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HIGHLIGHTS GRAPHICAL ABSTRACT

o Cr,AIC and (Cr,V),AIC coatings with a
small amount of Cr were prepared by
hybrid arc/magnetron sputtering
followed by post-annealing.

« The hardness and toughness of the
Cr,AIC coating was enhanced
simultaneously when Cr was partially
substituted with V.

o Cr,AIC had a relatively low COF and
wear rate at 900 °C due to the
existence of Cr,03 oxides.

o (Cro53Vo.47)2AIC obtained excellent
tribological properties due to the
formation of molten V,0s wrapped
(Cr, Al),03 hard crystal grains.
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Cr,AIC MAX phase coating exhibited excellent oxidation resistance and hot corrosion, but it typically suf-
fered from low hardness and toughness as well as lack of lubrication at high temperature. With a solid
solution design on M-site, we demonstrated that the hardness of the Cr,AlC MAX phase coating was
enhanced by 34.3% when Cr was partially substituted with V (47 at.%), and the coating toughness was
improved simultaneously. Furthermore, according to the high-temperature tribometer test, both the fric-
tion coefficient and the wear rate of the coatings at 900 °C against Al,03 balls were significantly reduced
at 47 at.% V. This could be attributed to the formation of a large number of molten V,05 wrapped (Cr,
Al),05 hard crystal grains, which not only provided a wide range of liquid-phase lubrication, but also pre-
vented the coating from being apt to wear out. Different from the multi-phase compositing, this study
suggested a promising strategy to enhance the combined mechanical and tribological performance of

MAX phase coatings by M-site V solid solution for harsh applications at a high temperature of 900 °C.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
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performance ceramic materials with a close-packed hexagonal
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similar to combining ceramics and metals [1], MAX phases have
been attracting much attention in a wide range of potential appli-
cations such as nuclear stack systems and aircraft engines [2-4]. To
date, more than 80 types of MAX phases have been experimentally
fabricated or theoretically predicted. Among them, Cr,AIlC, the only
ternary layered carbide identified in the Cr-Al-C system, displays
better compatibility with superalloys [5]. Its excellent oxidation
resistance and hot corrosion resistance at high temperatures are
mainly due to the simultaneous presence of Al and Cr [6-10],
which favor the formation of oxides as protective layers. Specifi-
cally, Cr,03 formed by the oxidation of Cr has a lubricating effect
at high temperatures [11], making Cr,AIC a potential material for
applications requiring high-temperature wear resistance. How-
ever, there is a scarcity in studies regarding the tribology of Cr,AIC
coatings, and a few of published works have focused on tribology
at medium temperatures [12-15].

Recently, Sun et al. [16] used ab initio total energy calculations
to evaluate the mechanical properties of M,AIC, where the M ele-
ment included Cr, Ti, V, Nb, and Ta. They found that of these five
compositions, CrpAIC exhibited the highest shear, bulk, and
Young's moduli. Furthermore, Cr,AIC MAX phase coatings can be
synthesized in the temperature range of 400-500 °C by physical
vapor deposition (PVD) techniques, which is the lowest synthesis
temperature among the MAX phase coatings currently reported
[17]. Considering these features, Cr,AIC is considered as one of
the strongest protective candidates for middle/high-temperature,
strain-tolerant, corrosion/wear resistant coatings used in gas tur-
bines, nuclear claddings, and other harsh environments [18].

It should be noted that despite the physiochemical properties
and facile deposition technique, one predominant challenge in uti-
lizing the Cr,AlC MAX phase as protective coatings under
corrosion-mechanically coupled conditions is its low hardness,
ranging 3.5-5.5 GPa for bulk materials and 11-15 GPa for coatings
[19]. Recently, a solid solution at the M site has been attempted to
enhance the mechanical performance of MAX phase coatings. For
example, utilizing Zr to partially substitute Ti, Qu et al. [20] fabri-
cated an almost pure solid solution (Ti;_Zry)3SiC; MAX phase in
the temperature range of 1450-1750 °C by reactive spark plasma
sintering (SPS). For x = 0.17, the nano-hardness of the synthesized
(Ti;-xZry)3SiC; MAX phase increased to 16.3 + 1.1 GPa, compared to
that of Ti3SiC; at 12.7 £ 1 GPa. Hadi et al. [21] performed density
functional theory (DFT) calculations to study the effect of struc-
tural evolution on the mechanical, thermal, and electronic proper-
ties of Zr,AlC, Nb,AIC, and particularly the solid solution (Zr;.
«Nby),AIC MAX phase materials. The simulation indicated that
the stiffness of the solid solution (Zr;.xNby),AIC increased with
increasing Nb content. Since it is empirically known that the higher
the Young’s modulus and hardness, the lower the ability to deform
plastically and absorb energy before the fracture occurs in the
coatings, it is necessary to enhance both the hardness and tough-
ness of Cr,AlC MAX phase coatings based on their high Young’s
modulus (260-288 GPa) [10,22-24].

In terms of the M-site solid solution, the characteristics of the
solid solution elements are assumed to play a key role in forming
the MAX phase. V and Cr are adjacent atoms of the same period
in the periodic table with similar atomic radii. In addition, V,AIC
and Cr,AlC have almost the same crystal structures, which gives
rise to the high solubility of V in the Cr,AlC MAX phase and the for-
mation of a replacement solid solution (Cr, V),AIC. A series of solid
solutions (Cr, V),AIC have been successfully prepared [25,26]. More
importantly, V,05 formed in a high-temperature environment as a
Magnéli phase possesses good lubricity [27-29], which can greatly
improve the high-temperature tribological properties of the Cr,AIC
MAX phase. (The general formula of the Magnéli phase is Me, 0y, 1,
Me,03,.1 or Me, 03,5, which contain a ReOs-type structure with
atomic dislocations. So it has good lubricity [30].) In this work,
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we proposed a strategy using a solid solution of V at the M position
to improve both the mechanical and tribological properties of the
Cr,AlC MAX phase.

