing in a liquid solution of hydrogen peroxide, acetic acid and 

ethanol (1:1:1). Samples of Cr2AlC, Ti2AlC and Ti3AlC2 were cleaned for 15 min, while V2AlC samples 

were cleaned for 1 h due to a large amout of remaining Pb on the surface. 

2.3 Material Characterization 

Phase compositions (before and after exposure) are characterized by X-Ray Diffraction (XRD, 

Seifert PAD II), applying  monochromatic Cu Kα1 radiation with λ=0.15409 nm in a θ-2θ geometry 

(Bragg–Brentano). The voltage and current are 40 kV and 30 mA, respectively. Parameters like scan 

speed and step size are 0.1 °/min and 0.02°, respectively. Grazing incidence X-ray diffraction (GIXRD) 

is also employed to characterize the oxide layer with an incident angle of 2° and a scan speed of 

0.75 °/min. The Cu Kα1 radiation (λ=0.15409 nm, 45 kV, and 200 mA) is used as a source for 

diffraction. The surface morphology and cross-sectional structure of the coating/oxide layer has been 
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characterized by Scanning Electron Microscopy (SEM, model: Zeiss LEO 1530 VP), equipped with EDX 

(electron dispersive X-ray spectroscopy). The energy of the electron beam is in the range of 10 to 20 

keV with a working distance around 9 mm. In case of the sample cross section analysis, a Ni-layer 

(∼25 µm) is electroplated on the sample surface to protect the surface oxide layer during the SEM 

specimen preparation (e.g. grinding and polishing). Then, samples are embedded/fixed in resin, and 

ground with sand papers, e.g. surface finish of 1200 #, 2400 #, followed by polishing with diamond 

paste up to 1 µm particle size. A thin gold-palladium (AuPd) layer is sputtered on the SEM specimen 

surface to increase the electrical conductivity. 

 

A K-Alpha+ instrument (Thermo Fisher Scientific) with a monochromatic Al-Kα X-ray source 

(1486.6 eV) is used for XPS measurements. The X-ray spot size was 400 μm. Charge neutralization is 

performed by K-Alpha+ charge compensation system using 8 eV electrons and low-energy Ar ions. 

Data acquisition and processing are accomplished with the software of Thermo Advantage. The 

spectra are deconvoluted with one or more Voigt profiles [40]. The C 1s peak of adventitious 

hydrocarbons with binding energy of 285.0 eV has been used as a reference. Besides, three 

parameters namely Scofield sensitivity factors [41], analyzer transmission function as well as the 

effective attenuation lengths (EALs) have been employed for the quantification. EALs are calculated 

based on the standard TPP-2 M formalism [42]. For the depth profiling of samples, monoatomic Ar 

ions mainly with 4 keV energy, and low current are used. If other energies are used, it is specified in 

the main text. 

In order to help better understand the phase, checmical compositions and microsturucture of 

the oxide layer, TEM analysis was performed on selected exposed samples. The thin lamellae for TEM 

investigations were prepared in an FEI Helios 600 crossbeam focused ion beam (FIB) at 30 kV down 

to an ion current of approximately 24 pA. A Pt layer (around 2 μm) was deposited on the sample 

surface to protect the oxide scale. The lamellae was cut perpendicularly to the sample surface with a 

depth around 6 μm. After “lift out” process, the specimen was milled until the oxide layer region 

becomes transparent. Transmission electron microscopy (TEM) analysis was performed in a Jeol JEM 

2100Plus electron microscope with 200 kV acceleration voltage. The bright-field (BF) images and 

selected area electron diffraction (SAED) characterization were performed in conventional TEM 

mode. EDS maps were acquired in the scanning transmission electron micrographs (STEM) mode (ca. 

60 min acquisition time for each map).  

3. Results 

3.1 Pristine samples 

Figure 1 displays XRD results of all MAX phase samples before the corrosion test. Except for the 

diffraction signal from the alumina substrate, all other diffraction peaks can be indexed to the 



6 
 

corresponding characteristic MAX phases. The absence of diffraction signals from common impurity 

phases (for instance binary intermetallics and carbides) confirms the formation of pure MAX phase 

coatings after thermal annealing for all of these four different systems. In addition, XRD patterns only 

show the diffraction signals characteristic of (001) lattice planes of a specific MAX phase, which 

indicates their highly basal-plane textured structure. The diffraction peaks associated with V2AlC (001) 

and Cr2AlC (001) display broad features of lower intensities (compared with the Ti-based MAX 

phases); their low annealing temperatures adopted (600 °C and 550 °C, respectively) resulted in 

nanocrystalline structures. In comparison, the relatively high annealing temperatures required for 

the formation of the Ti2AlC and Ti3AlC2 MAX phases promote the grain growth and their diffraction 

peaks are more sharp and narrow. 

 

Fig. 1 XRD spectra of prepared MAX-phase coatings in this study before the corrosion test. Reflections marked 
by a black-filled rhomb are attributed to the alumina substrate.  

