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By applying the TC4-Ti2AlC composite coatings to the Ti6Al4V substrate by laser, the wear resistance of
the Ti6Al4V alloy was improved. Analysis was done on the composite coatings’ microstructure, phase
composition, microhardness, and tribological characteristics. According to the findings, coatings without
defects can be created when Ti2AlC content ranges between 5 and 15 wt.%. Furthermore, the coating
without Ti2AlC consisted of a a-Ti solid solution while coatings with Ti2AlC included a a-Ti solid solution,
hard phases of TiC and Ti3Al, as well as a Ti2AlC ceramic phase. During laser cladding, Ti2AlC partially
dissolved and turned into TiC and Ti3Al, resulting in an average hardness of 371.61 ± 3.95 HV0.5,
382.92 ± 3.61 HV0.5, 388.91 ± 3.29 HV0.5 for the coatings with Ti2AlC weight fractions of 5, 10, and 15%,
respectively. These numbers were about 1.16 � 1.22 times the hardness of the titanium alloy matrix
(320 ± 3.12 HV0.5). Besides, the Ti2AlC lubricant and hard phases act synergistically to bring composite
coatings better performances in wear resistance and friction reduction compared to the pure TC4 coating.
The lowest coefficient of friction (0.382) (COF) and the greatest wear resistance (8.87 3 1025 mm3/N m)
were obtained at the composition of TC4-10wt.%Ti2AlC; more particularly, the wear resistance at TC4-
10wt.%Ti2AlC was 1.2–2.1 times that of pure TC4 coating. The principal causes of wear in a pure TC4
coating are adhesive wear and oxidation, however, these wear processes shift to minor abrasive wear and
oxidation when assisted by oxide coatings, Ti2AlC lubricant, and TiC, Ti3Al hard phases.
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1. Introduction

An important component of the new transmission mecha-
nism is the gear (Ref 1-3). For this reason, the strength and
efficiency of gears is crucial. Since gears are responsible for
transmitting power, they are subjected to extreme conditions
throughout service, including high levels of alternating stress,
contact stress, powerful impact force, and friction force (Ref 4-
6). As the number of hours spent maintaining gears increases,
new forms of failure manifest throughout the service phase.
Extreme wear also causes a fast decline in tooth surface
morphology, exacerbating failure. As a result, surface wear is
the most critical failure in gear transmission. To address issues
with gear surface failure, a protection surface must be

implemented on its surface to improve the gear�s anti-wear
performance. Currently, TC4 alloy is the preferred material to
manufacture the gear teeth, but the alloy itself is not resistant to
wear (Ref 7). Currently, the traditional surface strengthening
treatment methods commonly used at present mainly include
induction heating quenching, carburizing quenching, nitriding
treatment, laser quenching, etc. (Ref 8-10). Each technique has
its own restrictions on what materials may be used, how thick
layers can be deposited, how much force can be used to
connect, and how much deformation can be applied to the final
shape. Laser cladding technology, however, can offer innova-
tive processing methods for crucial part repair and environ-
mentally friendly remanufacturing, offsetting these
shortcomings.

Adding a hard phase and a self-lubricating phase to a laser-
wrapped protective coating for the surface of titanium alloy are
the two most common approaches. However, directly adding
the hardness phase, due to the difference in the thermophysical
parameters of the hard phase, the cladding layer and the base
material, leads to a relatively high crack sensitivity. Direct
addition of lubricating phase, as the lubricating phase generally
has low hardness, inappropriate lubricating phase will cause the
hardness of the clad layer to decrease, thus reducing the anti-
wear performance of the clad layer. Directly incorporating an
optimal lubrication phase into the coating increases its wear
resistance, moreover, a part of the lubricating phase decom-
poses at high temperature and generates hard phase in situ, thus
improving the wear resistance and self-lubricating function of
the clad layer.

