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A B S T R A C T

We report on the oxidation behaviour of V2AlC coatings up to 800 °C, in air. The coatings were deposited at 580
°C using magnetron sputtering from a powder metallurgical composite V2AlC target and were subsequently
oxidised for 5, 15 and 30 min. The microstructural evolution of the samples was investigated, and X-ray dif-
fraction patterns were collected to track the formation of oxides. The first indications of oxidation appear after
just 15 min at 500 °C, as V-based oxides grew on the surface of the coatings. Later, the presence of mostly V-
based oxides and ternary (V, Al)-oxides was observed starting after 5 min at 600 °C. Further analyses confirmed
outward diffusion of V and inward diffusion of O, while Al tends to sublimate. α-Al2O3 was only indexed after 5
min at 800 °C. Ex-situ electrical resistivity measurements allowed tracking the oxidation progress of the V2AlC
coating.

1. Introduction

V2AlC belongs to the class of Mn+1AXn phases, where M is an early
transition metal, A is an element primarily from groups 13–16, and X is
carbon and/or nitrogen, with n = 1, 2 or 3. [1–3] MAX phases are
nanolaminated ternary carbides/nitrides that crystallize in hexagonal
structures composed of Mn+1Xn layers interleaved with atomic layers of
A-element. These materials are being considered for a variety of ap-
plications because of their unique, hybrid metal/ceramic properties,
resulting from their structure and atomic arrangement. [3,4] More
specifically, MAX phases are considered for applications in extreme
environments as they exhibit remarkable thermal stability and oxida-
tion resistance.

The context of the present study is the development of accident-
tolerant fuel (ATF) cladding materials for Gen-II/III light water reactors
(LWR), where MAX phases are considered for coatings on the con-
ventionally used zircaloys. V2AlC is selected because of its relatively
low deposition temperature and good irradiation tolerance [5].

Thermal stability and oxidation resistance are of utmost importance
for materials intended for extreme environment applications. The
thermal stability of common MAX phases such as Ti2AlC, Ti3AlC2,
Cr2AlC and Ti3SiC2 have been widely discussed in the literature. [6–10]
Ti-based MAX phases are reported to be affected by decomposition at
temperatures above 1400 °C, mostly because of sublimation of A-

element and eventually Ti [10]. Hajas et al. have studied the thermal
stability of Cr2AlC and have observed first traces of Cr3C2 and Cr7C3 at
1320 °C, indicating the beginning of decomposition through Al deple-
tion. [11] Furthermore, Cr2AlC melts incongruently at a temperature of
about 1500 °C. [12] Contrarily, Xiao et al. reported that Cr2AlC could
be stable up to 1500 °C, after which point it decomposes into Al8Cr5 and
Cr23C6. [13]

In comparison, few studies have focused on the thermal stability of
V2AlC. Kulkarni et al. have investigated the thermal stability of bulk
V2AlC up to 950 °C in Ar and did not report any phase transformation or
decomposition. [14] Furthermore, it has been shown that temperatures
as high as 850 °C assist in the crystallization and further atomic ar-
rangement within V2AlC coatings deposited at lower temperatures. [15]

During thermal treatment of MAX phases in vacuum or in an inert
environment, the weakly bonded A-elements diffuse within the struc-
ture and, depending on the temperature, may lead to sublimation of the
A-elements. [16] In the case of an oxidising environment, however, it
has been shown that MAX phases can be passivated with an oxide layer.
Indeed, the A-element tends to form a dense oxide scale on the surface,
limiting hence, the inward diffusion of O−2. Therefore, it is the inter-
facial region, between the coating and the formed oxide layer, that is
first affected by decomposition. [17]