 

As an example, the surface morphology of a Ti2AlC coating is presented in Fig. 2 (a) and (b). A 

uniform, dense coating is obtained, without an evidence of contaminations, pores, inclusions or 

other growth defects or coating spallation. A closer look at higher magnification (see Fig. 2 (b), which 

is an enlarged image of the area marked by a white square in Fig. 2 (a)), confirms these statement. It 

shows a uniform, homogeneous morphology consisting of nano-sized grains. Fig. 2 (c, d, e, f) show 

cross-section images of Ti2AlC, Cr2AlC, V2AlC and Ti3AlC2 coatings. Fig.2 (c, d) are SEM images and Fig. 

2 (e, f) are bright field TEM images showing the grain structure of the MAX phase coatings. 

All these coatings display dense, columnar-free structure related to the unique two-step 

preparation method. The TEM images in Fig.2 (e, f) clearly shows that the coatings consist of 

platelet-shaped, elongated nanocrystallites, in full coherency with our previously findings [38, 39]. It 

is necessary to point out that each type of coating has similar grain morphology, but their grain sizes 
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are different attributed to different annealing temperatures. For instance, the grain size of V2AlC (~65 

nm in length) is much smaller than that of Ti3AlC2 (~200 nm in length) due to higher annealing 

temperature adopted for the Ti3AlC2 coatings. 

 

Fig. 2 Surface morphologies of Ti2AlC coating (a) and englarged image (b); SEM cross sectional images of Ti2AlC 

and Cr2AlC (c, d); bright field TEM cross sectional images of V2AlC and Ti3AlC2 (e, f). 

 

3.2 Materials behavior in molten Pb corrosion test 

3.2.1 XRD characterization 

Figure 3 displays the results of XRD phase composition analyses of MAX-phase samples exposed 

to molten Pb at 600°C for 3200 h. In comparison to pristine specimens, additional oxide and carbide 

phases (like Cr7C3, and TiC) have been observed for the exposed samples. While only some samples 

show carbide formation, all samples exhibit clearly oxide scale formation. Table 1 lists the 

MAX-phases and other compounds like carbides identified on each sample after the corrosion 

exposure. In addition, oxide phases are also included in Table 1. The diffraction pattern of the Cr2AlC 

sample is the only one that shows the formation of only the α-Al2O3 oxide (in corundum structure). 

All other samples show formation of further, complex oxide phases. However, the Al2O3 signals 

observed in Figure 3 could be either from the oxide layer or the alumina substrate. It is not possible 

to separate it only by the XRD results obtained here in Bragg-Brentano mode. Both the rutile and 

anatase phases of TiO2 have been identified on Ti2AlC and Ti3AlC2 samples, while the anatase signal 

from the Ti3AlC2 sample is quite weak. In the case of V2AlC, the vanadium oxides with different 

valences like VO2 and V4O7 have been identified. Besides, the Pb-rich oxides like PbO and Pb3(VO4)2 

are also obtained. The Pb3(VO4)2 phase can be produced by the solid reaction of PbO and V2O5 at the 
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exposure temperature [43]. 

 

Fig. 3 XRD spectra of MAX-phase coatings after exposed to molten Pb at 600 °C for 3200 h. Reflections marked 
by a black-filled rhomb are attributed to the alumina substrate. 

 

Table 1  

Phase compositions of MAX-phase coatings after the corrosion test, analyzed with XRD. 

Sample 

code 

Phase 

 Cr2AlC V2AlC Ti2AlC Ti3AlC2 Cr7C3 TiC α-Al2O3 TiO2 VxOy Other 

Cr2AlC + - - - + - + - - - 

V2AlC - + - - - - 

                          

+ 

 

- 

 

+(VO2, 

V4O7)                          

Pb3(VO4)2 , 

PbO 

Ti2AlC - - + - - + 

             

+ 

 

+(Rutile, 

Anatase) 

- - 

Ti3AlC2 - - - + - +       + 

 

+(Rutile, 

Anatase) 

- - 

+: yes; -: no 

 

Since the oxide scale formed on each MAX-phase coating surface is very thin (MAX phase 

coatings were not fully oxidized and please also see below cross section analysis), the diffraction 

patterns obtained from the oxide scale by XRD analyses in the Bragg- Brentano mode are weak. 

Therefore, the GIXRD technique is applied to examine the phase constitution of the superficial layer 
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of the coated samples only (penetration depth: 0-1000 nm [44]). Fig. 4 shows GIXRD results of the 

MAX phase coatings after exposure. Compared with Fig. 3, now the diffraction signals from the 

alumina substrate are greatly suppressed or eliminated. According to the spectra, the same phase 

α-Al2O3 is identified on all three samples, which is located at the same 2θ positions as that detected 

by the Bragg-Brentano measurements (Fig. 3). In addition, peaks of Cr2AlC and Cr7C3 are also 

identified for exposed Cr2AlC coatings. In comparison, V-rich oxides with different stoichiometry are 

identified on V2AlC. The phases obtained from the Ti3AlC2 sample are mainly the rutile and the MAX 

phase. The TiC phase is not identified probably due to its low content or/and non-uniform 

distribution. The Ti2AlC coating is not checked due to the unsatisfied sample size. Table 2 summarizes 

the obtained phases by the GIXRD analyses. 