Recently, scholars have started to focus on creating self-
lubricating coatings by laser cladding. Not only lasers have a
high-energy density, but also their paths can be precisely
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controlled. Fan et al. (Ref 11) investigated laser cladding of
nickel-based/MoS2 self-lubricating coatings on titanium alloy
substrates and showed a good association between MoS2
concentration and alloy hardness and wear resistance. The
friction coefficients of the cladding layer dropped as well.
However, as the MoS2 content rose, covering flaws, such as
rips and holes became more prevalent, resulting in poor
homogeneity of the microstructure. The laser cladding process
was used by Wang Pei et al. (Ref 12) to apply a self-lubricating
layer of h-BN on titanium alloy substrates, h-BN showed very
poor wetting capabilities in the metal matrix under low laser
power. In addition, h-BN has a low density (2.27 g/cm3),
allowing it to float on the surface of the melt pool and spread
out nonuniformly. When the laser power was low, h-BN
demonstrated very poor wetting properties in the metal matrix.
Additionally, the density of h-BN is low (2.27 g/cm3), making
it float on top of the melt pool and distribute heterogeneously.
Furthermore, as the laser power rose, the substrate may melt
and dilute in great amounts, inhibiting the h-BN self-lubricating
phase from floating up. Moreover, the coating demonstrated a
large dilution rate and low hardness. To demonstrate that MoS2
was partially dissociated due to its low melting point of
1185 �C, Xu et al. (Ref 13) constructed a MoS2/TiC/Ni-based
composite cladding over 1045 low-carbon steel. Such dissoci-
ation will negatively affect the lubricating properties of this
coating. Yang et al. (Ref 14) prepared 30wt.% WS2 with NiCr-
Cr3C2 coating by laser cladding. WS2 and CrS were only
present in modest amounts, according to x-ray diffraction
studies, and they both degraded and oxidized in the presence of
high-energy beam radiation. By laser cladding on aluminum
alloy substrates, Podgornik B et al. (Ref 15) created h-BN self-
lubricating coatings. They found that aside from the low
density, h-BN has a very poor wettability in the metal matrix.
Due to the coating’s tendency to float on top of the molten pool,
achieving homogenous distribution would be challenging. With
the aid of Ag and MoS2, Torres H et al. (Ref 16) created nickel-
based self-lubricating coatings. Although the anti-friction and
wear resistance properties significantly improved in all spec-
imens, Ag diffusion in the coating shortened the coating service
life. As can be seen from the studies above, numerous solid
lubricants may be used, such as graphite, h-BN, sulfides (MoS2,
WS2, etc.), fluorides (CaF2, BaF2, etc.), and soft metals (Ag,
Cu, Sn, etc.) (Ref 17, 18). However, the preparation of
lubricating coatings by laser cladding still faces challenges (Ref
19). Firstly, since the self-lubricating phase, the matrix phase,
and the reinforcing phase of the coating vary in their thermal
properties, cracks are prone to occur. Secondly, density
differences between the self-lubricating phase and other
substances in the coating may result in the former floating or
sinking. Thirdly, the self-lubricating phase tends to oxidize,
decompose and splash under a high-energy laser.

To overcome the shortcomings of these traditional solid-
lubricating materials. MAX-phase Ti2AlC was developed.
Ti2AlC is a ternary layered ceramic MAX-phase compound
that exhibits both ceramic and metallic properties, thereby
demonstrating significantly higher compatibility with titanium
alloy substrates and the capability of crack healing when
integrated with the substrates (Ref 20–24). MAX phases
simultaneously possess high-temperature resistance, corrosion,
oxidation and thermal shock resistance (Ref 25). Not only does
the lubricity of ceramic Ti2AlC reflect its role during laser
cladding, but so does the material’s capacity to break down into
other elements and be used to create hard phases in situ.

Furthermore, Ti2AlC has a laminar structure, which brings
good lubricating properties during wear (Ref 26–30). In
addition, due to the layered nature of the structure, no
lubrication or cooling is required when processing specimens,
and these capabilities offer great potential for MAX phase
applications in extreme friction environments (Ref 31). Specif-
ically, the Ti6C octahedral layer is divided by a single layer of
atomic Al that is completely walled up in only two dimensions
that has a weak bond to Ti in a way similar to a graphite layer,
resulting in a laminar structure with self-lubricating properties
(Ref 32–34). However, the previous study found it challenging
to maintain a stable in situ creation of Ti2AlC under preparation
conditions. Because of this, the direct addition of Ti2AlC
powder was chosen as the approach to guarantee the desired
amount of Ti2AlC and fulfill all specifications. Furthermore, to
improve the coating-substrate compatibility, TC4 powder was
selected as the toughened phase. In engineering, self-lubricating
area is only a thin layer on the coating surface (Ref 35). And a
coating is considered damaged if it wears to a depth of more
than 30 lm. For high wear resistance on the gear surface, a
coating enriched with self-lubricating Ti2AlC and hard phases
more than 30 lm region of the coating surface is highly
desirable.

MAX-phase as a solid-lubricating material in laser cladding
is still under investigation. Particularly, Peter Richardson (Ref
36) was the first to synthesize MAX-phase Ti2AlC in situ by
laser cladding. Although MAX-phase coating is not novel as a
concept, a lot of work has been performed to obtain dense,
pure, and well-bonded coatings for industrial applications.
Mitun Das (Ref 37) applied SiC powder to a titanium alloy
substrate by laser cladding to enhance the mechanical and wear
properties of the coating, but the Ti3SiC2 target phase was not
detected by x-ray diffraction. Xin et al. (Ref 38) revealed the
difficulties during the preparation of MAX-phase coatings by
laser cladding in detail. Particularly, the maximum phase
prepared by laser cladding is not the main crystalline phase of
the coating, and laser cladding can hardly produce MAX-phase
coatings with a high purity regardless of the preparation
procedure. Since the anti-wear performance of the coating is
influenced by Ti2AlC decomposition under laser irradiation, a
small amount of Ti2AlC will affect the coating’s resistance to
wear, and a large amount of Ti2AlC will affect the forming
quality of the coating, this study aimed to investigate the
regulation of coating performance with different Ti2AlC
contents and obtained, the optimal amount of Ti2AlC addition,
which is of significant supportive value for the optimization of
the self-lubricating coating process in engineering.