A representative example is the case of Cr2AlC oxidised in air up to
1410 °C. [18–23] The oxidation mechanism follows a parabolic rate law
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and is described by inward diffusion of O−2 and outward diffusion of
Cr2+ and Al3+. However, because of the stronger Cr-C bonds, Al oxi-
dises preferentially. This process leads to the formation of a Cr-con-
taining Al2O3 scale and an Al-depleted Cr7C3 interfacial zone, although
Cr3C2 has also been reported. On the contrary, Ti-based MAX phases do
not exhibit the same behaviour as Cr2AlC although they also follow a
parabolic oxidation rate law. The major difference is that decomposi-
tion related to Al-depletion is not as instant as for Cr2AlC, which is
related to the stability of Ti2AlC down to a Ti2Al0.5C sub-stoichiometry.
[24] High temperature oxidation up to 2000 °C led to selective oxida-
tion of Al and Ti. Cui et al. have reported the early stages of Ti2AlC
oxidation at 900 °C where they showed that after 1 h the cross-section is
represented by three zones: the MAX phase, the Al-depleted region and
the oxide scale. The scale consisted of an outer TiO2-rich layer and an
inner Al2O3-rich one, explained by the faster outgrowth of TiO2. [25] It
is yet important to note that several factors can and will affect the
oxidation of a MAX phase. Recent work from Xu et al. has shown that
the oxidation of a textured Ti3AlC2 MAX phase ceramic is highly ani-
sotropic [26], while Yu et al. discussed the influence of grain size [27].

The oxidation behaviour of V2AlC was reported by Gupta and
Barsoum in 2004. Significant weight gain was reported after close to 2 h
at 700 °C and was related to the formation of oxides. [28] The authors
investigated the layers included in the formed oxide scale and were able
to conclude on the inward diffusion of O ions, while the contributions of
V and Al remained unclear. No decomposition was observed as the
maximum temperature was set to 700 °C, at which several molten V-
based oxides were identified. In 2017, Wang et al. reported on the
oxidation resistance of porous V2AlC, produced by the molten salt
method, and have reached similar conclusions. [29]

In this study, coatings obtained by direct current magnetron sput-
tering from a powder metallurgical composite V2AlC target were stu-
died. The coatings were oxidised in air in order to conclude on the early
stages of oxidation. The effects of temperature and oxidation duration
on phase formation and surface morphology were evaluated using X-ray
diffraction (XRD) and electron microscopy (SEM). Further chemical
composition analyses were carried out in order to conclude on the role
of each species during oxidation. The electrical resistivities of the
coatings with respect to oxidation time and temperature were also
collected.

2. Experimental procedure

A powder metallurgical composite V2AlC target (Plansee Composite
Materials GmbH, Germany) 500 × 88 mm2 was used to deposit the
V2AlC coatings onto 10 × 10 mm2 MgO(100) substrates (Crystal
GmbH, Germany). The depositions were carried out using an industrial
magnetron sputtering system CemeCon CC800/9 (CemeCon AG,
Germany). The substrates were located at a distance of 75 mm from the
target and were heated to 580 °C as measured with external thermo-
couples. The base pressure prior to deposition was below 3 × 10−4 Pa.
The Ar flow was set to 475 sccm leading to a working pressure ap-
proximately 0.9 Pa. The target was kept at a constant DC power of 1000
W. All depositions were 60 min-long and resulted in 3.4 μm-thick
coatingss.

The pristine coatings were oxidised in an open furnace. The oxi-
dation temperatures were set to 400, 500, 600, 700 and 800 °C, and
were attained with a rate of 10 K/min. The oxidation times were 5, 15
and 30 min. The samples were cooled down at a higher rate to limit
additional diffusion and oxidation due to slow cooling.

The structural properties of the deposited coatings were in-
vestigated by means of X-ray diffraction (XRD) using a standard θ-2θ
geometry in a Panalytical X’pert MRD with Cu Kα radiation. Density
measurements were carried out using X-ray reflectivity (XRR) in a
Panalytical Empyrean MRD system also equipped with a Cu Kα source.
Coating thicknesses and microstructural observations were carried out
using scanning electron microscopy (SEM; Zeiss Leo 1550 Gemini).

The electrical resistivities of pristine and oxidised samples were
obtained by measuring the sheet resistance with a four-point probe
(Jandel RM3000) and then multiplying it by the total coating thickness
(in the case of oxidised coatings the total thickness includes the coating
and the oxide scale).

