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Abstract

Plasma Mo-Si-Ti coating including the (Ti, Mo)sSi3, MoSi» and TiSi was prepared
on y-TiAl surface to improve the wear resistance. The coating had 12-um deposition
layer and 5-um diffusion layer, as well as gradual decrease of grain size from substrate
to coating, providing gradient structure and high fracture toughness. Hardness (H),
elasticity modulus (E), H/E and H?/E? values of substrate and coating were 8.4 and 19.6
GPa, 167.2 and 251.8 GPa, 0.050 and 0.078, and 0.021 and 0.119 GPa, indicating that
coating had high hardness, resistance to plastic deformation and load bearing capacity.
During friction, both the substrate and coating showed abrasive and oxidative wear. The
substrate flaked off in the form of large wear debris, causing the high wear rate.
However, oxide film and compacted layer of fine debris made the wear rates of substrate
to decrease as the load increased. The coating released most of external stress in the
form of elastic work, showing high load-bearing capacity. High fracture toughness
inhibited the generation of cracks and reduced the spallation of coating. Moreover, fine
grains promoted the generation of oxide film on coating surface and improved the
adhesion between oxide film and coating. Meanwhile, the presence of oxide film
resulted in a reduction of wear rate as the load increased. The excellent nanomechanical
properties and fracture toughness reduced the fracture of coating and reduced the
specific wear rate of y-TiAl by about 98%, which could effectively improve the wear
resistance of y-TiAl at room temperature.

Keywords: y-TiAl; Mo-Si-Ti gradient coating; nanoindentation; wear mechanism.



1. Introduction

v-TiAl is regarded as the most promising material for the low pressure turbine
(LPT) blades due to the high elastic modulus (160-180 GPa), specific strength above
600 °C and low density (3~4 g/cm?) [1-3]. However, the formation of non-dense oxide
film causes the y-TiAl to suffer severe oxidation during service [4,5]. Besides its poor
oxidation resistance, the limited wear resistance due to low hardness (320 HV) is a
crucial problem that restricts the application of y-TiAl. For example, wear occurs
between the blades and the engine disc due to centrifugal force and vibration [6-8].

As a refractory metal silicide, MosSi3 exhibits good properties such as high
melting point, hardness and modulus of elasticity and is considered to be a high
temperature structural material with great potential. However, the generation and
volatilization of MoO3 or MoO> makes it difficult to form dense oxide film in the
environment of 400-1000 °C (“pesting” phenomenon), limiting the application of
MosSi3. The addition of Ti in the Mo-Si system can form (Ti,Mo0)sSi3, which reduce the
formation of MoOs; or MoO: because of the low mobility of Mo as well as the low
driving force for the MoO3 and MoO», and thus inhibits the “pesting” phenomenon [9—
12]. As a result, Mo-Si-Ti alloy with the (Ti,Mo0)sSi3 phase exhibit excellent oxidation
resistance at high temperature [13—-18]. Meanwhile, the wear and oxidation usually
occur on the material surface. Therefore, the excellent mechanical properties as well as
the oxidation resistance make the Mo-Si-Ti coating suitable for application as a
protective layer on y-TiAl surface.

However, as a wear resistant coating, it is important to note that the obvious
difference in the elastic modulus between the y-TiAl and Mo-Si-Ti coating causes an
uncoordinated deformation at the interface between the substrate and coating. After
losing the support of y-TiAl, the coating will easily fracture under the unbalanced stress
field and lose its protective effect, which is a key problem for the Mo-Si-Ti coating. To
solve this problem, a Mo-Si-Ti coating with a gradient structure was prepared in this
study, which could avoid the sudden changes of mechanical properties between the
substrate and the coating, reducing the fracture of coating. As a surface modification

technology, double glow plasma alloying technology (DGP) provides a suitable method



for the preparation of the Mo-Si-Ti coating [19-23]. The Mo-Si-Ti coating with
diffusion layer could be obtained based on the thermodynamically favorable reaction
and ion bombardment, achieving the continuous change of composition as well as the
structure between the coating and substrate. The gradient structure can increase the
fracture toughness and crack resistance of the Mo-Si-Ti coating by acting as a buffer
zone between the coating and the substrate. When the cracks come into contact with the
ductile substrate, tensile stress causes local deformation in the ductile phase, consuming
energy during crack propagation [24]. Alternatively, the crack tends to deflect and
expand along the interface when it extends into a phase interface with a strong strain
field, generating a crack bridge and allowing some of the work to dissipate [25].