 

Fig. 4 GIXRD spectra of MAX-phase coatings after the corrosion test. Reflections marked by a black-filled rhomb 
are attributed to the alumina substrate. 

 

Table 2 

Phase compositions of MAX-phase coatings after the corrosion, analyzed by GIXRD. 

Sample 

code 

Phase 

 Cr2AlC V2AlC Ti3AlC2 Cr7C3 α-Al2O3 TiO2 VxOy Other 

Cr2AlC + - - + + - - - 

V2AlC - + - - + - +(VO2, 

V4O7)                          

Pb3V2O8, 
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Ti3AlC2 - - + - + +(Rutile) - - 

+: yes; -: no 

3.2.2 Surface analysis 

Figure 5 exhibits SEM surface images of samples after the corrosion test. A relatively smooth 

surface morphology is visible for the Cr2AlC sample. The EDX analysis of the surface composition 

shows the enriching in O, Al, and Cr, while the Cr concentration is low, see Table 3. For the V2AlC 

sample, different surface aspects are observed. The general surface shows areas covered by whiskers, 

which are identified as the remaining Pb even after surface cleaning, as confirmed by the EDX 

analysis shown in Table 3. Besides, O and V are also detected at the general surface. The 

concentration of Al is quite lower comparing with the V2AlC MAX phase, shown in Table 3. Among 

the whisker regions, some areas with a rough surface, either due to the oxide scale exfoliation or the 

dissolution attack, have been observed. EDX analysis of these parts also reveals high fractions of O, 

Pb with some V. The surface of Ti2AlC is entirely covered by round shape oxides with a size of less 

than 5 µm. However, the oxide scale spalls off at some regions (< 5% surface area) and micro-cracks 

are also visible on the surface of some precipitates, see in Fig. 5 (c). Based on the EDX analysis, the 

surface layer is enriched in O, Al, and Ti. The atomic % (at.%) ratio of Ti to Al is around 0.9. Another 

EDX measurement of the spalled region reveals the increased amount of Ti (nearly two times higher 

than in the general region), while the Al content is constant. Fig. 5 (d) exhibits the surface 

morphology of the exposed Ti3AlC2 sample. Here, large quantities of pores or a non-closed oxide 

layer, like “flower” view, are distributed among the whole surface. The EDX analysis shows 

enrichment of mainly O, Ti and Al on the surface, with an at.% ratio of Ti to Al is 2.6, see Table 3.  
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Fig. 5 SEM surface images of MAX-phase coatings (Cr2AlC, V2AlC, Ti2AlC, and Ti3AlC2) after the corrosion test. 

 

Table 3 

General surface chemical compositions (at.%) of exposed MAX-phase samples, measured by EDX, 

(applied beam energy: 10 keV). 

Sample O Al Cr Ti V Pb      Other     

Cr2AlC 44.8 28.1 5.6 -- -- 0.2      Bal. 

V2AlC 29.1 3.1 -- -- 13.4 17.8     Bal. 

Ti2AlC 59.6 9.6 -- 10.6 -- 1.0      Bal. 

Ti3AlC2 58.1 7.9 -- 20.5 -- 1.5      Bal. 

 

3.2.3 XPS analysis 

Due to the formation of a very thin oxide layer, XRD and SEM/EDX are limited to characterize 

exclusively the formed oxides. Therefore, XPS has been employed to investigate the chemical 

compositions of the surface layer more thoroughly.  

 

On the surface of Cr2AlC after the corrosion test, several elements such as Cr, Al, C, O, Pb, Bi, N, 

and Mg are detected. Their spectra are shown in Fig 6 (a-d) and Fig. SI-1, respectively. The low 

intensity of Cr 2p3/2 peak with binding energy at around 577.3 eV indicates the formation of a low 

amount of Cr2O3. [45] The Al 2p spectrum with Al 2p3/2 peak at 74.2 eV indicates Al in an oxidized 

state. The C 1s spectrum in Fig. 4 (c) consists of three peaks at 285.0, 286.3, and 288.4 eV, which is 

due to the C-C, C-O, and C=O kind of bonds, respectively [26, 46], and they refer to the adventitious 

carbon species on the surface, and carbides are not detected on the topmost surface. The 

deconvolution of the O 1s spectra of the Cr2AlC sample shows a peak at the binding energy of 530.1 

eV, which can be assigned to Cr-O [47], as well as Pb-O or Bi-O impurities (shown in Fig. SI-1 (S-a, 

S-b)). The oxygen peak at 531.3 eV is mainly originated from Al-O bonds and the low intensity peak 

at 532.7 eV can originate from hydrocarbon impurities (containing C-O bond) on the surface [48-49]. 