In our previous work [31], Cr-Al-C coatings were successfully
prepared through a facile hybrid arc/magnetron sputtering method
followed by post-heat treatment. The coatings displayed a dense
and mainly single-phase Cr,AIC MAX phase with excellent oxida-
tion resistance. Based on the solid solution strengthening concept
at the M site [32], we further fabricated (Cr, V),AIC solid solution
coatings using the same hybrid technique. In particular, the effect
of the V solid solution on the mechanical properties and high-
temperature tribological properties of Cr,AlC MAX phase coatings
were investigated. The results indicated that the V solid solution
enhanced both these properties simultaneously without deterio-
rating the dense structure of Cr,AIC MAX phase coatings, as
expected.

2. Experiments
2.1. Coating deposition

Cr-V-Al-C coatings with varying V content were deposited on
nickel-based superalloy (GH3600, 30 mm x 3 mm) and WC-Co
carbide alloy (YG6, 10 mm x 10 mm) substrates by combined arc/-
magnetron sputtering. The former was used for high-temperature
friction experiments, and the latter was used for structural obser-
vation and mechanical performance testing. The detailed substrate
information and schematic diagram of the deposition system have
been described in our previous work [31]. Prior to the deposition,
the substrates were ultrasonically cleaned with alcohol for
10 min and then placed on a vertical rotating fixture with a rota-
tion speed of 9.5 rpm facing the targets, 5 cm apart. To improve
the adhesion strength and avoid the elemental interdiffusion
between the coating and substrate, a Cr interlayer (thickness of
~350 nm) was deposited by pure arc technology. The arc power
of the Cr, Cry5V,s and CrsoVsg targets and the sputter power of Al
target were kept at 1.0 kW and 3.0 kW, respectively. The flow rate
ratio of Ar to CH4 was 20:3, at a chamber pressure of 2.0 Pa, was
introduced as a reactive gas source. The deposition process lasted
for 3 h at 200 °C. In order to form the Cr,AlC and (Cr, V),AIC
MAX phases, the as-deposited Cr-Al-C and Cr-V-Al-C coatings were
subsequently annealed at 700 °C for 1.5 h in a controlled vacuum of
1.0 x 1073 Pa. The obtained Cr,AIC and V-substituting (Cr, V),AIC
MAX phase coatings were labeled as samples 1, 2, and 3 according
to the arc targets Cr, Cry5Vys, and CrsgVsg, respectively.

2.2. Tribological and oxidation test

The tribological behavior of Cr,AlC and V-substituted (Cr,
V),AIC MAX phase coatings at 900 °C in atmospheric environment
was investigated using a high-temperature ball-on-disc tribometer
(Anton Paar THT), which was operated in dry sliding against an
Al,03 ball with a diameter of 6 mm. The normal load, sliding speed,
sliding distance and radius of the wear track were maintained at
2 N, 1 cm/s, 20 m and 5 mm, respectively. The heating rate and
cooling rate were 9 °C/min, 3.8 °C/min, respectively. Normalized
wear rates (Wg mm>N~"'m~!) were calculated using the following
equation [33]:

d(3d* + 4b*)2nr
6bF,L

where d and b are the depth and width of the wear track,
respectively; these were determined using a surface profilometer
(Alpha-Step 1Q, America). r is the radius of the wear track, F; is
the normal load, and L is the sliding distance. The wear rate of each

Wy =



Z. Wang, C. Wang, Y. Zhang et al.

sample was obtained by calculating the average value of the wear
rate in at least five different positions on the wear track. To reduce
contingency, the high-temperature friction test of each sample was
repeated two or three times, and the friction coefficient (COF) and
wear rate were calculated. Since friction strongly depends on the
oxidation at high temperatures, the oxides generated therein can
significantly reduce the COF of the coating [29]. Therefore, oxida-
tion characterizations such as surface and cross-sectional morphol-
ogy were also conducted in this study to help analyze the friction
mechanism.

2.3. Characterization techniques

The phase compositions of the coatings after preparation and
friction tests were investigated using a Bruker D8 Advanced
diffractometer with Cu Kot (A = 1.5418 A) radiation. X-ray diffrac-
tion (XRD) patterns were obtained using the Bruker TOPAS soft-
ware for Rietveld refinement. The microstructure and elemental
composition were analyzed using scanning electron microscopy
(SEM, FEI Quanta 250 FEG) equipped with an energy dispersive
X-ray spectrometer (EDS, Oxford Instruments). A confocal laser
scanning microscope (Carl Zeiss, LSM 700) was used to measure
the surface roughness (Sa) of the coatings. In order to observe
the cross-sections of the prepared coatings and the wear track,
transmission electron microscopy (TEM) and scanning TEM high-
angle-annular-dark-field (STEM-HAADF) analysis were performed
with a Talos F200 at an operating voltage of 200 kV. The samples
were prepared using a focused ion beam (FIB; Carl Zeiss, Auriga).