Chemical composition depth profiling was carried out by elastic
recoil detection analysis (ERDA) at the Tandem Laboratory at Uppsala
University. The projectiles were 127I8+ ions with a primary energy of 36
MeV. Time-energy coincidence spectra were recorded by combination
of a time-of-flight setup with a solid state detector [30]. Depth profiles
were obtained with the CONTES software package [31]. In order to
evaluate the uncertainties of the light elements, a Cr2AlC reference
sample [32] as well as a sapphire (0001) substrate were analyzed in
addition to the V2AlC coatings. The C concentrations were corrected
based on the Cr2AlC reference and systematic uncertainties in the
quantification of C and O were 5 and 2% relative deviation, respec-
tively.

XPS core-level spectra were acquired in an Axis Ultra DLD instru-
ment from Kratos Analytical (UK) with the base pressure during spectra
acquisition better than 1.1 × 10−9 Torr (1.5 × 10-7 Pa).
Monochromatic Al Kα radiation (hν = 1486.6 eV) was used and the
anode power was set to 150 W. Spectra were obtained at normal
emission angle and with the charge neutralizer. The binding energy
scale was first calibrated to the Fermi energy cut-off of the sputter-
cleaned polycrystalline Ag film and all spectra are presented “as re-
corded”. This was done to avoid uncertainties related to using the C 1s
signal from adventitious carbon as the charge reference [33,34], The
analyser pass energy was set to 20 eV, which yields the full width at half
maximum of 0.55 eV for the Ag 3d5/2 peak. Spectra were recorded from
as-grown samples as well as after several cycles of sputter-etching with
0.5 keV Ar+ ions incident at an angle of 70° with respect to the sample
normal and with the beam rastered over a 3 × 3 mm2 area. Low ion
energy and shallow incidence angle were used to reduce the influence
of the sputter-damage on core level spectra [35,36]. The area analysed
by XPS was 0.3 × 0.7 mm2 and centred in the middle of the ion-etched
crater. Spectra deconvolution and quantification was performed using
CasaXPS software package and sensitivity factors supplied by instru-
ment manufacturer.

Finally, thin lamellae were prepared by focused ion beam (FIB)
techniques for microstructural characterisation using scanning trans-
mission electron microscopy (STEM; FEI Helios Nanolab 660) with a
STEM III detector. Cross-section energy dispersive X-ray spectroscopy
(EDX) line scans were acquired using an EDAX system with an Octane
Elect detector. The acceleration voltage and step size of the line scan
were 12 kV and 50 nm, respectively.

3. Results and discussions

The XRD patterns collected from the pristine coating and those
oxidised for 5, 15, and 30 min at 400, 500, 600, and 700 °C are pre-
sented in Fig. 1. No major difference can be observed for the coatings
oxidised at 400 and 500 °C (Fig. 1 (a)), which exhibit the V2AlC MAX
phase contributions (PDF: 01-077-3986). However, after 5 min at 600
°C, traces of the first secondary phase can be observed, which has been
indexed as VO2 (PDF: 00-042-0876). After 15 min at 600 °C, V2O5 is
formed with characteristic peaks appearing at 2θ of ∼ 15° (110), ∼ 21°
(200), between 30 and 35° and at ∼ 51° (PDF: 00-041-1426). At 30
min, the increase in intensity of the VO2 and V2O5 contributions can be
noticed. After 5 min at 700 °C, the formed phases are VO2 and V2O5,
similar to the coating oxidised for 30 min at 600 °C, although their
intensities vary, and V3O5 (PDF: 00-038-1181). After 15 min at 700 °C,
the MAX phase contributions are completely absent which indicates the
complete oxidation of the coating. The oxidation is even more evi-
denced by a change in appearance of the coating as shown in Fig. 2 (d).
Indeed, up to 5 min at 600 °C, the coatings have a mirror-like appear-
ance, up to 5 min at 700 °C the coatings become darker and opaque,
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while from 15 min at 700 °C the coatings exhibit a red to orange colour.
The oxides formed after oxidation for 15 and 30 min at 700 °C were
V2O5, VO2 and the metastable, ternary oxides: AlV3O9 (PDF: 00-049-
0694) and AlV2O4 (PDF: 01-077-2131). All oxides formed at these times
and temperatures are V-based and mostly stable [37]. The absence of
alumina can be explained by sublimation of Al, as will be shown later.
Another possibility could be the formation of amorphous alumina;
however, this possibility was not supported by XPS and ERDA ob-
servations.