The aim of this paper was to prepare Mo-Si-Ti coating with gradient structure on
the y-TiAl surface and studied the mechanical properties of Mo-Si-Ti coating based on
the structural characteristics, nanomechanical properties and fracture toughness. The
correlation between microstructure, mechanical properties and tribological behavior
were further analyzed.

2. Materials and experimental procedure
2.1 Coating preparation

The y-TiAl (provided by Central Iron & Steel Research Institute, Beijing, CN)
with the composition of 46.5 wt.% Al, <1.5 wt.% V, < 1 wt.% Cr, <0.20 wt.% Nb, <
0.10 wt.% C, and the balance of about 50 wt% of Ti was selected as substrate material.
The y-TiAl was cut into 15%15x5 mm?® squares by wire cutting (DK7735 electrical-
discharge wire-cutting machine; Suzhou Shengma Numerical Control Technology Co.,
Ltd., Suzhou, CN), after which the surface was polished to a roughness of less than 0.2
um by sandpaper and then the sample was cleaned with alcohol (QREC; QREC (ASIA)
SDN BHD, Rawang, MYS) and acetone (QREC; QREC (ASIA) SDN BHD, Rawang,
MYS). The Mo-Si-Ti target (provided by Zhongnuo Advanced Material (Beijing)
Technology Co., Ltd., Beijing, CN) with dimensions of 100 mm diameter and 5 mm
thickness were made by a powder metallurgy process, and consisted of 10 at.% Mo, 35
at.% Si, and 55 at.% Ti. The Mo, Si and Ti powders were ball-milled with tungsten

carbide balls for 1 h, and then pressed and sintered in a mold at 750 °C, 950 °C, and



1700 °C for 45 min, 45 min, and 2 h, respectively. Finally, the target was removed from
the mold after the temperature was cooled down to room temperature, and then polished
and cleaned. y-TiAl and target were placed in a vacuum chamber of DGP device (The
equipment was developed by our research group and made by Anhui Jiashuo Vacuum
Technology Co., Ltd., Anhui, CN) during coating preparation process. The distance
between the y-TiAl and target was 15 cm. Argon was used as the working gas to
maintain the DGP chamber pressure at 38 Pa. Then, 450 V and 850 V cathode voltages
were applied to substrate and target, respectively. Argon was ionized into argon ions,
and continuously moved toward the target and sputtered out target elements, which
were then deposited on the y-TiAl surface. The deposition process was maintained for
3 h. A comprehensive description of the DGP technology could be accessed in the
existing literature [21, 22].

2.2 Characterization

The surface and cross-sectional morphology and EDS (energy dispersive
spectroscopy) line scanning were analyzed by scanning electron microscope (SEM)
(HITACHI S-4800; Hitachi High-Tech Co., Ltd., Tokyo, JPN) equipped with an EDS
detector. X-ray Diffraction (XRD) (Bruker-D8§ ADVANCE; Bruker Corporation,
Massachusetts, US) analysis was employed to determine the phase composition. The
X-ray Diffraction test employed a Cu Ka radiation source operating at 40 kV and 40
mA with a scanning angle (20) range of 20-90° and the step size of 0.02°.