The mechanical properties of the coatings, including hardness
(H) and elastic modulus (E), were measured using an MTS-G200
nano-indenter in a continuous stiffness measurement mode with a
Berkovich diamond tip. The indenter radius is 20 nm. The coatings
were mechanically polished before testing to reduce the effect of
roughness. The indentation depth was selected to be 1500 nm, and
the value of hardness was chosen at a depth of 600-700 nm, which
is approximately 1/10 of the coating thickness to avoid the influence
of the substrates. Indentation was repeated ten times for each sam-
ple to minimize measurement error. The fracture toughness of the
coatings was evaluated using a CSM scratch tester with a tapered
diamond tip having a radius of 0.2 mm and cone angle of 120°. The
tip was moved at a speed of 1.5 mm/min and the scratch length
was 3 mm. Simultaneously, the applied load increased linearly from
0to 90 N at a loading velocity of 44.5 N/min or maintained at 19 N.
Two-dimensional (2D) and three-dimensional (3D) cross-sectional
profiles of the wear tracks were comprehensively carried out using
a surface profilometer (Alpha-Step IQ, USA) and a scanning white
light interference microscope (3D Universal Profilometer, Rtec).

3. Results and discussion
3.1. Chemical composition and microstructure

Fig. 1 shows the phase composition and structural evolution of
the coatings, as determined by XRD. As shown in Fig. 1a, the XRD
patterns displayed two detectable crystalline phases for all sam-
ples, which could be attributed to Cr,AlIC and Cr, indexed by the
PDF card No.00-029-0017 and No.01-088-2323, respectively.
According to the enlarged view of the 26 at 35-45° shown in
Fig. 1b, both the Cr,AIC diffraction peaks at approximately 36°
and 42° shifted toward lower angles with the increase in V content
in the arc targets. However, the diffraction peak at 43.5°, corre-
sponding to the Cr phase, remained unchanged regardless of the
V solid solution. These evolutions of lattice parameters suggest
that the (Cr, V),AIC solid solution structure was formed for samples
2 and 3. To quantify the changes in the lattice parameters of the
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coatings, Rietveld refinement was performed for the diffraction
patterns, where Cr,AIC was used as the structural model. Further-
more, the final reliability factor (R-P and R-WP) was maintained at
less than 10% by repeating several refinement cycles to ensure ade-
quate refinement accuracy. Fig. 1c-e shows the Rietveld refine-
ment diagrams, and the calculated phase content and lattice
parameters are listed in Table 1. It could be observed that the
phase content of the Cr,AIC and (Cr, V),AIC phases in all three sam-
ples was above 90 wt%. As the V content increased, the lattice
parameters a and c of the main phase increased, which further con-
firmed that V was successfully dissolved into the lattice of the Cr,-
AIC MAX phase. Based on the EDS results in Table 2, the MAX
phases in the three samples were determined to be Cr,AlC,
(Cro.76, Vo.24)2AlC, and (Crg 53, Vo 47)2AIC, corresponding to samples
1, 2, and 3, respectively.

Fig. 2 shows the surface and cross-sectional morphologies of the
coatings. As illustrated in Fig. 2a-c, all three coatings exhibited
dense and crack-free microstructures, although many macroparti-
cles emerged on the coating surface. Based on our previous work
[31,34], these macroparticles were mainly due to the ejection of
Cr droplets during the arc evaporation of the Cr target. Moreover,
with the increase in V content, the number of macroparticles on
the coating surface increased, causing an increase in roughness.
The surface roughness (Sa) of samples 1, 2, and 3 was (22.8 £ 3)
nm, (122 + 12) nm, (187 = 12) nm, respectively. This could be
attributed to the significant reduction in the melting point of the
Cr-V alloy target compared to that of the Cr target when V partly
replaced Cr to form a solid solution alloy target. Through the
cross-sectional morphology, it was found that the macroparticles
only appeared on the surface and did not penetrate the coating.
Because these weakly boned macroparticles were prone to peel
off due to the ion bombardment. However, it must be noted that
the cross-sectional morphology of all three samples exhibited a
dense, homogeneous structure rather than a columnar and loose
crystal structure (Fig. 2d-f). Furthermore, no visible voids existed
throughout the coating depth, and all coatings adhered strongly
to the substrate. The coating thickness of the (Cr, V),AlC solid solu-
tion (7.6 pm) as shown in Fig. 2e-f was similar to that of the Cr,AIC
coating (7.5 pm), indicating that the addition of V in the alloy tar-
get did not significantly affect the deposition rate.

To further evaluate the microstructure evolution of the (Cr,
V),AIC solid solution MAX phase, TEM analysis was carried out
on samples 2 and 3. The detailed TEM microstructure of the Cr,AIC
could refer to our previous work [31]. As shown in Fig. 3, the coat-
ings exhibited a dense microstructure without the presence of a
columnar crystalline structure (Fig. 3a and e), confirmed by previ-
ous studies [31]. In general, the MAX phase has a hexagonal close-
packed (hcp) crystal structure with a space group of P63/mmec, and
M-layered and A-layered atoms arrange periodicity along the
[000!] direction when the direction of electron beam is parallel to

the [1120] zones for the TEM characterization. As seen in the
HRTEM images (Fig. 3b and f), the stacking sequence of the (Cr,
V),AIC MAX phase with two (Cr, V)C-slabs interleaved with a
square-planar layer of Al appeared in both coatings. According to
the crystal structure database, the ideal c lattice parameters of Cr,-
AIC and V,AIC MAX phases were 1.28 nm and 1.31 nm, respec-
tively; it is notable that the c lattice parameter of the sample 2
deduced from the HRTEM (1.22 nm) was slightly lower than that
of sample 3 (1.31 nm) as expected, as shown in Fig. 3c and g, orig-
inating from the increase of the content of V solid solution. Accord-
ing to the TEM results, as the V content increased, the trend of the ¢
lattice parameter for the three samples was consistent with the
above calculation results. Therefore, the TEM results further con-
firmed that (Cr, V),AIC solid solution MAX phase coatings were
successfully synthesized in this study.
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Fig. 1. XRD images of the prepared Cr-V-Al-C coatings. (a) XRD images of three samples. (b) The enlarged view of the shaded part in (a). (c), (d) and (e) Rietveld refinement

diagram of samples 1, 2, and 3.