The XRD pattern and corresponding SEM micrographs of the coating
oxidised for 5 min at 800 °C are given in Fig. 2. One can notice that the
MAX phase has been completely oxidised, as none of the initial MAX
phase contributions ((Fig. 2 (a)) can be observed. The oxides formed
were AlVO3 (PDF: 00-025-0027), AlVO4 (PDF: 00-039-0276), V8O15

(PDF: 00-018-1448), V2O3 (PDF: 00-034-0187), V3O5, V2O5 and VO2.
Interestingly, α-Al2O3 was also indexed (PDF: 00-046-1212), which was
not observed at lower temperatures. Furthermore, both metastable
phases AlV3O9 and AlV2O4 that were observed at 700 °C were not de-
tected at 800 °C. We conclude that, since AlVO4 is the only stable
ternary oxide in the Al-V-O system, [38] the metastable phases de-
composed at 800 °C. Indeed, AlV2O4 is known to decompose into Al2O3,
V2O3 and V, [39] while AlV3O9 can decompose into V2O5 and AlVO4,
[40] explaining, hence, the presence of the ternary and V2O3 at a higher
temperature. As for AlVO3, which decomposes into Al2O3 and V2O3, the

collected intensities are fairly low leading to the assumption that longer
oxidation times would allow the phase to decompose completely. The
SEM observations (Fig. 2 (b) and (c)) are consistent with observations
made by Gupta and Barsoum and Wang et al. [28,29] Table 1 sum-
marizes the indexed phases with respect to oxidation time and

Fig. 1. XRD patterns of as deposited coatings (noted as pristine in figure) and oxidised coatings after 5, 15, and 30 min at (a) 400, (b) 500, (c) 600 and (d) 700 °C. (e)
Photographs of coating appearances.

Fig. 2. (a) XRD pattern of the coating oxidised for 5 min at 800 °C. SEM micrographs of (b) the surface and (c) the cross-section of the coating. The inset in (b)
displays a photograph of sample appearances.

Table 1
Summary of detected phases with respect to oxidation time and temperature.

Time (min) 400 °C 500 °C 600 °C 700 °C 800 °C

5 V2AlC V2AlC V2AlC V2AlC VO2 V2O3

VO2 VO2 V2O5 AlVO4

V2O5 V3O5 AlVO3*
V8O15 Al2O3

15 V2AlC V2AlC V2AlC VO2

VO2 V2O5

V2O5 V3O5

AlV2O4*
AlV3O9*

30 V2AlC V2AlC V2AlC VO2

VO2 V2O5

V2O5 V3O5

AlV2O4*
AlV3O9*

* Metastable phases.
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Fig. 3. Representative SEM micrographs of surface and cross-sections of (a) the pristine coating and those oxidised for 30 min at (b) 400, (c) 500, (d), (f) 600, and (e)
700 °C. The cross-section of the coating at 700 °C delaminated and is therefore not displayed.
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temperature for the coatings shown in Figs. 1 and 2. Interestingly, a
similar behaviour has been observed for Mo2Ga2C, which is ternary
carbide phase similar to MAX phases. Indeed, oxidation has been ob-
served at temperatures as low as 600 and 700 °C resulting in the co-
existence of the Mo2Ga2C phase and MoO3. However, at 800 °C, the
oxidation product is no longer MoO3 but rather Ga2O3. Similar micro-
structural observations have also been observed. [41]