2. Materials and Methods

Commercial TC4 alloys (100 9 50 9 10 mm) were chosen
as the substrate material. TC4 (99% purity, 70–120 lm,
BULWARK, China) and Ti2AlC (99% purity, 20 lm, Warwick
Rekor Metal, China) powders were used as the cladding
material, the melting point of MAX phase Ti2AlC is 2000 �C
and the density is 4.11 g/cm3, and their SEM figures are shown
in Fig. 1. Specifically, Ti2AlC powders had a clearly layered
structure, which would bring certain self-lubricating properties
to the coating. Besides, the self-lubricating phase Ti2AlC
should be added at an appropriate amount so that the coating
can be fabricated with defect-free and excellent comprehensive
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performance. Furthermore, the cracks begin to develop in the
coating, and the toughness of the coating decreases with more
than 15wt.% Ti2AlC through extensive pre-experiments. Sim-
ilar results were observed in the study by Ai (Ref 39).
Therefore, weight fractions of Ti2AlC in the composites were
fixed at 0, 5, 10 and 15wt.% to find the optimal one (see
Table 1). The TC4 powder was selected as the self-fusing alloy,
in which the Ti element is provided and the incompatibility
between the coating and the substrate could be reduced.
Besides, as a MAX-phase material, Ti2AlC can generate
protective films made up of Al2O3 and TiO2 under friction
wear, thereby being a self-lubricator that prevents further
oxidation of Ti2AlC. The powdered TC4 has the chemical
makeup shown in Table 2. Before laser cladding, raw powders
were mixed with a V-18 planetary ball (Changzhou Fanzhong
Drying Equipment Company, China) mill for 10 h to ensure
homogeneity. Silicon carbide sandpapers with mesh sizes
ranging from 400 to 2000 were used to polish the sample’s
surface and remove the metal oxide. The next experimental step
was washing the polished substrate samples with anhydrous
ethanol. Particularly, the laser power should be optimum to
prevent Ti2AlC decomposition at high temperatures, improve
the coating’s bonding strength at the coating’s interface and
smooth out the coating’s granules. In addition, the quick
solidification structure of the clad layer is fine and homoge-
neous due to the laser cladding process. A relatively fast laser
velocity is recommended to improve the coating�s overall
performance. Therefore, the coatings were fabricated with a
laser cladding system (Nd: LSJG-GQ-6000M3, China) at a
power of 2.4 kW, a scanning speed of 0.015 m/s, a spot
diameter of 3.5 mm, an overlap rate of 50%, and a powder
feeding rate of 10 g/min. Argon at a flow rate of 8 L/min was
used to protect the molten pool from oxidation during laser

cladding. The powder was projected coaxially onto the laser
beam through a coaxial nozzle. The coaxial powder feeding
method and the laser cladding paths are described in Fig. 2 and
3. The distance between the deposition nozzle and the substrate
plate is 20 mm, and preparation of single-layer cladding layers
using laser cladding.

Afterward, penetration tests were conducted on the com-
posite coating. Firstly, clean the surface of the coating with
detergent, secondly, spray the penetrant evenly on the surface
of the coating and leave it for 5–10 min, then remove the

Fig. 1 Morphologies of laser cladding powders: (a) TC4 powder; (b) Ti2AlC powder

Table 1 Chemical makeup of laser cladding powder

Number Powder composition, wt.%

Sample 1 100TC4
Sample 2 95TC4 + 5Ti2AlC
Sample 3 90TC4 + 10Ti2AlC
Sample 4 85TC4 + 15Ti2AlC

Table 2 Chemical composition of the TC4 powder
(wt.%)

Al Fe C N V Ti

6.37 0.05 0.01 0.01 4.06 Bal

Fig. 2 The schematic diagram of the coaxial powder feeding
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remaining penetrant on the surface with detergent, and finally
spray the developer on the surface of the coating and wait for
the result.

The metallographic samples were cut using a wire-cut
machine (DK7740D, China) and then positioned vertically for
scanning after the laser cladding experiment. Metallographic
sandpapers (numbers 60 through 2000) and a polish-grinding
machine (Laizhou Wei Yi Test Equipment Manufacturing
Company, China) were used to smooth the specimens’ cross
sections. Then, the clad layer was etched with etchants (HNO3:
HF: H2O = 1:2:7), and the dwell time of etch was 10–30 s.

XRD tests were performed on the coatings surface, coatings
on test specimens were analyzed for their microstructure and
elemental distributions using a scanning electron microscope
(SEM; Gemini SEM 300 ZEISS) with energy-dispersive
spectroscopy (EDS). Cu Ka radiation at 45 kV, 200 mA, a
scanning rate of 8�/min, and a 2-scanning range of 10�–100�
were used in an x-ray diffraction (XRD, Rigaku D/max-2500/
PC Japan) instrument to determine the phases present in the
specimens.

A digital micro hardness tester model 401MVSD (Bong Yi
Precision Gauge Shanghai Company, China) was used to
measure the hardness of coated cross sections in the depth
direction under 500 g for 10 s (Fig. 4). Every 100 lm of the
coating’s thickness and the underlying substrate’s thickness
were measured for hardness. And at the same height, three
measurements were taken.

Using a frictional wear tester model M-2000, the dry slide
friction and wear of 10 9 10 9 10 mm specimens were
determined (Hen Xu, Jinan, China). The experimental princi-
ples and parameters are described in Fig. 5 and Table 3. The
friction wear surfaces were ground by #60 to #2000 metallo-
graphic sandpapers before the measurements. The wear couple
ball made of Gcr15 steel had a diameter of 6 mm, and wear
volume measurements were performed using a 3D optical
profiler(UP-Lambda, Atech Instrument Technology, American).
The following equation was used to determine the matrix and
cladding layer wear rates: (Ref 40).