Table 1
Calculated phase content and lattice parameters of the prepared coatings.
sample phase phase content (wt.%) a(A) c(A) R-P (%) R-WP (%)
1 Cr,AIC 90 2.87 12.88 8.34 9.6
Cr 10 3.60
2 (Cr, V)AIC 95 2.88 12.91 8.0 9.4
Cr 5 3.60
3 (Cr, V)AIC 92 2.89 12.99 6.80 9.13
Cr 8 3.60
Table 2
Elemental composition of the prepared coatings.
Sample Elemental composition (at.%)
Cr Al \Y C Ni
1 48.68 + 2.41 25.45 + 1.96 - 25.87 +3.28 -
2 4041 + 2.76 23.14 £ 0.86 11.66 + 0.52 2479 £ 2.97 -
3 35.83 +1.55 21.06 + 1.74 26.34 + 1.88 16.77 £ 2.55 -

3.2. Mechanical properties

Fig. 4a shows the load-depth curves when performing nano-
indentation. The curves of the three coatings were smooth and
no pop-in and pop-out events were found. Bartsch et al. [35] found
that when a smooth load-displacement curve is obtained, the
higher the slope of the curve, the higher the energy dissipated,
and the smaller the span width of the crack, which means the frac-
ture toughness of the coating is the better. As the content of V in
the coating increased, the slope of the curve increased. It is inferred
that the fracture toughness of sample 3 was the best. In addition,
the load on the coatings increased at the same depth (1500 nm)
as the V content increased, corresponding to an increase in the
hardness of the coating.

Fig. 4b shows the hardness, elastic modulus, H/E*, and H3/E? of
the coatings. Hardness represents the resistance to plastic defor-
mation when the indenter is depressed, and a high elastic modulus
indicate great resistance to deformation under a given load [36].
The hardness and elastic modulus of the sample 1 displayed rela-

tively low values of 16.6 + 0.5 GPa and 261 + 7 GPa, respectively.
With increasing V content in the coating, both the hardness and
elastic modulus increased steadily, mainly because of the solid
solution strengthening effect [37]. Specifically, the hardness and
elastic modulus of sample 3 increased by 34.3% and 23.6%, respec-
tively, compared to those of sample 1.

The fracture toughness of the coating has a close relationship
with the difficulty of forming cracks, which is a very important
aspect of the mechanical properties [38,39]. Leyland et al. [40]
reported that elastic strain to failure (H/E*, where E* = E/(1-17)
and v is the Poisson’s ratio) played an important role in wear con-
trol, while Johnson et al. [41] found that the ratio of plastic strain to
failure (H3/E"?) indicated the ability of coatings to resist plastic
deformation. Fig. 4b shows the obtained H/E* and H3/E? values
of the coatings. As the V content in the coating increased, H/E*
and H3/E™ also increased, indicating that the fracture toughness
of the solid solution coatings improved. This might originate from
the solid solution (Cr, V),AIC being uniformly strengthened by sub-
stitution. Furthermore, V has a larger radius than Cr, causing some
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Fig. 2. Surface, cross-sectional morphology of (a) and (d) sample 1, (b) and (e) sample 2, (c) and (f) sample 3.

Fig. 3. TEM results of samples 2 and 3. (a) TEM bright-field image of sample 2 at low magnification. (b) HRTEM image of sample 2. (¢) and (d) Enlarged image of the labeled
area in (b) and the corresponding FFT results. (e) TEM bright-field image of sample 3 at low magnification. (f) HRTEM image of sample 3. (g) and (h) Enlarged image of the

labeled area in (f) and the corresponding FFT results.

deformation in the original lattice. It also acted as an obstacle on
the atomic scale to prevent crack spreading. Owing to the differ-
ence in the valence state between the two atoms after replace-
ment, the row and column spacing would change to generate a
stress field. When the crack tip enters the stress field, deflection
under the effect of stress makes a significant contribution to tough-
ening. For decades, it has been difficult to obtain coatings with
improved toughness without sacrificing their hardness. Therefore,
the crucial result is achieving the simultaneous improvement of
the hardness and toughness of Cr,AlC MAX phase coatings using

a V solid solution, which provided a novel strategy to obtain
hard-yet-tough MAX phase coatings.

To further understand the fracture toughness of the prepared
coatings, scratch tests with progressive loads from 1 to 90 N and
a constant load of 19 N were performed. Fig. 5a-c shows the corre-
sponding scratch morphologies of samples 1, 2, and 3, respectively,
under a progressive load from 1 to 90 N. As shown in Fig. 5a, the
adhesion strength of sample 1 was determined to be approxi-
mately 19 N, where the first failure chip formed. When the load
continued to increase, the coating peeled off severely. However,
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Fig. 4. (a) Load-depth curves and (b) hardness, elastic modulus, H/E* and H*/E? of samples 1, 2 and 3.