Finally, the identified Mg oxide can be impurities from the molten Pb. Note that the XPS surface 

measurement is very sensitive even to dilute surface impurities (like remained liquid metals even 

after washing the samples), it can reveal information at around 10 nm of the top surface. 
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Figure 6 (E-1) shows the plot of XPS depth profiling in order to characterize the deeper layer of 

the formed oxide. Until reaching the interface between the oxide and MAX phase coating (after 

around 60 min of etching), the layer mainly consists of O, Al, and a low amount of Cr (< 3 at.%). The 

approximate ratio of Al/O is equal to 1.5, confirming the presence of Al2O3 mixed with a low amount 

of chromium oxide. In other words, this depth profile confirms an oxide layer consisting mainly of 

aluminum oxide with stable stoichiometry on the Cr2AlC surface. After 60 min etching, a metallic Cr 

peak (Fig. SI-1 (b)) starts to appear, accompanied by the appearance of carbide C 1s peak (Fig. SI-1 (d)) 

confirming that the sputter depth profile is approaching the MAX-phase coating [50]. Although the Al 

2p oxide peak is still visible, it seems to gradually weaken, as shown in Fig. SI-1 (c).  
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Fig. 6 XPS spectra obtained from Cr2AlC after 3200 h exposure to molten Pb, (a) Cr 2p, (b) Al 2p, (c) C 1s, (d) O 

1s; depth profile plot as a function of sputter time (E-1). 

 

Figure 7 shows the surface spectra (a-d) and depth profile (E-2) of the exposed V2AlC. The 

V 2p3/2 peak with the binding energy of 516.9 eV indicates the presence of V2O5 [51-52]. Different 

from the other MAX phase samples, Al is not detected on the surface of the V2AlC sample. The C 1s 

spectrum is consisting of adventitious carbon, C-O, and C=O species whereas the related O 1s can be 

observed at 531.3 eV (C=O) and 532.5 eV (C-O) binding energies [51, 53]. The O 1s peak at 530.0 eV 

partly originates from V2O5, and partly from remnants of molten lead such as Pb, and Bi oxides as 

shown in the Fig. SI-2 of the supporting information.  

 

According to the depth profile plot of the liquid metal exposed V2AlC shown in Fig. 7 (E-2), the 

oxides formed on the surface layer mainly consist of different V oxides, namely VO, VO2, and V2O5 as 

shown by the shift of the V 2p doublet peaks to lower binding energies in Fig. SI-2 (b). Although it is 

possible that the V5+ is reduced to V4+ or V2+ as a result of sputter reduction through monoatomic Ar+ 

ion sputtering during depth profiling. But, this profile gives interesting information that the V2AlC 

sample doesn’t form Al oxide protective layer, and instead there is mainly vanadium oxide present on 

the surface. Even after a long time etching of the surface, the depth profile still doesn’t approach the 

interface of the oxide layer and MAX phase. In addition, even after 165 min of etching, the Pb and Bi 

peaks are still present (see Fig. SI-2 (a) of supporting information), which indicates the limited 

corrosion protectivity of the V-rich oxide layer. 
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Fig. 7 XPS spectra obtained from V2AlC after 3200 h exposure to molten Pb, (a) V 2p, (b) Al 2p, (c) C 1s, (d) O 1s; 

depth profile plot as a function of sputter time (E-2). 

 

The Ti 2p3/2 peak with the binding energy of 458.7 eV, confirms the presence of titanium oxide 

on the surface of Ti2AlC, as shown in Fig. 8 (a) [54-58]. In addition to Ti oxide, Al oxide is also 

detectable on the surface of Ti2AlC. The corresponding oxygen peak of Al oxide is also found in the O 

1s spectrum with the binding energy of 532.3 eV, see in Fig. 8 (d). The C 1s spectrum observed on 
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Ti2AlC shows similar peaks to the Cr2AlC sample corresponding to the adventitious carbon species. 

The identified Bi 4d3/2 peak is due to the remained Bi from molten Pb, whereas the spectra of other 

impurities from molten lead such as Pb 4f, Bi 4f, Sn 3d, and Ag 3d is shown in the supporting 

information Fig. SI-3. 

 

Figure 8 (E-3) displays the plot of depth profiling of exposed Ti2AlC. Unlike the V2AlC sample, 

both Al and Ti oxides are present in the oxide layer of Ti2AlC, moreover, the interface between the 

oxide layer and MAX-phase coating is not so sharp as for the Cr2AlC. After around 35 min of sputter 

etching, the carbide species in C 1s and Ti 2p spectra are detectable (shown in the supporting 

information Fig. SI-3 (b, d)). In a closer look at the depth profile, it seems that the near surface region 

of the Ti2AlC sample is enriched with Al oxide whereas the Ti oxide is more concentrated in the 

deeper layer near the MAX-phase coating. After around 50 minutes of sputter etching, the profile 

reaches the MAX-phase, and the Ti oxide completely disappeared whereas the amount of Al oxide 

and oxygen is continually reducing.  
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Fig. 8 XPS spectra obtained from Ti2AlC after 3200 h exposure to molten Pb, (a) Ti 2p, (b) Al 2p, (c) C 1s, (d) O 1s; 

depth profile plot as a function of sputter time (E-3). 