The nanomechanical properties of y-TiAl substrate and coating were measured by
Nanoindentation (Nanotest Vantage; Micro Materials Co., Ltd., Wrexham, UK). All
samples were tested using maximum load of 50 mN, loading rates of 5 mN/s, and
holding time of 10 s. To ensure the reliability of the experimental data, five groups of
parallel tests were performed. The y-TiAl substrate and coating were indented using a
Vickers indenter (HXS-100AY; Nanjing Santak Instrument Co., Ltd., Nanjing, CN ) at
load of 300 g with holding time of 15 s. Cracks around the indent imprints were then
observed by scanning electron microscopy (HITACHI S-4800; Hitachi High-Tech Co.,
Ltd., Tokyo, JPN) to study their toughness.

The tribological behaviors of y-TiAl substrate and coating at room temperature



was tested using the CFT-I friction and wear testing machine (CFT-I; Zhongkeyuan
Institute of Chemical Physics, Lanzhou, CN) at different loads of 420, 620, 820 g and
a constant sliding speed of 400 r/min. Whole sliding length was 5 mm. Si3N4 ball with
a diameter of 5 mm (provided by KOVE bearing Co., Ltd., Zhejiang, CN) was
employed as the friction ball. The morphology of wear track, debris and friction ball
were observed by scanning electron microscopy (HITACHI S-4800; Hitachi High-Tech
Co., Ltd., Tokyo, JPN). The three-dimensional (3D) morphologies of wear tracks were
test by three-dimensional optical profilometer (CONTOUR GT-K; Bruker Corporation,
Massachusetts, US). The wear volume of the wear track was obtained by analyzing the
3D profile with software (RtecInsight; Rudolph Technologies, Inc., California, US).

The specific wear rate, K, could be calculated using Eq. (1).

K= (1)

where V represents the wear volume (mm?), S represents the whole sliding
distance (m) and P represents the load (N).
3. Results and discussion
3.1. Microstructure analysis of as-deposited Mo-Si-Ti coating

Fig. 1 depicted the morphology including surface and cross-sectional, EDS line
scanning, transmission electron microscope dark-field (TEM-DF) image and X-ray
diffraction pattern of Mo-Si-Ti coating, which showed a typical coating characteristic
prepared by DGP technology i.e., pits caused by argon ion bombardment (Fig. 1a) as
well as diffusion layer (Fig. 1b). The cross-sectional morphology showed that the
coating was consisted of a 5 um diffusion layer and a 12 pm deposition layer. The argon
ions bombarded the y-TiAl surface continuously and created the defects, such as the
vacancies, grain boundaries and others, which promoted the formation of a 5 pum
diffusion layer as buffer between the substrate and the coating. Mo, Si and Ti from the
coating diffused into the substrate while Ti and Al from the substrate diffused into the
coating under the thermodynamically favorable reaction. In addition to the
compositional gradient, the coating exhibited a structure gradient. As shown in TEM-

DF image of the substrate-coating cross-section in Fig. 1(c), the cross section consisted



of three parts. The first part was the area away from the substrate surface (Area | )

having a grain size of about 1 um. The second part (Area Il ) was the area at a distance

of 0-0.3 um under the substrate surface where the substrate grain refinement layer
appeared and the grain size was about 0.1-0.2 um. The continuous bombardment of
argon ions and the stresses generated by the ion bombardment will result in the
fragmentation of the grains on the surface of the substrate and lead to a decrease of the

grain size [26]. Meanwhile, the increase of grain boundaries caused by grain refinement

also promoted the interdiffusion of Al, Ti, Mo and Si. The third part (Area III) was the

coating with smaller grain size of 20 — 50 nm. The grain size decreased from the y-TiAl
to the coating, which promoted the gradient structure. According to the XRD result
shown in Fig. 1d, the coating was primarily consisted of the (Ti, Mo)sSis phase, with
some phases of MoSi» and TiSi. The diffraction peak of the (Ti, Mo)sSi3 phase was
shifted to a higher angle compared to the peak of the TisSi3 phase (PDF 01-078-1429)
as Mo replaced some Ti. According to Bragg diffraction equation, Mo with a smaller
atomic radius (0.139 nm) replaced Ti with a larger atomic radius (0.146 nm), leading to
a decrease in lattice spacing. As a result, the diffraction peak angle increased and caused

a shift towards higher angle.
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Fig. I The surface morphology (a), cross-sectional morphology with EDS scanning
(b), TEM-DF image (c), and X-ray diffraction pattern (d), of coating.