Fig. 5. The scratch morphology of samples 1, 2, and 3. (a), (b) and (c) Sample 1, 2, and 3 with progressive load from 1 to 90 N, respectively. (d), (e), and (f) Samples 1, 2, and 3

with a constant load of 19 N, respectively.

for the (Cr, V),AIC coatings with a small amount of Cr, minimal
coating spalling occurred during the entire scratching process,
implying that the fracture toughness of the latter was superior to
that of sample 1. Fig. 5d-f illustrates the scratch morphology of
samples 1, 2, and 3 under a constant load of 19 N. It is obvious that
each sample underwent brittle spalling phenomenon during the
entire scratching process. However, the spalling of sample 1 was
the worst with many large chips, further demonstrating its poor
fracture toughness. During the scratch test, the stress induced by
the applied load could only be offset through large-area spalling.
However, after the solid solution of the V element, the spalling
morphology of the scratch scar changed from large flaking to spo-
radic flaking. Further, increasing the V content in the coating led to
a decrease in the number of flaking debris. It can be concluded that
the fracture toughness of the coating was continuously improved
by the V solid solution, which agreed well with the above nano-
indentation results.

3.3. Oxidation behavior at 900 °C

Fig. 6 shows the oxidized surface morphology and the corre-
sponding EDS mapping results of samples 1-3 after the tribological
tests at 900 °C. It should be noted that under the same friction tem-
perature, samples with varying V content exhibited completely dif-
ferent morphologies. As shown in Fig. 6a and the inserted images,
sample 1 still exhibited a metallic luster and the oxide area surface
was very flat and smooth, analogous to the prepared coating in

Fig. 2. Based on the EDS mapping images, Cr, V, and Al were uni-
formly distributed, demonstrating that the oxidation reaction of
sample 1 was mild and the retained coating still exhibited the
MAX phase structure of the deposited coating. However, the EDS
results of area A in Table 3 demonstrate that the coating under-
went a degree of oxidation.

Compared to sample 1, sample 2 underwent oxidation to dark
green after the friction test at 900 °C, as shown in the inset image
of Fig. 6b. Furthermore, the oxidized area exhibited a rough
cauliflower-like structured surface. As the macroparticles pro-
duced by arc deposition disappeared, it could be deduced that
the coating was severely oxidized. According to the corresponding
EDS mapping results, the surface layer was mainly composed of Al-
and Cr-forming oxides. Moreover, the elemental composition of
area B in Table 3 reveals that the content of O was high, while
the contents of V and C were relatively low.

Interestingly, after the tribological tests, the surface of sample 3
appeared to have an ice-flower-like texture, as shown in Fig. 6c.
Consequently, it was speculated that a low melting point phase
melted during the test and recrystallized during the cool-down
period. Because of the presence of liquid lubrication, the wear track
was too shallow to provide an accurate wear rate within the mea-
surement errors. The elemental distribution in the EDS mapping
images corresponding to the oxidized region was not uniform.
Nevertheless, the V-rich areas were poor in Cr and Al, with C disap-
pearing, as marked by the orange ellipse in Fig. 6¢. The remaining O
and V elements were the main components in the C area (Table 3),
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Fig. 6. Oxidized surfaces and the corresponding EDS mapping images at 900 °C (a) sample 1; (b) sample 2; (c) sample 3.

Table 3

Elemental composition at different positions of oxidation area (corresponding to the letter number in Fig. 6).

Sample ID Elemental composition (at.%)

Cr Al (¢} \% C Ni
A 32.30 20.41 35.02 - 12.27 -
B 19.04 22.71 50.61 1.51 4.98 -
C 4.19 6.91 64.52 24.37 - -

demonstrating the completely oxidized state of the coating. Vice
versa, the Cr- and Al- rich areas had little V. In this case, it could
be said that the liquid lubrication in the friction experiment was
attributed to the presence of the V-O phase.

Fig. 7 presents the cross-sectional morphology and the corre-
sponding EDS line scans of samples 1-3 after the tribological tests
at 900 °C. As seen in Fig. 7a, sample 1 exhibited a uniform thickness
of 7 um, which was slightly lower than that of the prepared coat-
ing. From the corresponding EDS line scan, a very thin oxide layer
with a thickness of 0.28 pum was identified, which is more clearly
illustrated in the enlarged image of the yellow rectangle in the
inset of Fig. 7a. In addition, there was a diffusion zone with a thick-

ness of 1.80 pum without interfacial damage or cracking. This sug-
gests that a close fusion was successfully realized after cooling to
room temperature, which confirmed that the Cr,AlC MAX phase
is a promising candidate as a high-temperature, corrosion-
resistant, and strain-tolerant diffusion barrier for Ni-based superal-
loys [5]. Generally, during the thermal process, diffusion of coating
elements into the substrate occurs possibly causing a decrease in
the thickness and properties compared with the features of the
prepared coating.

With the increase in V content, however, the interface between
the (Cr, V),AlC MAX phase coating and the substrate was evident
and no diffusion zone was visible, as shown in Fig. 7b and c. The

Fig. 7. Cross-sectional morphology of the oxidized area and the corresponding EDS line scans along the marked yellow line of (a) sample 1, (b) sample 2, and (c) sample 3.
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coating was oxidized throughout, and the original structure was
completely destroyed. Furthermore, the oxide scale was uneven,
the thickness measured at the position shown in Fig. 7b and
Fig. 7c was 7.2 pm and 8.25 pm, respectively. Note that no C ele-
ment existed in sample 3, corresponding to a greater degree of oxi-
dation and increase in thickness. In addition, a Cr-C layer with a
thickness of 0.36 pm was observed between the oxidized coating
and the substrate (Fig. 7c).