 

The surface spectra of Ti3AlC2 are shown in Fig. 9 (a-d). The Ti 2p3/2 with a binding energy of 

458.3 eV indicates the formation of titanium oxides on the surface. The detected satellite peaks are 

due to the energy loss of ejected photoelectrons [57-58]. A relatively low intensity Al 2p peak is also 

detected on the surface. In addition to similar adventitious carbon species, a negligible amount of 

carbonate (at 289.5 eV) is also found on the surface. The O 1s peak at 529.7 has a majority 

contribution from Ti oxide and a minor amount of impurity oxides from Pb and Bi. Whereas the peak 

at 531.5 is an overlap of Al oxide peak and C=O species, finally the peak at 533.4 eV can be related to 

C-O species [51, 59].  

The depth profile (Fig. 9 (E-4)) of the exposed Ti3AlC2 doesn’t approach the interface of the oxide 

layer and MAX phase coating even after around 70 minutes of sputter etching. Another interesting 

observation of this profile is that the presence of Al oxide is not so dominant at the oxide layer, and 

actually, the oxide layer contains also metallic Ti beside Ti and Al oxides, although metallic Ti might 

be caused to some extent by the reductive effect of monoatomic Ar+ ion sputtering (see in Fig. SI-4 

(b)) 
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Fig. 9 XPS spectra obtained from Ti3AlC2 after 3200 h exposure to molten Pb, (a) Ti 2p, (b) Al 2p, (c) C 1s, (d) O 

1s; depth profile plot as a function of sputter time (E-4). 

 

3.2.4 Cross-section analysis 

In addition, the cross-sections of exposed samples are characterized to better understand their 

microstructural evolution and corrosion behavior. 
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 Figure 10 presents the cross-section images of Cr2AlC. A quite thin layer, shown in dark contrast, 

is observed above the MAX-phase coating matrix, marked on Fig. 10 (a, b). The thickness measured 

at different regions varies from 0.2 to 0.3 µm. Both EDX mapping and line scan show coincided 

signals of O and Al in the oxide layer region. The signal from Cr is weak, which is also confirmed by 

the XPS measurement, but still visible. Moreover, both SEM surface measurement and XPS analysis 

have confirmed the partial oxidation of Cr.  

 

 

Fig. 10 The cross-sectionnal SEM-EDX images of Cr2AlC after the corrosion exposure, (a): EDX elemental 

mapping; (b): EDX line scan acrossing the oxide layer. 

 

 The oxide layer cross section of V2AlC is displayed in Fig. 11. The upper part of the oxide layer 

(close to the surface) has shown a different roughness. Some parts of the regions are even 

penetrating into the Ni-layer. The thickness of the oxide layer is around 1.0 to 1.3 µm. Below the 

oxide layer, there is only a small part of the MAX-phase left, marked on the image (Fig. 11 (b)). It is 

indicated that the V2AlC coating is almost entirely consumed by the oxidation during exposure. EDX 

measurements show the enrichment of O, V, and probably Al (line scan) in the oxide layer region.  
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Fig. 11 The cross-sectionnal SEM-EDX images of V2AlC after the corrosion exposure, (a): EDX elemental 

mapping; (b): EDX line scan acrossing the oxide layer. 

 

Figure 12 displays the cross-section analysis of Ti2AlC. The oxide layer formed on this sample is 

thicker than that of Cr2AlC. The thickness is in the range of 1.5 to 2.0 µm. EDX analysis indicates the 

enrichment of O, Al, and Ti, where the signals maxima of Ti and Al coincide. In addition, a thin layer 

with dark contrast is visible at the interface of the oxide layer and MAX-phase matrix, see the image 

in Fig. 12 (b). However, no significant difference in chemical compositions is identified between the 

oxide layer and this dark layer. It might be a transitional layer formed during the corrosion/oxidation 

[15, 60-61]. Some regions show the oxide scale spallation at the upper part and microcracks, as 

observed from the surface (Fig. 5). However, these defects only happen at the very surface region 

(less than 0.5 µm), do not pass through the whole oxide layer. 
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Fig. 12 The cross-sectionnal SEM-EDX images of Ti2AlC after the corrosion exposure, (a): EDX elemental 

mapping; (b): EDX line scan acrossing the oxide layer. 

 

Figure 13 shows the SEM-EDX cross-section of the exposed Ti3AlC2. A uniform oxide layer with a 

thickness comparable to the MAX-phase coating has formed. The surface region of the oxide layer 

(around 0.3 µm) is bright, which is due to the Pb penetration. The “flower” features (Fig. 5 (d)) are 

only observed at the very surface region. The total thickness of the oxide layer is around 2.0 to 2.3 

µm. According to the EDX analysis, coincided signals of O, Al, and Ti are detected in the oxide layer. 