W ¼ DV=F � S

Herein, the Wear rate (in mm3/Nm) is denoted by W, the
volume of clothing worn is denoted by the letter DV (mm3), a
normal force (F) is defined by the product of the sliding
distance (S), and the normal force (N) (m). Tests were
completed three times per sample to measure the friction
coefficient and wear rate.

Fig. 3 The scanning path

Fig. 4 Schematic diagram of hardness measurement path

Fig. 5 A schematic diagram of friction and wear principles
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After putting the specimens through a series of friction and
wear tests, their chemical makeup was analyzed using an x-ray
photoelectron spectrometer (AXIS SUPRA, China). Test at the
location of the wear trace on each specimen. Initially, the
binding energy was calibrated using contaminated carbon
exhibiting the O1s peak at 530 eV.

3. Results Discussion and Analysis

3.1 Influences of the Ti2AlC Content on the Coating�s
Macroscopic Morphology

The penetrant test (PT) is a non-destructive technique that
detects surface-clacking faults in materials (Ref 41). Figure 6
shows the PT data for various Ti2AlC concentrations in TC4
coatings, and all four sample coatings were observed without
pores or cracks. The formation of pores is closely related to the
fluidity of the melt pool. Since the main material of the
cladding layer is TC4 powder, which has good fluidity, while
cladding is being done, the gas into the pool is escaped from the
melt pool through strong convection, and the formation of
cracks is closely related to the matching of the thermal
parameters of the cladding layer and the substrate. The TC4
selected for the cladding layer is the same as the thermal
parameters of the substrate. Furthermore, the coefficient of
thermal expansion is close to Ti2AlC, resulting in cracks-free in
the cladding layer.

Figure 7 displays the macro morphology of the coating
cross section. The coatings securely adhered to the substrate, as

evidenced by the presence of a defect-free fusion line at the
cladding/substrate interface. The coatings with Ti2AlC contents
of 0wt.%, 5wt.%, 10wt.%, and 15wt.% had thicknesses of
approximately 1.670 ± 0.023, 1.566 ± 0.019, 1.530 ± 0.026,
and 1.528 ± 0.018 mm, respectively, suggesting as the Ti2AlC
content increases, the thickness of the cladding layer decreases,
the high melting point (3000 �C) of Ti2AlC causes it to require
more energy during laser cladding, which makes less melting of
TC4 and a lower thickness of the clad layer with the same laser
energy. As the good fluidity of TC4 alloy powder as well as the
powder�s good compatibility with the substrate, the coating
with 0wt.% Ti2AlC addition exhibited a straight flat bonding
line between itself and substrate. Besides, Ti2AlC addition also
affected the fluidity of the molten pool. Therefore, with greater
Ti2AlC addition, the bonding line between the coatings and the
substrate changed from a straight flat line to a waved curve.

3.2 Coatings’ Physical Phase Analysis of Ti2AlC
Composition

Figure 8 displays the laser cladding coatings’ x-ray diffrac-
tion patterns, the coating without Ti2AlC consisted of a a-Ti
solid solution while coatings with Ti2AlC included a a-Ti solid
solution, hard phases of TiC and Ti3Al, as well as a Ti2AlC
ceramic phase. Furthermore, when the content of Ti2AlC
coating was 10wt.%, Ti2AlC demonstrated the highest diffrac-
tion peak intensity, suggesting a great Ti2AlC content. The
Gibbs free energy (DGT) of possible reactions (2)-(3) was
computed and used with the XRD data to reveal the production
process of reinforcing phases in the coatings in great detail. The
thermodynamic properties of the inorganic materials handbook

Table 3 Parameters of the wearing test

Wear time, min Load, N Rotation speed, r/min Rotation radius, mm hardness of wear couple balls, HV0.5

40 20 300 1.5 900

Fig. 6 Penetration testing of the coatings. (a) 0wt.%Ti2AlC; (b) 5wt.%Ti2AlC; (c) 10wt.%Ti2AlC; (d) 15wt.%Ti2AlC
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Fig. 7 Macro morphology of the coating cross sections with different Ti2AlC contents; (a) 0wt.%Ti2AlC; (b) 5wt.%Ti2AlC; (c) 10wt.%Ti2AlC;
(d) 15wt.%Ti2AlC

Fig. 8 The laser cladding coatings’ x-ray diffraction patterns
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are used to determine material parameters for computations
(Ref 42). Each reaction’s Gibbs free energy is depicted in
Fig. 9. If DGT (reaction 2 � 3) < 0, then the anticipated
carbide and boride compounds may develop in situ by
spontaneous nucleation. Furthermore, TiC has a higher melting
point than Ti3Al and a greater |DGT (reaction 2)|, indicating
that the TiC phase generated in situ is more stable. Because of
this, the molten pool is initially used to precipitate TiC phases.
Then, when the temperature is below its melting point, Ti3Al
starts to precipitate. From these aforementioned findings,
Ti2AlC self-lubricating coating is deduced to form during laser
cladding by the following mechanism. Firstly, the powders and
substrates experienced a gradual temperature rise under the
direct laser irradiation and eventually turned into a molten pool.
Simultaneously, Ti2AlC partially dissolved to form TiC and
Ti3Al (formula 1). Subsequently, since carbon atoms had a
stronger affinity with molten Ti atoms in the molten pool than
aluminum ones, TiC was formed with higher priority than
Ti3Al. When the C element in the molten pool was exhausted,
Ti3Al started to appear (formulas 2 and 3).