3.4. Tribological performances at 900 °C

Fig. 8a shows the sliding friction curves of samples 1-3 after the
friction tests at 900 °C. All three samples exhibited relatively stable
friction curves without large fluctuations during the entire tribol-
ogy test, indicating that the formation of oxide phases during fric-
tion sufficiently contributed to lubrication. At the same
temperature, the average COF decreased with an increase in the
V content in the coating, which was approximately 0.36, 0.35,
and 0.27, respectively, as shown in Fig. 8b. The addition of V
reduced the oxidation resistance of the Cr,AlC coating, that is,
higher the V content, more oxidation occurred and more oxide
phases were generated to benefit lubrication. In particular, a large
amount of liquid lubrication emerged for sample 3 in such a high-
temperature environment, significantly reducing the COF. The
wear rate of sample 2, (6.18 + 0.59) x 10™* mm*N~'m~!, was
nearly ten times that of sample 1, (7.88 £ 0.89) x 10> mm>N"'m~.
According to the previous oxidation results, sample 2 underwent
severe oxidation at 900 °C. Its original structure was significantly
destroyed, leading to poor wear resistance and high wear rate. In
the case of sample 3, the wear rate could not be obtained because
the wear track during the friction test was too shallow to be accu-
rately calculated (Fig. 6¢). However, it was safe to assume that the
wear rate of sample 3 was the lowest among the three samples,
indicating that the tribological performance of sample 3 at
900 °C was the best.

To gain insight into the tribological behavior after the friction
test, Fig. 9 presents the 3D and 2D profiles of the three samples
using a white light interference scanning microscope and a surface
profilometer, respectively. The wear tracks of the three samples
exhibited different appearances. Sample 1 showed a narrow and
shallow wear track (Fig. 9a) with a width and depth of 69 pum
and 2.58 pm, respectively, corresponding to a low wear rate. How-
ever, the wear track of sample 2 was relatively rough with a width
of 410 um and a depth of 4.93 pm, which was nearly six times and
two times that of sample 1, respectively. As a consequence, sample
2 exhibited a higher wear rate than sample 1 (Fig. 9b). It should be
noted that there were two protrusions in the wear track in sample
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2, determined by 3D topography, which were speculated to be the
adhesion and accumulation of oxide scale during the friction. Fur-
ther increasing the V content in the coating, very large fluctuations
similar to the roughness result emerged in the 2D morphology of
sample 3. Simultaneously, a very shallow and inconspicuous wear
track was observed in the 3D topography. In addition, the rough
surface was occupied by many particles of different sizes, which
was probably caused by the uneven solidification of the molten
V-0 phase during the cooling process. It is worth noting that the
depths of the wear tracks of the three samples were all less than
the thickness of the deposited coatings, suggesting that no coating
was worn after friction at 900 °C in this study.

To address the wear mechanism, the wear tracks of the coatings
and the corresponding elemental distribution mapping images
were further examined by SEM, as shown in Fig. 10. The EDS ele-
mental compositions of the different areas (labeled in the SEM
micrograph) are summarized in Table 4. In particular, the evolution
of the worn surface is comprehensively discussed. After friction at
900 °C, the wear track of sample 1 shown in Fig. 10a was very
smooth and flat, with no signs of abrasive wear, adhesive wear,
or accumulated wear debris. This is in line with the results shown
in Fig. 9a. Moreover, both the elemental distribution and the oxida-
tion state of the wear track were evenly distributed in the coating,
despite the slightly enriched oxygen appearing on the left side of
the wear track. Together with the good oxidation resistance of
sample 1, the smooth surface with the minimal roughness of the
deposited coating favored good lubrication against the Al,05 ball,
as expected. These results further demonstrate the potential of
the Cr,AIC coating as a protective layer in a high-temperature fric-
tion environment.

With an increase in the V content of the coating, sample 2
exhibited a clear and smooth wear track similar to that of sample
1, as shown in Fig. 10b. No obvious abrasive or accumulated wear
debris along the wear track was observed. However, the enlarged
surface of the rectangular yellow area (Fig. 10c) presented many
long rod-shaped abrasive grains, which were referred to in the
enriched areas of V and Ni (circled by the red ellipses). This was
contrary to the exposed wear track without abrasive grains com-
posed of Cr- and Al-enriched oxides on the coating surface (circled
by white ellipses). Considering that sample 2 experienced serious
oxidation at 900 °C and possible consumption of generated oxide
phases, the Ni element appearing on the wear track surface might
be attributed to the elemental out-diffusion of the substrate at the
chosen temperature. Further increasing the V solid solution con-
tent in the Cr,AIC coating led to a distinct friction morphology that
was different from those in samples 1 and 2, as shown in Fig. 10d-
e. In addition, both the wear track and oxidation zone noted by

Fig. 8. (a) Friction curve, (b) COF and wear rate for samples 1, 2, and 3 after ball-on-disk friction test performed at 900 °C.
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Fig. 9. 3D cross-sectional profiles of the wear tracks at 900 °C and the corresponding 2D wear track depth profiles were attached below of (a) sample 1, (b) sample 2, and (c)

sample 3.

Fig. 10. SEM micrograph of wear tracks and the corresponding EDS elemental mapping images: (a) sample 1, (b) sample 2, (c) enlarged view of the yellow rectangle in b, (d)

sample 3, (e) enlarged view of the yellow rectangle in d.