The result is also consistent with the XPS measurement, which means the enrichment of Ti- and Al- 

oxides. 

 

Fig. 13 The cross-sectionnal SEM-EDX images of Ti3AlC2 after the corrosion exposure, (a): EDX elemental 

mapping; (b): line scan profiles across the oxide layer. 
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3.2.5 TEM characterization of oxide layers 

Figure 14 displays the TEM-BF image and the SAED diffraction patterns of the oxide layer 

formed on Cr2AlC. The thickness of the oxide layer is approximately 0.3 μm. The BF image shows a 

relatively homogeneous oxide layer, while the white band is an artefact from sample preparation. 

The diffraction spots are distributed in a ring shape (but not a ring) which indicates the formation of 

well-crystallized, nano- and poly-crystalline oxides. The individual diffraction spots can be attributed 

to the corundum phase alumina, a-Al2O3. It should contain some Cr content since Cr2O3 can form 

solid solution with Al2O3 [62]. This result is also consistent with the GIXRD and XPS results.  

 

 

Fig. 14 TEM-BF image of the cross section of Cr2AlC (a), and corresponding SAED patterns of the oxide layer (b) 

after the corrosion exposure. 

 

Figure 15 shows the results of TEM-EDS mapping across the oxide layer and the substrate of 

Cr2AlC. In general, two zones within the oxide layer can be defined, zone A and zone B, marked on 

the left cross section image shown in Fig. 15. The thickness of both zones is similar, around half of 

the whole oxide layer. According to the EDS mapping, the oxidized layer with strong signals of O, Al 

and C (from sample preparation) is observed. The intensities of O and Al in zone A are lower than 

that of zone B, and both elements distribute more densely in zone B. 

 



22 
 

 
Fig. 15 TEM EDS elemental mapping of the oxide layer formed on Cr2AlC after the corrosion exposure. 

 

Figure 16 shows results of the TEM analysis of the oxide layer formed on Ti2AlC. The 

cross-sectional BF image in Figure 16 (a) clearly shows two layered surface structure. The upper part 

of the layer, called outer layer, with a rough morphology, has a thickness of around 1.5 μm. The 

bright spots randomly distributed within the oxide layer are pores induced by the FIB milling process. 

Below this rough layer, a thin, smooth and dense layer, called inner layer, is identified. The thickness 

of this layer is around 0.6 µm. The interface between the inner layer and the remaining substrate, 

called matrix in Figure 16 (a), is relatively sharp, while the interface between the smooth inner and 

rough outer layer appears more irregular. The SAED diffraction patterns, taken from both the inner 

layer and outer layer, have been shown in Fig. 16 (b, c), respectively. Both patterns show ring shapes, 

while the ring circles from the inner layer is more visible than that of the outer layer. This result 

indicates that the inner layer is less crystallized than the outer layer. According to the previous study 

by XRD, GIXRD, SEM/EDX and XPS depth profile, the types of oxides formed are TiO2 and Al2O3. 

 

Fig. 16 TEM-BF image of the cross section of Ti2AlC (a), and corresponding SAED patterns of the oxide layer 

after the corrosion exposure; (b)inner layer; (c) outer layer  
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Figure 17 displays results of the TEM-EDS elemental mapping across the oxide layer and the 

substrate of Ti2AlC. Elements including O, Al and Ti are enriched both in the outer and inner layer. 

The signal of O is stronger at the inner layer, while the signals of Al and Ti have no clear difference in 

the outer and inner layer. These results further confirm the formation of mixture of TiO2 and Al2O3 in 

the oxide layer. The different morphologies of the outer and inner layer might be caused by the 

chemical gradient, as indicated by the XPS depth profile (Fig. 8).  

  
Fig. 17 TEM EDS elemental mapping of the oxide layer formed on Ti2AlC after the corrosion exposure. 

 

4. Discussion 

According to the corrosion performance of each MAX-phase coating, their corrosion resistance 

to heavy liquid metal can be ordered as follows: Cr2AlC > Ti2AlC > Ti3AlC2 > V2AlC. Although the V2AlC 

coating is nearly consumed during exposure, all of the samples are able to form an oxide layer after 

3200 h exposure to molten Pb. The chemical composition and thickness of the oxide layer formed on 

each sample are summarized in Table 4. Specifically, only the Cr2AlC has formed an alumina 

dominant layer, while the rest have formed oxides mixture, V-rich or Ti-rich oxides containing 

alumina. This is determined by their different corrosion mechanisms.  

 

Table 4 

General description of the oxide layer formed on each MAX-phase coating. 