The SEM micrographs of the surfaces and cross-sections of the
pristine coating and the samples oxidised for 30 min up to 700 °C are
given in Fig. 3. The pristine sample (Fig. 3 (a)) exhibits a columnar
microstructure and a rough surface constituted of longitudinal grains of
100–150 nm in size. The column boundaries seem to be under-dense
which may lead to a rapid oxidation as boundaries often facilitate in-
ward O diffusion. The density of the coatings was determined through
XRR and was calculated to be around 4.26 g/cm3 and, hence, 13 %
lower than the calculated density of 4.87 g/cm3 as reported in [42].
Similar observations were made for the coating in Fig. 3 (b), although
pores have appeared, indicating that diffusion commences at tem-
peratures as low as 400 °C. The first microstructural variations can be
observed at 500 °C, where V-rich flakes can be seen to grow out of the
surface. Furthermore, the increase in porosity can also be noticed in the
cross-section Fig. 3 (c) although the coating thickness remains fairly
constant. At 600 °C, catastrophic oxidation is triggered. In fact, the
surface shown in Fig. 3 (d) is mostly composed of rectangular grains,
which have grown on top of the porous MAX phase coating, as seen
from the cross-section. A higher magnification of the area given by the
orange square is shown in Fig. 3 (f), where a ∼ 1 μm-thick scale on top
of the original coating can be observed. Finally, at 700 °C, the coating
has cracked and is partially delaminated due to rapid cooling. It is
difficult to distinguish the grains, except for some obvious and nicely-
shaped crystals, as seen in Fig. 3 (e). The rough features compare fa-
vourably with observations made by Wang et al. on an oxidised bulk
sample at 650 °C [29].

Fig. 4 shows the electrical resistivity variation of the pristine and
oxidised coatings with respect to oxidation time for temperatures up to
600 °C. Resistivity measurements allowed to track the oxidation beha-
viour of the V2AlC MAX phase coating. [32,43] The resistivity of the
coatings oxidised at 400 °C for all oxidation times do not vary parti-
cularly indicating that the metallic character of the MAX phase is still
intact. However, at 500 °C, the resistivity increases slightly signifying
that at least the surface has changed. At 600 °C, the resistivity increases
significantly led by a more advanced oxidation level of the coatings.
Indeed, the highest resistivity was observed after 30 min oxidation and
a resulting oxide scale of ∼ 1 μm. The coatings oxidised at 700 and 800
°C are not presented, as measurements could not be carried out because

the coatings were too insulating.
The elemental composition of the pristine coating as well as those of

the coatings oxidised for 5 min at 600 and 800 °C were determined
using ERDA, which further allowed determining the composition pro-
files of each coating. Using the measured density of 4.26 g/cm3 and the
atomic masses of V, Al, C and O depth profile of 2500 × 1015 atoms/
cm2 corresponds to a thickness of approximately 325 nm from the
surface. The composition profiles are given in Fig. 5, while the average
compositions of the coatings are given in Table 2. The pristine sample
exhibits the expected 2:1:1 composition of the MAX phase with O
contents of approximately 8 at.% throughout the thickness of the ana-
lysed area. This O content is related to the low density of the pristine
coating. The composition profile of the coating oxidised at 600 °C shows
that O is now predominant, whereas the surface is V-rich and Al-de-
pleted, indicating that amorphous Al2O3 was not formed (zone 1 in
Fig. 5 (b)). However, at a depth of approximately 190 nm the V and Al
contents become equal at approximately 22 at.% (zone 2 in Fig. 5 (b)
and Table 2). At 800 °C, C is almost completely consumed, and the
coating is mostly composed of V- and Al-based oxides. The composi-
tions of the coatings can be tracked in Table 2, where the decrease of C
content and increase of O with respect to the oxidation temperature can
be noticed. Furthermore, an unusual behaviour of Al at 600 °C can be
observed. Indeed, the average Al content throughout the analysed
depth profile was approximately 13 at.% at 600 °C, while at 800 °C the
content was 22 at.%. Therefore, the loss of Al at 600 °C is most likely
caused by sublimation. Furthermore, O has been shown to pre-
ferentially replace C vacancies in V2AlC. In fact, to Baben et al. have
conducted calculations to predict the O incorporation in selected M2AlC
MAX phases [44]. In the case of Cr2AlC, for example, the O tends to
replace Al vacancies leading to the nucleation of Al2O3. However, O
tends to replace C vacancies in the case of V2AlC and Ti2AlC, hence
promoting the nucleation of V- and Ti-based oxides. This conclusion is
consistent with the observations made in this study as the O content
increase is concurrent with a significant C content decrease. Therefore,
Al is not bound to O or to the MAX phase and can sublimate freely. It is
only at higher temperatures and therefore, at higher O contents, that
Al2O3 nucleates either due to more rapid O diffusion and/or due to the
decomposition of metastable Al-containing ternary oxides.