Table 4
Elemental composition at different positions of wear tracks (corresponding to the letter number in Fig. 10).
Sample ID Elemental composition (at.%)
Cr Al (0] \% C Ni
A 36.06 19.64 29.76 - 14.54 -
B 12.98 9.84 39.58 12.57 10.16 14.88
C 6.48 7.49 65.08 18.12 2.83 -
D 3.69 343 57.55 34.32 1.01 -
E 4.75 4.73 55.79 31.91 2.82 -
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areas C, D, and E displayed an ice-flower-like morphology com-
posed of the dominant V and O elements because of the re-
solidification of the V-O phase. This result also provides evidence
of liquid lubrication from the V-O phase during the high-
temperature friction process.

To accurately describe the phase composition of the coating
after friction at 900 °C, Fig. 11 shows the phase composition of
the wear track and oxidized surface of the coatings by XRD mea-
surement. For sample 1, the XRD pattern depicts the peaks of Cr,-
AlC and Cr,C; without other oxide peaks, implying that the oxide
layer was too thin to be detected or the formed oxides exhibited
an amorphous nature, as illustrated in Fig. 7a and Fig. 10a. In this
aspect, even though sample 1 underwent a slight oxidation, it
retained most of its composition with the pristine coating. For
sample 2, however, the strong diffraction peaks of Al,Os and
Cr,03 without information about the prepared coating were
observed as a consequence of the severe oxidization and the high-
est wear rate. In addition, the diffraction peaks of NisV and Ni
(VO3), also appeared, because the Ni diffusing from the substrate
might react with V, as deduced from Fig. 10c. By further increasing
the V content, a large number of diffraction peaks of V,05 for sam-
ple 3 appeared. At the same time, a small amount of diffraction
peaks of Cr,05; and Al,03; were also observed. During the friction
at 900 °C, the melted V,05 phases provided sufficient liquid lubri-
cation, thereby reducing the wear and consumption of the coating,
which finally caused the smallest COF and wear rate among the
three samples. The design concept was verified to improve the
high-temperature tribology of Cr,AlC MAX phase coatings by sub-
stituting part of Cr with V.

4. Discussion

To achieve a better understanding of the tribological mecha-
nism, Fig. 12 shows cross-sectional views of the wear tracks by
TEM and STEM after dry sliding tests at 900 °C. For sample 1, the
coating still exhibited a very dense structure, and no extra pores
or grain boundaries were observed. Moreover, the upper wear
track was a combined double oxide layer composed of the top
Cr-0O layer and the bottom Al-O layer, followed by a Cr-C layer con-
taining some AI-O grains distributed evenly. The STEM image
based on the different atomic masses also shows a clear distinction

Fig. 11. XRD patterns of samples 1, 2, and 3 after friction test at 900 °C.

10

Materials & Design 222 (2022) 111060

between Cr and Al elements. Because a uniform and dense oxide
layer was formed on the coating surface, the internal diffusion of
oxygen was prevented, and the coating could not be further oxi-
dized. At the same time, the flat oxide layer also suppressed the
appearance of abrasive and adhesive wear, which favored the coat-
ing with a very low COF and wear rate at 900 °C, resulting in good
tribological properties for sample 1.

With the increase in the V solid solution, as in sample 2, the
coating was entirely oxidized, and no delamination of the coating
was observed, as shown in Fig. 12b. Moreover, there were many
grains with different sizes and obvious grain boundaries, as shown
in Fig. 12c. Although Cr and Al had the same crystal grains as that
of sample 1, the difference is that the grain boundaries were filled
mainly by the V oxides. Owing to the limited V content, many
pores were formed between the grain boundaries, leading to the
loose structure shown in Fig. 12d. At the same time, the slight dif-
fusion of Ni from the substrate into the coating further deterio-
rated the structure of the coating. As a result, sample 2 exhibited
poor wear resistance during friction at 900 °C.

In the case of sample 3, which had a higher V content, four obvi-
ous crystal grains were observed in the cross-sectional morphology
of the wear track (Fig. 12e). According to the mapping images,
these crystal grains were mainly identified as oxides of Cr and Al,
and the rest were composed of glassy-like V,05 and a small
amount of amorphous carbon. In addition, because the amount of
V,05 was large enough to fill all the grain boundaries, a very dense
whole structure was obtained without pores, which was different
from that of sample 2. Once again, it was confirmed that, with
higher V content in the Cr,AlC coating, both the molten V,05 and
the dense structure contributed to the excellent liquid lubrication
during the friction process at 900 °C.

Elaborating the structural evolution of the three samples during
the friction test at 900 °C, Fig. 13 illustrates the schematic diagram
of the wear mechanism. First, in our study, both the COF and wear
rate of the Cr,AIC MAX phase coating with a small amount of Cr at
900 °C were relatively low, demonstrating that the coatings were
very promising protective coating candidates for high-
temperature harsh friction environments. For the Cr,AlC MAX
phase coating with high purity, dense double-layer oxides, includ-
ing Cr,03 and Al,03, were formed on the wear track surface during
900 °C friction. In particular, the outermost Cr,053 layer aided lubri-
cation at high temperatures, resulting in a lower COF [11]. The
dense Al,O5 layer offered further protection for the coating by pre-
venting the internal diffusion of oxygen. Alternatively, the surface
roughness of the coating was quite low, due to the suppressed
large macroparticles generated by arc deposition, which also pre-
vented the occurrence of abrasive wear and had a smooth wear
track surface morphology just like “glaze”. It should be noted that
even a diffusion zone was also generated at the interface between
the coating and substrate, owing to the high diffusion activity of Ni
and Fe in the substrate at such high temperatures, there were no
cracks in the diffusion zone. This indicates the gradient transition
from substrate to coating, which resulted in a strong combination
and good adhesion between the coating and substrate after cooling
900 °C to room temperature.