Sample  Chemical composition Thickness (μm) 

Cr2AlC Nearly pure Al2O3  

(< 3 at.% Cr dissolved) 

0.2~0.3 (no spallation) 

V2AlC Mainly V-O mixture 

(e.g. VO2, V4O7, Pb3(VO4)2) 

1.0~1.3  

(residual oxide layer, spallation observed) 
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Ti2AlC Al2O3+TiO2 mixture 1.5~2.0 (spallation at some spots) 

Ti3AlC2 Al2O3+TiO2 mixture 2.0~2.3 (spallation at some spots) 

 

During the oxidation at elevated temperature, alumina with various crystal structures, namely, 

stable α-Al2O3 (corundum), meta-stable γ-Al2O3, and θ-Al2O3 can form depending mainly on the 

oxidation temperature and time [63-64]. Generally, the α-Al2O3 is formed at a temperature above 

900 °C while meta-stable alumina is formed at lower temperatures [63-64]. However, the metastable 

Al2O3 is not identified in the current study by XRD and GIXRD. Although the α-Al2O3 signal obtained 

by the XRD and GIXRD can be influenced by the alumina coating plate, the signals obtained by GIXRD 

are mainly from a surface layer (0-1000 nm [44]). Considering the information depth of GIXRD and 

the relatively thick MAX-phase coating (> 3 μm) between the passivating oxide layer and the alumina 

coating plate (e.g. Fig. 10, Fig. 12 and Fig. 13), the missing signals from the metastable alumina 

structures indicate the formation of the stale -Al2O3 only. Therefore, we can conclude that the 

alumina (corundum) is mainly from the oxide layer, namely Cr2AlC, Ti2AlC and Ti3AlC2. Possible 

explanations for the corundum-alumina formation include the transition of meta-stable θ-/γ- Al2O3 to 

stable α-Al2O3 after 3200 h thermal aging, and that corundum Cr2O3 provides nucleation sites for 

α-Al2O3 (Cr2AlC) [15-16, 56]. In the case of the V2AlC, only a thin MAX-phase coating remains after 

the exposure (Fig. 11).  

 

As described in the literature [22, 65], the low bonding strength of C-Al leads to the selective 

oxidation of Al, which is consistent with current experimental results. According to the surface and 

depth profile of XPS results, the at.% ratio of Al to Cr approaches the formula (Al0.9Cr0.1)2O3. The 

concentration of Cr2O3 is low due to the strong bonding of C-Cr. This is also proved by the 

precipitation of Cr7C3 measured by the XRD after corrosion exposure (Fig. 1 and Table 2). Moreover, 

the Cr also plays the role of "third element effect" (which describes the reducing critical amount of Al 

for a continuous alumina scale formation [15, 66]). The oxidation mechanism can be described by 

equation (1) [67]. Due to the relatively low growth rate of the alumina scale, the oxide layer formed 

on Cr2AlC is the thinnest among the MAX-phase coatings. 

 

Cr2AlC + O → Cr7C3 + Al2O3 + CO/CO2 ↑                                                (1) 

 

The V2AlC coating is nearly consumed during the exposure. Instead, multiple V-rich oxides with 

different valence states have formed. Based on XRD, GIXRD, and XPS results, the V-oxide can be 

summarized as VO2, V4O7, and Pb3(VO4)2. The V-rich oxide layer is less protective when compared 

with Al-rich or Ti-rich oxide layer. This is reflected by the oxide scale spallation or the formation of 

Pb- and V-containing oxide (e.g. Pb3(VO4)2). In addition, the chemical removal of remained Pb by 

liquid acid solution (hydrogen peroxide, acetic acid and ethanol) might locally influence the 
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characterization of Pb-rich oxides, which should be considered in the future work. No direct evidence 

of the Al2O3 layer is observed. A low concentration of Al detected by the XPS depth profile (Fig. SI-2 

(c)) and EDX line scan (Fig. 10 (right)) might originate from the dissolved Al in V-oxides or the 

formation of AlVO4 [26, 28]. The oxidation reaction of V2AlC in oxygen-containing Pb can be 

described as following reactions (2), (3) [43]:  

 

V2AlC + O → VxOy + Al2O3 + CO/CO2 ↑                                                 (2) 

 

V2O5 + PbO → Pb3(VO4)2                                                            (3)  

 

According to characterization results, the oxide layer formed on Ti2AlC is a mixture of Al2O3 and 

TiO2 oxides. Both states of TiO2, namely rutile and anatase, have been identified. The surface 

chemical compositions measured by XPS (from surface spectra) reveal that the atomic ratio of Al to Ti 

is 3.3. The surface composition and depth profile measured by XPS reveals that the Al2O3 content is 

higher than that of TiO2 within the oxide layer. The literature reported the formation of a separated 

outer layer of TiO2 and an inner layer of Al2O3 at 900 °C [34], it is different from current results which 

might be due to low test temperature. In addition, the oxide layer spalls off partially at some spots, 

which is mainly caused by the mismatch of thermal expansion coefficients [68]. Moreover, the phase 

transformation of anatase to rutile that happens at 600 °C also results in a crack or even spallation 

due to the oxide volume shrink [31-32]. However, several investigations have indicated the 

self-healing ability of the oxide layer grown on Ti2AlC [68-70].  