In order to confirm the ERDA observations and further the in-
vestigation on the behaviour of Al at high temperatures, XPS was car-
ried out to analyse the surface chemistry of the pristine coating and the
one oxidised 600 °C for 5 min. The corresponding sets of V 2p, Al 2p, C
1s, and O 1s spectra are shown in Figs. 6 and 7, respectively. Spectra are
presented as a function of sputter time.

After the first sputtering cycle, the V 2p spectra from pristine sample
(Fig. 6(a)) becomes characteristic of VeC with the 2p3/2 component at
513.0 eV [45]. The Al 2p spectra shows two contributions: a narrow
peak at 72.8 and a broader signal at∼75.2 eV which are assigned to Al-
Al and Al-O, respectively [46]. In contrast to V 2p spectra, the Al-oxide
component is present even at larger depths. This is consistent with the
evolution of the O 1s spectra (Fig. 6(d)), which shows a single peak at
532.0 eV due to Al-O bond, [45] indicating that the O is present deeper
in the coating. The C 1s spectra in Fig. 6(c) reveals three peaks at 282.5,
285.2, and 289.2 eV due to carbide (C-Al/C-V), C-C/C-H, and O-C=O
bonding. [47] The latter peaks are characteristic of adventitious C that
accumulates on all surfaces. While the carbon-oxide species disappear
after the first sputter cycle, the C-C/C-H component persists much
deeper into the coating and eventually disappears after the last sputter
cycle. This can indicate a certain degree of porosity which allows for
accumulation of C-containing species along column boundaries and O
penetration which eventually leads to the Al-oxide formation. The
above observations are consistent with the ERDA composition profiles
which also indicate significant O contents at larger depths.

The surface chemistry differs essentially for the coating oxidised at
600 °C (see Fig. 7). V 2p spectra reveals the presence of two chemical
states for V atoms: V-O and V-V with the relative contribution of the

Fig. 4. Electrical resistivity measured on the pristine and oxidised coatings
from 400 to 600 °C with respect to oxidation time. Error bars were deduced
from sets of 3 measurements.
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latter one increasing with sputter depth. This is fully consistent with the
O 1s spectra, which exhibit one broad peak at all depths centred at
531.0 eV, i.e., at 1 eV lower binding energy than in the case of the
pristine sample, which confirms that a different type of oxide, namely
V-O, forms in this case. Al 2p spectra (Fig. 7 (b)) shows that almost no
Al is present in the surface region, supporting the hypothesis of Al
sublimation. Similarly, C is only present at the very surface as C-C/C-H,
C-O, and O-C = O, while no carbide peak is observed at any depth.
Hence, XPS results are, here as well, consistent with ERDA analyses
confirming that the outer surface of the coating oxidised at 600 °C is
vanadium oxide rich.

Finally, in order to visualise the presence of the different species
within the thickness of the coating after 5 min at 600 °C, STEM imaging
was carried out on a FIB lamella and allowed for qualitative elemental

analysis throughout the entire coating thickness. Micrographs were
obtained in bright field and high angle annular dark field (HAADF)
modes and are shown in Fig. 8 (a) and (b), respectively. In addition,
EDX line scans are provided with and without O and are shown in Fig. 8
(c) and (d) since the K-shell transition of O and the L-shell transition of
V at 0.525 keV and 0.511 keV are very similar. First one can notice the
chemical contrast observed at the surface of the coating which is di-
rectly related to the V-rich oxides that were formed. In Fig. 8 (d) one
can notice the V-rich peak at the outer surface of the coating, right after
that peak, however, the Al content rises quite significantly up to ap-
proximately 45 at.% over a range of 100−200 nm before returning to
its original composition. Over this same range, there is a depletion of V.
In agreement with the ERDA depth profile shown in Fig. 5 (b), it seems
that Al is concentrated below the vanadium oxides, indicating that the