However, adding a small amount of V to the Cr,AIC coating sig-
nificantly reduced the high-temperature oxidation resistance
(sample 2). While V was solid-dissolved to the M position of the
MAX phase, V replaced Cr to bond with Al and C. Nevertheless, V
was extremely easy to be oxidized, and once V was oxidized at
900 °C, the M-A and M-X bonds would be destroyed. In this case,
the Al and C atoms with non-bonding electrons would prefer to
combine with oxygen. At the same time, once this process started,
the internal diffusion of oxygen was stimulated and caused more
serious oxidation for the entire coating at 900 °C. Thereafter, the
formed grains with a large range of crystal sizes generated many
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Fig. 12. Cross-sectional images of the wear tracks: (a) STEM image and the corresponding EDS elemental mapping images of sample 1, (b) and (c) TEM and STEM image of
sample 2, respectively, (d) corresponding EDS elemental mapping images of the yellow rectangle in c, (e) STEM image and the corresponding EDS elemental mapping images

of sample 3.

Fig. 13. Schematic diagram of the friction mechanism of sample 1, sample 2, and sample 3 at 900 °C.

pores at the grain boundaries. Because there was no dense oxide
layer on the coating surface to provide protection, the maximum
wear rate was obtained for this coating with a loose structure. It
was raised that, according to the deep wear track, the out-
diffusion of Ni element from substrate was also observed and the
Ni atoms reacted with V to form NisV and Ni(VO3),. Consequently,
the coating obtained by sacrificing a certain degree of wear resis-
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tance could not provide sufficient lubrication to significantly
reduce the COF, where sample 2 displayed the worst tribological
properties among the three samples at 900 °C.

When the V content in the coating was higher (sample 3), a
large amount of melted V,05 phases were formed during the fric-
tion process, favoring a wide range of liquid lubrication. Specifi-
cally, the Al,05 and Cr,03 crystal grains were surrounded by a
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large amount of molten V,0s, generating a dense structure com-
bining soft and hard phases. During friction, the wear track was
constantly filled owing to the liquid fluidity. Together with the
support of the hard crystal grains, collapse of the coating was pre-
vented and it exhibited the lowest COF, in which the wear track
was too shallow to accurately calculate the wear rate. After the
coating was greatly oxidized, a sufficient amount of molten V,05
appeared as a blocking barrier to the external penetration of oxy-
gen. This promoted the combination of unoxidized Cr and C atoms
inside the coating and the formation of the Cr-C layer between the
coating and the substrate with non-uniform thickness, as expected.
It should be noted that even when the generated V,0s at high tem-
peratures has a good lubricating effect, it is easily consumed with
sliding time. Therefore, it is empirically known that V-based coat-
ings mostly display a high wear rate at high temperatures; in par-
ticular, a medium temperature of approximately 700 °C is
preferred for superior tribological behaviour [42]. In this regard,
the most important result is that the excellent wear resistance
with both low COF and wear rate at 900 °C is reported for Cr,AlC
MAX phase coatings by solid dissolving V in the coating, which also
provides a promising strategy to extend the wide application of V-
based coatings for harsh high-temperature environments.

5. Conclusion

In this study, we successfully prepared Cr,AIC, V-substituted
(Cro.76, Vo.24)2AIC, and (Crg 53, Vo47)2AIC MAX phase coatings with
a small amount of Cr using a hybrid arc/magnetron sputtering
method together with post-heat treatment. The effects of the V
solid solution on the mechanical properties and high-
temperature tribological behavior of Cr,AlC MAX phase coatings
were investigated. The results showed that all the Cr,AIC and (Cr,
V),AIC MAX phase coatings demonstrated a dense structure with
no obvious defects, despite the presence of V, increasing the rough-
ness of the Cr,AIC coatings. Compared to the Cr,AlIC coating, the
hardness and elastic modulus of (Crgs3,Vo.47)2AIC were improved
by 34.3% and 23.6%, respectively. Evidently, the V solid solution
also significantly enhanced the toughness of the Cr,AlC MAX phase
coating owing to the refined lattice distortion. During the friction
at 900 °C, the Cr,AlIC coating presented an average COF of 0.36,
and a relatively low wear rate of 7.88 x 10~> mm>®N'm !, because
of the formation of a bilayer oxide comprising a Cr,03 layer on top
and an Al,Os5 layer on the bottom. Owing to the liquid lubricating
effect of the molten V,05 phases, the COF was reduced significantly
with increasing V content in the Cr,AIC coating. In contrast to the
(Cro.76, Vo.24)2AI1C coating with a loose structure and adhesive wear,
it is worth noting that the (Crgs3, Vo.47)2AIC coating resulted in an
excellent low COF and wear rate, originating from the formation of
a dense structure of Cr,03 and Al,03 hard grains wrapped by soft
molten V,0s. These results not only indicate that optimizing the
solid solution fraction of V in Cr,AIC coating can favor the achieve-
ment of hard-yet-tough as well as high-temperature tribological
properties in MAX phase coatings, but also bring forward a great
potential to extend the wide applications of V-based self-
lubricated coatings at harsh high temperatures (900 °C).
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