Ti2AlC ! TiCþ Ti3Al ðEq 1Þ

Tiþ C ! TiC ðEq 2Þ

Tiþ Al ! Ti3Al ðEq 3Þ

3.3 Effect of Ti2AlC Content on the Coating Microstructure

The scanning electron microscope pictures of the four
coatings are shown in Fig. 10. Figure 10(a) and (e) shows the
microstructures of the upper and middle parts of the coating
without Ti2AlC, which was mainly composed of a-Ti (Ref 43)
columnar dendrites. Compared with the substrate, the a-Ti
coating was finer and denser. This indicates that a fine,
homogeneous, and swiftly formed coating structure may be
created using laser cladding’s rapid heating and cooling.
Figure 10(b), (c) and (d), (f), (g) and (h) presents the
microstructures of the upper and middle parts of the coatings
with Ti2AlC, which reveal significant changes in the composite

microstructure to small particle clusters (B, C) with a layered
structure, dendrites (A, E), and rod-like crystals (D). Particu-
larly, the small particle clusters with a layered structure were
the most distributed and demonstrated the highest density when
10wt.% Ti2AlC was added. Besides, the dendrites and rod-like
crystals were gradually coarsening as the Ti2AlC content went
up. This can be explained as a result of reduced molten pool
fluidity due to the addition of Ti2AlC high-melting medium,
which further negatively influenced the temporal and spatial
uniformity of flow and heat transfer. Consequently, the
temperature gradient G inside the molten pool increased, and
the solidification rate R dropped. According to the solidification
and crystallization theory (Ref 44-46), such changes in G and R
may increase the shape factor for the solidified structure
(Fig. 10l, m and n), leading to coarsening of the short rod-
shaped and dendrite grains as the Ti2AlC content rose and a rise
of dendrite spacing from 1.6 lm to 6 lm. Moreover, As shown
in Fig. 10(R), the generation of a large number of secondary
dendrites also further illustrates that with the increase of Ti2AlC
content, the temperature gradient G in the molten pool further
increases, so there is a wider undercooling zone, and the
dendrites on the solid–liquid interface. The grains are able to
grow deeper into the melt and obtain a greater degree of
undercooling to form primary dendrites. When the composition
of the side of the primary dendrite is too cold, branches grow on
the side to form the secondary dendrite.

To identify the microstructure and phase composition of the
coatings more clearly, high-magnification images of typical
coating microstructures were obtained and their elemental
compositions analyzed by EDS (Table 4). For example, a rough
atomic ratio of 2:1:1 was observed among the constituent atoms
of the tiny particle clusters (B, C). The dendrite crystals(A, E)
contained only C and Ti elements in an approximate atomic
ratio of 1:1. Finally, rod-like crystals (D) were composed of
primarily Ti and Al, but the former has a much larger
concentration compared to the latter. Along with the XRD
results, these findings confirmed that the small particle clusters,
cellular dendrites, and rod-like crystals were composed of
primarily Ti2AlC, TiC, and Ti3Al, respectively. From Fig. 10(i),
(j) and (k), it can be found that for Ti2AlC contents of 5, 10, and
15wt.%, the certain depth on the surface of the coating enriched
with the self-lubricating phase Ti2AlC were 20 lm, 120 lm,
and 40 lm, respectively. This can be explained as a result of
Ti2AlC powder migration to the top of the molten pool during
laser cladding due to its low density (Ref 47). Meanwhile, the
solidification rate at the molten pool bottom was lower than that
at the top, resulting in lower Ti2AlC contents at the bottom.
Consequently, most Ti2AlC powders migrated to the molten
pool top and solidified and crystallized to form the upper
surface of the cladding layer.

3.4 Effect of Ti2AlC Content on the Coating Hardness

The hardness profile from the cladding layer to the matrix
along the depth axis in Fig. 11(a). All four coatings had much
greater hardness than the substrate. Figure 11(b) displays the
typical substrate and coating hardness. Typically, a coating
made of Ti2AlC has a hardness of weight fractions of 0wt.%,
5wt.%, 10wt.%, and 15wt.% was 340.95 ± 3.41 HV0.5,
371.61 ± 3.95 HV0.5, 382.92 ± 3.61 HV0.5, 388.91 ± 3.29
HV0.5 higher than the substrate, respectively. When TC4
powder is cladded on the TC4 substrate, the coating hardness
became slightly higher than the substrate. As for why the level