Fig. 5. ERDA depth profiles of (a) the pristine coating, (b) the coating oxidised at 600 °C for 5 min and (c) the coating oxidised at 800 °C for 5 min, to a depth of
approximately 325 nm from the surface.

Table 2
Average compositions of coatings determined by ERDA, excluding the surface-near region.

Sample V (at.%) Al (at.%) O (at.%) Mg (at.%) C (at.%)

Pristine 44.8±0.2 24.0± 0.2 8.1±0.1 – 23.0± 0.2
600 °C - 5 min (zone 1) 28.9±0.7 4.9± 0.5 64.9± 0.4 0.5± 0.04 1.0± 0.1
600 °C - 5 min (zone 2) 21.7±0.4 22.4± 0.8 49.4± 1.2 0.3± 0.03 6.1± 0.4
800 °C - 5 min 12.1±0.2 21.5± 0.2 62.4± 0.3 2.4± 0.1 1.7± 0.1

Fig. 6. (a) V 2p, (b) Al 2p, (c) C 1s, and (d) O 1s spectra obtained from a pristine V2AlC coating as a function of sputter time.

C. Azina, et al. Journal of the European Ceramic Society 40 (2020) 4436–4444

4441



outward diffusion of V is faster than that of Al.

4. Conclusions

This work is focused on understanding the oxidation behaviour of
V2AlC MAX coatings. Phase pure V2AlC was deposited at 580 °C from a
powder metallurgical composite target and did not require further an-
nealing. The pristine coating was shown to be under-dense as evidenced
by XRR measurements and O contents within the coatings. The oxida-
tion behaviour of the coatings after short times at temperatures com-
prised between 400 and 800 °C, in air, was investigated. The first mi-
crostructural change was observed after 15 min at 500 °C, where V-rich

flake-like features grew on the surface. The first secondary phase con-
tribution observed through XRD was seen after 5 min at 600 °C and was
indexed as VO2. Microstructural observations at 600 °C have shown that
V-rich grains grew on top of the coating, proving the outward diffusion
of V species. While V contributions were evidenced both through XRD
and EDS analyses, little information could be found on Al. ERDA pro-
files and XPS core-level analyses have shown that at 600 °C, most of the
oxides observed are V-based, while the coatings are Al-depleted. No
evidence of the formation of amorphous Al2O3 could be obtained at this
temperature. However, XPS data are consistent with the notion of Al
sublimation at intermediate temperatures. From ERDA measurements
on the coating oxidised at 800 °C, and XRD, α-Al2O3 and AlVO4 are

Fig. 7. (a) V 2p, (b) Al 2p, (c) C 1s, and (d) O 1s spectra obtained from a V2AlC coating oxidised at 600 °C for 5 min as a function of sputter time.

Fig. 8. (a) Bright field and (b) HAADF STEM
micrographs of the coating oxidised for 5 min
at 600 °C. Top and bottom regions correspond
to a Pt protection layer for FIB lift-out as well
as the MgO substrate. (c) EDX concentration
profiles of the cross-section of the coating with
oxygen and (d) without oxygen (region of the
line scan shown in (a)).

C. Azina, et al. Journal of the European Ceramic Society 40 (2020) 4436–4444

4442



formed either by more rapid O diffusion, and subsequent reaction, or by
decomposition of metastable phases. Furthermore, short time oxidation
at these temperatures is shown to drastically affect the metallic beha-
viour of the V2AlC MAX phases, particularly above 500 °C. In fact, the
V2AlC MAX phase is self-reporting its degradation by tracking the
oxidation progress of the coating via ex-situ electrical resistivity mea-
surements.
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