 

Since the oxide layer formed on Ti3AlC2 has some similarities to Ti2AlC, they will be discussed 

together. Both Ti3AlC2 and Ti2AlC have formed the oxide layer based on TiO2 and Al2O3. However, the 

oxide layer formed on Ti3AlC2 is mainly dominated by TiO2 while Ti2AlC has formed the mixed layer of 

TiO2 and Al2O3. Since the Ti-rich oxide layer grows fast [71-72], the oxide layer formed on Ti3AlC2 is 

1.25 times thicker than that of Ti2AlC. This might explain why the oxide scale cracking is more severe 

on Ti3AlC2. In addition, the transformation of anatase to rutile, as observed on Ti2AlC, also 

contributes to the oxide layer cracking.  

 

According to the literature [31, 54], oxidation of Ti-containing MAX phases is controlled by both 

inward O diffusion and outward diffusion of Al and Ti. However, the Ti ions are more mobile than the 

Al ions [71]. The oxidation mechanisms of both MAX-phases can be described by the following 

reactions (4), (5): 

 

2Ti3AlC2 + 17O → 3TiO2 + 3TiC + Al2O3 + 4CO2↑                                          (4) 

 

2Ti2AlC + 11O→2TiO2 + 2TiC+ Al2O3 + 2CO2↑                                           (5) 
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Assuming the same mole % of Ti3AlC2 and Ti2AlC is consumed for the oxidation, the amount of 

Al2O3 produced by Ti3AlC2 is the same as that produced by Ti2AlC, while TiO2 produced by Ti3AlC2 is 

1.5 times more. This difference can explain why the oxide layer grown on Ti3AlC2 is dominated by 

TiO2, while Ti2AlC has formed mixed oxides of TiO2 and Al2O3. 

 

Besides, all of the MAX-phase coatings have shown relatively high thermal stability after 3200 h 

exposure at 600 °C. Although carbides like Cr7C3, TiC are formed, the decomposition of MAX-phases 

is mainly caused by an oxidation process. The obtained results are expected to help better 

understand the protection or degradation mechanism of proposed MAX-phases in HLM 

environments.  

 

It is necessary to point out that the MAX phase coatings herein are synthesized by thermal 

annealing of elemental multilayered precursors. The annealing temperature adopted, particularly for 

Ti2AlC and Ti3AlC2 with 800 °C and 1000 °C annealing temperature, here may exceed the maximum 

acceptable annealing temperature of the fuel cladding for the HLM-cooled fast reactors. The effect of 

annealing on the modification of the microstructure and properties of the substrate should be 

checked. Surface annealing techniques, such as by laser or electron beam, can be adopted to only 

treat the surface coating layer if these coatings show very promising overall performance for such 

application. In addition, the corrosion performances obtained here for these four types of MAX 

phase coatings are only validated for the specific tested conditions with 10-6 wt.% oxygen-containing 

molten Pb at 600 °C. In case of application for Gen-IV Lead-cooled Fast Reactors (LFRs), the test in 

extreme experiment condition (e.g. temperature > 600 °C or-/and- O concentration <10¯⁶ wt.%) 

should be considered in the future. 

 

5. Conclusions 

Four pure Cr2AlC, V2AlC, Ti2AlC, and Ti3AlC2 MAX-phase coating samples have been exposed to 

10-6 wt.% oxygen-containing molten Pb at 600 °C for 3200 h in this study. Based on obtained results, 

the following conclusions are summarized: 

(a) Three MAX-phase coatings (Cr2AlC, Ti2AlC, and Ti3AlC2) are able to form an oxide layer against the 

corrosion attack from molten Pb at 600 °C. Although the oxide layer exfoliation is observed on 

Ti2AlC and Ti3AlC2, no corrosion attack of MAX-phase coating is observed. The V2AlC coating 

shows the worst corrosion resistance in molten Pb since it is nearly competely consumed during 

the exposure.  

(b) The Cr2AlC sample has formed the thinnest oxide scale (< 0.3 μm), while V2AlC and Ti2AlC show 

the oxide scale with a comparable thickness (1.0 to 2.0 μm). Sample Ti3AlC2 has formed the 
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thickest oxide scale (> 2.0 μm).  

(c) The type of oxide layer formed on each sample depends on the selective oxidation of alloying 

elements. Specifically, the Cr2AlC sample is able to form an Al2O3-dominant oxide layer while 

both Ti2AlC and Ti3AlC2 have formed mixed oxide layers of Al2O3 and TiO2. The V2AlC has formed a 

V-rich oxide layer with less protectivity. 

(d) Due to the selective oxidation, carbides like Cr7C3, TiC have formed below the oxide scale. 

Data availability 

The raw/processed data required to reproduce these findings cannot be shared at this time due to 
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The datasets obtained during the current study are available from the corresponding author on 

reasonable request. 
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