Fig. 2 showed the AFM image of y-TiAl and Mo-Si-Ti coating. Roughness

(arithmetic average (Ra) and the root mean square (RMS)) and three-dimensional
images of the samples were available from a flat topographic image of Fig. 2(a) and
Fig. 2(c). The surface roughness of the substrate was 135 nm (RMS) or 106 nm (Ra).
Scratches and bumps can still be observed on the surface of the polished substrate as
shown in Fig. 2(b). The Mo-Si-Ti coating exhibits a similar roughness as the substrate,
i.e., 141 nm (RMS) or 114 nm (Ra). The pits and bumps on the coating surface caused

by the bombardment of argon ions can be clearly observed from Fig. 2(d).
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Fig. 2 AFM images of y-TiAl (a, b) and Mo-Si-Ti coating (c, d)
3.2 Mechanical properties

Fig. 3 presented the nano-indentation results of y-TiAl substrate and coating. The
plastic work (Wpiasiic) of the sample could be determined by calculating the area
between the loading and unloading curves, in Fig. 3a [27]. The substrate had a higher
Woastic than the coating, indicating that the substrate experienced more plastic
deformation during the test. The hardness (H), elasticity modulus (E), H/E and H3/E?
values of the substrate and the coating were approximately 8.4 and 19.6 GPa, 167.2 and
251.8 GPa, 0.050 and 0.078, and 0.021 and 0.119 GPa, respectively (Fig. 3b & 3c¢). The
coating had a significantly higher hardness compared to the substrate. Furthermore, the
coating exhibited a high resistant to plastic deformation and load bearing capacity, as
indicated by the values of H/E and H*/E? [28 ].

o =5 @

where ¢ stands for the plasticity index, ¢ stands for the surface roughness, and 3

stands for the asperity radius.
3
N < 5.6180°R2 = 3)

where R represents the radius of the contact sphere and o represented a constant.



According to equation 2, the plasticity index of the sample is related to the surface
roughness (o), asperity radius (B) and the H/E. From the AFM image, it could be
observed that the substrate and coating had similar roughness as well as three-
dimensional morphology, indicating that the parameters ¢ and B did not caused a
significant difference of plasticity index between the substrate and the coating.
However, the substrate and coating exhibited large differences of H/E value. The
plasticity index was inversely proportional to H/E, indicating that Mo-Si-Ti coating
with high H/E value had a high resistant to plastic deformation. Equation 3 provided a
way to use sphere-on-flat Hertzian contact theory for calculating the maximum normal
load (N) that could be applied without causing obvious plastic deformation. A sample
with a high H¥/E? value could bear higher normal load [29, 30]. This also could be
explained by the elastic-plastic deformation work. The zone between the loading and
unloading lines stands for the plastic work (Wpiastic) of the sample. Fig. 3d presented the
Wetastic and K values (Welastic/ Wplastic) of coating and substrate during nanoindentation
test. Coating exhibited higher K values than substrate, indicating that the elastic work
during the nanoindentation test was greater than the plastic work. Applying the same
load to the surface, the coating with high K value would produce more elastic
deformation to disperse the stress, allowing it to withstand a greater load before plastic

deformation occurred.
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Fig. 3 Nano-indention results of y-TiAl subatrate, Mo-Si-Ti coating (a) load versus
displacement curves, (b) value of H and E, (c) H/E and H’/E? parameters and (d)
Weiasiic and K values.