Fig. 9 An estimate of the Gibbs free energy for reactions that may
take place in the coatings
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of difficulty suddenly shifted, consider the following: To begin,
the laser cladding process causes fast heating and cooling,
which swiftly solidifies the clad layer into a fine structure.
Second, the melting pool had a high condensation rate, thus
large alloying elements like V, Fe, and Al could not fully
precipitate before being dissolved to fortify the solid solution.
Furthermore, the coating hardness increased as the Ti2AlC
content rose, but the increasing extent was less than propor-
tional. XRD analysis shows that laser cladding breaks down
Ti2AlC into hard phases like TiC and Ti3Al, which become
lodged in the coatings and aggregate at grain boundaries to stop
dislocation movement and generate the second phase strength-
ening effect. Furthermore, as seen in Fig. 10(c) and (d), the

microstructure distribution shows that the addition of 15wt.%
Ti2AlC resulted in fewer ceramic precipitates than the addition
of 10wt.% Ti2AlC. This further confirms that at 10wt.% Ti2AlC
addition, more Ti2AlC is retained in the coating. Therefore,
processes for reinforcing grain boundaries and dispersion are
both intended to increase the coating’s hardness. When the
content of Ti2AlC was 10wt.%, XRD and EDS results
demonstrated the maintenance of a large amount of Ti2AlC,
so the hard phases, such as TiC and Ti3Al generated by
decomposition did not increase proportionally. Because of the
poor wettability between the matrix and Ti2AlC when the
addition of Ti2AlC surpassed 10wt.%, Ti2AlC agglomeration
appeared, resulting in massive decomposition of Ti2AlC during
laser cladding. Similar results were observed in the study by
Wang (Ref 48). Besides, these hard phases grew in grain size as
the Ti2AlC content rose, which would weaken the increase in
coating hardness. Therefore, the increase in coating hardness
values was less than proportional to the rise of Ti2AlC content.
Besides, the 0wt.%Ti2AlC coating exhibited a small fluctuation
in its hardness, which indicated a uniform grain size in the
coating as confirmed by the microstructure observations. As
Ti2AlC was added, the fluidity of the molten pool dropped.
Coatings made of Ti2AlC have many variations in their
hardness values because of the uneven flow of the molten
pool, which caused the uneven distribution of the strengthening
phase and grain.

3.5 Effect of Ti2AlC Content on the Coating�s Wear
Properties

Figure 12 displays the friction coefficient curves of the
coatings with different Ti2AlC contents, and Fig. 13 displays
the average friction coefficients of the four coatings were 0.486,
0.457, 0.382, and 0.415. Particularly, TC4-Ti2AlC composite
coatings demonstrated lower friction coefficients than the pure
TC4 coating; besides, compared with pure TC4 coating, within
the first three minutes of the friction and wear test, the
5wt.%Ti2AlC coating demonstrated a relatively stable friction
coefficient, which nevertheless increased and fluctuated vio-
lently in the later experimental stage. This may be explained

bFig. 10 Microstructure of the coatings of the different Ti2AlC
contents, (a), (e) microstructure of the upper, middle regions of the
0wt.%Ti2AlC content, (b), (f) microstructure of the upper, middle
regions of the 5wt.%Ti2AlC content, (c), (g) microstructure of the
upper, middle regions of the 10wt.%Ti2AlC content, (d), (h)
microstructure of the upper, middle regions of the 15wt.%Ti2AlC
content, (i), (j), (k) 5wt.%Ti2AlC, 10wt.%Ti2AlC, 15wt.%Ti2AlC
Self-lubricating phase distribution, (l), (m), (n) 5wt.%Ti2AlC,
10wt.%Ti2AlC, 15wt.%Ti2AlC needle microstructure size

Table 4 Energy spectrum analyses of each point marked
in Fig. 10 (at.%)

Point

Element composition

Ti Al C

A 52.77 1.15 46.09
B 50.93 21.72 27.35
C 62.41 16.85 20.74
D 77.52 20.53 1.95
E 54.23 1.98 43.79

Fig. 11 The hardness of composite coatings with different Ti2AlC contents. (a) The hardness distribution from the surface of the cladding layer
to the substrate. (b) Average hardness of coatings and substrate
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because a large amount of self-lubricating phase Ti2AlC was
distributed on the upper surface of the cladding layer, resulting
in an uneven distribution of hard phases TiC and Ti3Al. When
the friction and wear experiments began, the solid self-
lubricating phase was in contact with the grinding ball with a
low friction coefficient. According to Fig. 10(m), the depth on
the surface of the coating distribution the self-lubricating phase
Ti2AlC was no bigger than 20 lm. However, as the wear
experiment continued, the grinding ball began to contact the
depth on the surface of the coating that was more than 20 lm
away from the initial coating surface. According to Fig. 14, the
worn surface profile showed that the wear scar depth was
23.44 lm when the content of Ti2AlC was 5wt.%. When the
depth of the worn area exceeded 20 lm, few self-lubricating
phases could be found, increasing the friction coefficient. In
addition, the friction coefficients of the 10wt.%Ti2AlC and
15wt.%Ti2AlC coatings also fell significantly but with a
stable variation. These coatings exhibited shallower wear scars
with depths of 14.38 lm and 17.87 lm, respectively, with a
large amount of Ti2AlC distributed in the wear area. In order to
further investigate the chemical composition information of the
four coatings after the wear test, the XPS was carried out.
Figure 15 showed the four coatings at the same position of
wear scars under XPS photoelectron spectroscopy. O-Ti and O–
Al bonds contributed to the appearance of two peaks in the O 1s
spectra (Eb = 530, 532 eV) in the coatings. The spectra of Ti 2p
displayed three peaks (Eb = 453.2, 458.5 and 464.5 eV) in the