Besides nanomechanical properties, fracture toughness is also a key factor
affecting the wear resistance of the substrate and coating, which could be evaluated by
the fracture type on the residual indent imprints, as shown in Fig. 4. Cracks parallel to
the indentation edge and radial cracks (inside the indentation and diagonally) were
found on the substrate surface, which indicated a low fracture toughness of substrate.
No obvious cracks were observed on the surface of plasma based-Mo-Si-Ti coating and
the coating exhibited high fracture toughness. The coating toughening mechanism
could be explained in terms of crack generation and propagation based on the coating
structure, stress field and residual stress. Firstly, according to the analysis of
nanomechanical properties, more of the external loading force was dissipated as an
elastic release, which could inhibit the generation and propagation of cracks [20].
Secondly, Mo-Si-Ti coating with gradient structure allowed a gradual transition of
mechanical properties between the substrate and coating, which could reduce the
generation of cracks due to the sudden changes of properties between the substrate and
coating and enhance the fracture toughness. As shown in TEM-DF image, grain
refinement occurred on the surface of substrate which contributed to an increase of
hardness on the substrate surface and promoted a gradual increase of hardness between
the substrate and the coating. Third, the mechanical property difference and
microstructure mismatch between (Ti,Mo0)sSiz and MoSi> and TiSi could cause high
strains to accumulate at the interface. As the crack extended to the crack tip, the crack
started to extend along the interface where the fracture energy was lower. The crack
deflection consumed some of the energy [25, 31, 32]. Moreover, when the cracks came
into contact with the ductile substrate, tensile stress caused by local deformation of the
ductile phase could consume energy [24]. After some of the external energy was
released, the remaining energy will not be enough to promote the generation and
propagation of cracks. In addition to the above factors, the lack of obvious cracks on
the coating also related to the residual compressive stress, which was beneficial to

inhibit the generation and propagation of cracks. The highest diffraction peak



(26=41.74°) in the Mo-Si-Ti coating XRD result were selected to calculate the residual
stress using the sin®y method [33]. And the azimuthal angles were selected as 0°, 15°,
30° and 45°. The measured residual stress of the coating was -1.26 £ 0.07 GPa,
exhibiting an residual compressive stress. The constant bombardment of Ar" during the
deposition process caused residual compressive stresses on the coating surface, which
was referred to as the ion peening effect [34]. As another source, the thermal stress
caused by the coating preparation process also caused the residual stress. Due to lower
coefficients of thermal expansion (CTEs) of the coating compared to the substrate,

compressive residual stress was generated inside the coating as the temperature of the

sample cooled.

Fig. 4 Residual indent imprints on the y-TiAl substrate (a) and the coating (b).

3.3 The effect of load on the tribological behaviors

Fig. 5, 6 and Table 1 depicted the morphology and composition of wear tracks at
various loads. The substrate exhibited abrasive and oxidative wear. The presence of Si
on the wear track indicated the transfer of material from load to substrate. As shown in
the wear tracks of substrate, the friction between the substrate and the SizN4 ball
produced lots of wear debris. Meanwhile, during the reciprocal sliding process, some
of debris was squeezed into the ends of the wear track (top A and B) and created grooves
under external stress (in Fig. 5al, bl and cl). Moreover, some of the fine debris was
pressed onto the surface of the wear track, forming a compacted layer. The oxide film
was generated on the surface of the wear track, as O was found in the EDS results. And,
as the load increased from 420 g to 820 g, the oxygen content on the surface of the wear

track increased from 4.2 at.% to 10.0 at.%, refer O content for point 1 to 3 in Table 1,



indicating that the high load promoted the oxidation of substrate. The coating, in Fig.
6, also exhibited abrasive and oxidative wear. However, the oxidative wear of the
coating was greater than that of the substrate because more O content (about 20 at.% -
30 at.%) was observed in the EDS results, refer O content for point 4 to 7 in Table 1.
As shown in the TEM-DF image (Fig. 1), the coating exhibited smaller grain size than
that of substrate. The more boundaries provided by the fine grains acted as "channels"
to promote the inward diffusion of O, and allowed the effective oxygen diffusion
coefficient of coating to be greater than that of substrate [35]. As a result, the coating

was more easily oxidized and exhibited higher O content on the wear track surface.
£ < (a+2) (4)
d2 d

where € is creep rate; d is grain size; a b and ¢ are not related to grain size [36].