coating without Ti2AlC, which were associated with the Ti and
TiO2, and three peaks (Eb = 453.8, 458.5 and 464.5 eV) in the
coatings with Ti2AlC added. Moreover, the spectra of Al 2p
displayed only peaking at a single Eb 74 eV in the coating
without Ti2AlC, which were associated with the Al2O3, and two
distinct maxima, at Eb 71.7 eV and 74 eV in the coatings with
Ti2AlC added were found. Which were associated with the
Ti2AlC and Al2O3. Similar results were observed in the study
by Wang (Ref 49). Where TiO2, Al2O3 and Ti2AlC were found
in the 5wt.%Ti2AlC, 10wt.%Ti2AlC and 15wt.%Ti2AlC coat-
ings during the friction and wear process. Both oxides exhibited
a similar lubricating effect as Ti2AlC during the wear process,
thereby reducing the coatings� friction coefficient. Air oxidation
also made it simple to transform Ti and Al atoms into TiO2 and
Al2O3, respectively. Therefore, the coating’s surface was
quickly oxidized throughout the wear experiment, resulting in
a thick oxide deposit. As grinding progressed, the oxide layer
would be depleted and regenerated, eventually reaching a
dynamic equilibrium condition. As shown in Fig. 12(c) and (d),
the COF curve has entered a stable wear period, which is
consistent with the oxide film’s primary role of fixing and
maintaining the coatings. A variety of coatings’ wear rates are
depicted in Fig. 16. Specifically, when the Ti2AlC content was
0, 5, 10, and 15wt.%, the wear rate of the coatings was
25.46 9 10–5 mm3/NÆm, 22.35 9 10–5 mm3/NÆm, 8.87 9 10–5

mm3/NÆm, and 12.13 9 10–5 mm3/NÆm, respectively. The
10wt.% Ti2AlC coating exhibited the highest wear resistance
among all coatings, which was 2.1 times that of 0wt.% Ti2AlC
coating. Possible explanation: lubricants made of Ti2AlC. The
hard phases comprised the second phase of the coating’s
reinforcement and had a consistent role. One finding from
earlier studies is that the coating has a higher hardness and
resistance to wear because Ti2AlC and the hard phases created
by its disintegration are present there. However, dislocation slip
along the basal plane was commonplace in Ti2AlC powder due
to the poor covalent binding strength of Al and Ti between the
graphite-like layers. The delamination of the Ti2AlC basal
surface and the rise in dislocation slip energy resulted from the
bending of the structure in a direction perpendicular to the base
surfaces when subjected to an external strain.

In addition, compared with 5wt.% Ti2AlC coating or
15wt.% Ti2AlC coating, the 10wt.% Ti2AlC coating exhibited
the highest wear resistance. The following reason may be
explained as: the 10wt.% Ti2AlC coating has low frictional
resistance, medium toughness, and moderate hardness, and a
suitable assemblage of high hardness, low coefficient of
friction, and toughness could contribute to the improvement
of the wear resistance.

Fig. 12 The friction coefficients of the coatings with different Ti2AlC contents. (a) 0wt.%Ti2AlC; (b) 5wt.%Ti2AlC; (c) 10wt.%Ti2AlC; (d)
15wt.%Ti2AlC

Fig. 13 Average friction coefficient of the Coatings
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3.6 Effect of Ti2AlC Contents on the Coating�s Wear
Mechanism

SEM was used to characterize the wear morphology of the
four coatings to explain the wear rate variations in detail
(Fig. 17). When the Ti2AlC content was 0wt.%, the worn
coating surface was full of typical plastic deformations and

furrows, packed with microscopic particles, which was
attributed to the exfoliation-induced creation of huge bulk
debris. In the wear experiment, the frictional pair was
repeatedly squeezed and ground, causing the bigger pieces of
debris to become smaller particles. Large blocks made up the
majority of the wear debris, with some surface-found particles
being somewhat agglomerated (Fig. 17a). Due to the coating’s
poor hardness, the GCr15 balls stuck to its surface throughout
the wear process and tore or squeezed it out, leaving furrows in
its wake. Furthermore, three-body wear occurred on the coating
surface, the significant COF value of the coating was accom-
panied by repeated squeezing or grinding of the big pieces of
flaking wear debris into smaller pieces (0.486). As a result,
abrasive wear, plastic deformation, and adhesive wear made up
the coating’s wear mechanism. When the Ti2AlC content was
5wt.%, furrows, wear debris (A), and plastic deformations were
still present on the coating surface, but the furrows became
shallower compared to those in the pure TC4 coating. The
hardness of the coating and the adhesion resistance to the
grinding ball were both raised because of the effects of the
strengthening of a-Ti in solid solution and the distribution of
the hard phases. The coating’s ability to withstand plastic
deformation was improved simultaneously, giving it outstand-
ing abrasion resistance. Compared to pure TC4 coating, the
higher area of the coating contained Ti2AlC and the hard phases
created by its disintegration, improving the surface hardness
and wear resistance. After extensive use, the coating’s surface
developed abrasive pits and lumps as well as granular wear

Fig. 15 Cladding layers’ XPS core-level spectra at various Ti2AlC concentrations. (a) O1s; (b) Ti2p; (c) Al2p

Fig. 16 Diagram demonstrating the rate of wear of several Ti2AlC-
containing cladding layers