Moreover, as shown in the equation 4, the presence of small grain size in the
coating facilitated high creep rate, which could relieve stress in the oxide film and thus
improve the adhesion between the coating and the oxide film [36]. Consequently, the
wear tracks of the coating were smooth. However, when the load was increased to 820
g, some pits caused by the flaking of coating could be observed, which related to the
oxidation of coating. The oxidation degree of Mo-Si-Ti coating surface in different
regions was different according to different O content, and the area around the flaked
coating exhibited higher O content (36.8 at.%, the area 7 in Fig. 6¢2). The friction heat
produced oxide film on the coating surface and might also reduce its fracture toughness,
which eventually led to the flaking of coating. Similar to the substrate, high load
promoted the oxidation of the coating because the O content on the coating surface

increased as the load increased.
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Fig. 5 SEM of the wear track of the substrate under various loads, enlarged
morphology of the middle region of the wear track, mapping of the middle region of
the wear track (a) 420 g, (b) 620 g and (c) 820 g.
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Fig. 6 SEM of the wear track of the coating under various loads, enlarged
morphology of the middle region of the wear track, mapping of the middle region of
the wear track (a) 420 g, (b) 620 g and (c) 820 g.



Table 1 EDS analysis of the wear tracks.

Analyzed Element content (at.%)

point/area Al Ti Mo Si 0] N
point 1 41.5 51.7 0.1 4.2 2.5
point 2 41.2 48.2 1.5 7.0 2.1
point 3 40.5 46.7 0.9 10.0 1.9
point 4 36.1 10.6 24.8 27.1 1.4
area 4 48.0 15.5 26.1 8.4 2.0
point 5 46.0 12.7 25.9 14.7 0.7
point 6 33.8 11.2 21.7 333 0
point 7 38.5 12.6 23.6 23.7 1.6
area 7 28.8 9.5 23.4 36.8 1.5

Fig. 7 presented the three-dimensional (3D) morphologies of wear tracks on the
substrate and coating. The size of wear tracks on the coating surface including width
and depth were significantly smaller than that of the substrate, indicating lower wear
loss of the coating. As present in Fig. 8, the specific wear rates of the coating were 4.3,
4.0 and 3.5x10* mm*N"'m! at loads of 420, 620 and 820 g, respectively. The specific
wear rates of Mo-Si-Ti coating were reduced by 98.4, 98.1 and 97.9 % than that of the
substrate. The coating exhibited better nanomechanical properties, such as high
hardness, resistance to plastic deformation and load-carrying capacity, which could
disperses external stress in the form of elastic deformation during the friction process
and bear more load. High fracture toughness of coating reduced the generation of cracks
and flaking of coating. As a result, the specific wear rate of coating was significantly
lower than that of the substrate. Moreover, it was notable that the specific wear rate of
both the substrate and the coating decreased with the increase of load, which was related

to the wear debris and oxide film.
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Fig. 8 Specific wear rates of substrate and coating at various loads.

3.4 Effect of debris and oxide layer on tribological behaviors

The wear morphology of the Si3N4 balls against the substrate and the Mo-Si-Ti
coating at various loads were shown in SEM images in Fig. 9 and 10, respectively. The
hardness of the Si3N4 ball (17.6 GPa, measured by nanoindentation test) was higher
than that of the substrate (8.4 GPa), which resulted in less wear loss of the ball.
Moreover, the reciprocating friction process caused the ball to exhibit an ellipse shape

along the sliding direction. The wear loss of the ball increased as the load increased and



the wear track of the ball tended to be circular (Fig. 9al, bl and c1). Ti and Al from the
substrate were visible on the SizN4 ball wear track, as shown in the EDS of Fig. 9,
indicating that the material transfer occurred between y-TiAl substrate and Si3N4 ball.
The existence of O proved the creation of an oxide film on the SizN4 ball surface.
Besides, some flaking pit (both in Fig. 9a2, b2, and c2) and obvious adhered wear debris
(in Fig. 9¢2) could be seen on the surface of the Si3N4 ball.