Fig. 14 Wear surface characteristics of varied Ti2AlC content cladding layers. (a) 0wt.%Ti2AlC; (b) 5wt.%Ti2AlC; (c) 10wt.%Ti2AlC; (d)
15wt.%Ti2AlC
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debris (Fig. 17b), which may be attributed to the Ti and Al
elements participating in an oxidation process with oxygen
from the atmosphere (Ref 50). The heat produced during the
friction process led to a layer of soft and thin oxide coating. On
the worn surface, however, the oxide layers are insufficient.
The scrap was also prone to breaking, and a sizable portion of
its surface area dropped off, creating big chunks of debris. The
flaking debris could behave as wear particles that are abrasive
and aggravate the wear. It was challenging to generate a
lubricating layer during wear because there weren’t enough
Ti2AlC lubricating phases. Adhesive wear was primarily the
wear mechanism. Plowing, wear depth, and plastic deforma-
tions were all greatly decreased when the Ti2AlC concentration
was 10 or 15 wt.%, compared to the pure TC4 coating (Fig. 17c
and d). In addition, compared to the pure TC4 coating, peeling
off and plastic deformations were reduced, and no visible
groove was seen. Describing the ensuing causes (1) The
coatings (TiC, Ti3Al) contained undecomposed Ti2AlC and its
breakdown products, which might increase their hardness and
abrasion resistance (Ref 51-53). Furthermore, because the
Ti2AlC particles and the matrix have a strong link, it is
challenging to remove the Ti2AlC particles from the matrix; (2)
In certain circumstances, Ti2AlC may develop a lubricating film
on the surface of the coatings. The Ti2AlC structure has weak
links between the atomic layers of Al, Ti, and C. When the
structure supported the GCr15 ball’s normal load, it was simple
to deform along the base plane’s vertical axis. This raised the

dislocation slip energy, which led to lattice slip (Ref 54), and
improved the coatings’ capacity to reduce friction.

The phases observed in wear debris (A, B) were analyzed by
EDS to confirm their elemental compositions (Table 5).
Particularly, Ti, Al, C, and O elements made up a large portion
of the wear debris (A, B), which confirmed its composition to
be Ti2AlC, Al2O3, and TiO2 as identified by the XPS results.
Such composition may be explained because Ti and Al
elements were oxidized by the O elements from the environ-
ment, creating a soft and thin layer of oxide films under
ambient temperature and friction. As a result, the primary wear
mechanisms of the pure TC4 coating were abrasive wear,
plastic deformation, and adhesive wear. The main processes for
wear on coatings with Ti2AlC additions, however, are mildly
abrasive and oxidation. The exact mechanism of Ti2AlC self-

Fig. 17 SEM images of the cladding layers’ worn surfaces with varying Ti2AlC concentrations. (a) 0wt.%Ti2AlC; (b) 5wt.%Ti2AlC; (c)
10wt.%Ti2AlC; (d) 15wt.%Ti2AlC

Table 5 Element analyses of each point marked in
Fig. 17 (at.%)

Point

Element composition

Ti Al C O

A 55.33 6.34 1.15 37.18
B 67.17 8.42 15.31 9.10
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lubrication of the coating is described in Fig. 18. Firstly, the
Ti2AlC self-lubricating phase was uniformly distributed on the
coating’s top surface (Fig. 18a). Secondly, when the wear
experiment started, the grinding ball started to contact the
coating surface, and the Ti2AlC solid-lubricating phase began
to migrate to the coating surface. After that, since the Ti2AlC
phase had a small shear strength, it was sheared on the coating
surface and spread to the contact surface due to pressure and
friction, thereby forming a Ti2AlC solid-lubricating film layer
(Fig. 18b).

4. Conclusions

We used laser cladding to apply a TC4/Ti2AlC composite
coating to the Ti6Al4V substrate to increase the titanium alloy’s
wear resistance and lubricating capabilities. The microstructure,
phase compositions, tribological performance, and wear mech-
anisms of the composite coatings were investigated, and the
main conclusions can be summarized as follows:

1. By employing 5wt.%Ti2AlC, 10wt.%Ti2AlC, and
15wt.%Ti2AlC and TC4 powder combinations, respec-
tively, the defect-free and enriched self-lubricating
Ti2AlC composite coatings are effectively created by la-
ser cladding on Ti6Al4V substrate.

2. As the content of Ti2AlC increased from 0wt.% to
15wt.%, the average hardness of the composite coatings
increased from 340.95 HV0.5 to 388.91 HV0.5. The distri-
bution of TiC and Ti3Al hard phases in dispersion, solid
solution, and grain refinement strengthening are the major
causes of the increase in hardness.

3. Compared with 5wt.% Ti2AlC and 15wt.% Ti2AlC coat-
ing, the surface of the coating enriched with massive
self-lubricating phase Ti2AlC, the TiO2, and Al2O3 lubri-
cating film, the 10wt.% Ti2AlC coating had the lowest
wear rate and friction coefficient due to the combination
of TiC, Ti3Al hard phases, and good toughness.

4. Even if the major wear mechanisms of the pure TC4
coating are said to be severe adhesion wear and oxidative
wear due to self-lubricating phase Ti2AlC, and TiO2 and
Al2O3 lubricating film during the wear process, the addi-
tion of Ti2AlC composite coatings are primarily slight
abrasive wear and oxidation wear.
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