There were three main types of debris produced during the friction between the
substrate and Si3N4 ball as shown in Fig. 9(a3, b3, and c3), namely plate shaped
particles, large lump like wear debris and fine like wear debris. According to the results
of the nanoindentation test, the substrate exhibited a low resistance to plastic
deformation, which promoted adhesion between the substrate and the Si3N4 friction ball.
Therefore, the adhered debris and flaking pits observed on the surface of the SizNs4
friction ball. Meanwhile, under the action of shear force during sliding process, the low
fracture toughness of substrate promoted the crack nucleation and propagation on the
surface of wear track, which caused the adhered substrate to flake off, as well as the
generation of large lump like wear debris. An increase of plastic deformation under high
load (820 g) resulted in an increase of large lump like wear debris. Moreover, the
accumulation of plastic deformation led to the generation of plate shaped debris with
an aspect ratio of 2-10. The formation of fine wear debris indicated that the oxide film
on the wear track surface has been destroyed which was also could be observed in the
EDS results of wear debris (Table 2) [37-39]. According to the EDS results in Table 2,
it could be seen that the substrate, affected by less frictional heat generation, flaked off
to form a large lump like wear debris, which made its O content (Point 1, 3 and 5) lower
than that of fine wear debris. Meanwhile, it was inferred that the large lump like wear
debris was composed of both the oxide and the substrate material. The fine wear debris
formed by the fracture of oxide film contained more O and was mainly composed of
oxides. Moreover, the O content of fine wear debris increased as the load increased,
indicating that the high load promoted frictional heat generation as well as the formation
and fracture of the oxide film, which agreed with the results of the O content on the

surface of the wear track. The presence of Si and N in the wear debris indicated that the



Si13N4 ball was worn to form a small amount of wear debris.

The hardness of the Mo-Si-Ti coating (19.6 GPa) was higher than that of the Si3N4
ball (17.6 GPa), which led to a higher wear loss of the Si3N4 ball and made the Si3N4
ball to exhibit a circular shape and smoother wear track surface, refer Fig. 10. Moreover,
the oxide film was generated on the Si3N4 ball surface as the presence of O was
observed in the EDS. The high resistance to plastic deformation and fracture toughness
of the coating reduced the generation of cracks and flaking during the friction process,
resulting in less wear debris, and it was difficult to observe by SEM. Therefore, the
wear debris generated during the friction between the coating and the Si3N4 ball was

not characterized.
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Fig. 9 The wear morphology on the Si3sNy balls against the substrate and debris. (al),
(a2), (b1), (b2), (c1) and (c2) are the wear morphology of SisN4 balls. (a3), (b3) and
(c3) are the morphology of debris. @: Plate shaped particles;, @: Large lump like
wear debris; @: Fine or powder like wear debris.

flaking pits

Table 2 EDS analysis of the wear debris marked in Fig. 9.



Analyzed Element content (at.%)

point Al Ti O Si N
point 1 23.41 33.85 28.79 0.19 13.76
point 2 15.16 23.86 37.72 0.28 22.98
point 3 29.24 31.36 22.26 1.15 15.99
point 4 20.00 25.15 34.80 0.53 19.52
point 5 27.12 33.65 20.80 1.31 17.13
point 6 14.52 20.44 41.83 0.79 22.42
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load: 820 g |0 3 : S
circular 150 pm | . . EEN
Fig. 10 The wear morphology on the Si3N4 balls against the coating (al), (a2), (bl),
(b2), (cl) and (c2) are the wear morphology of SisN4 balls.

3.4.1 The effect of wear debris on the tribological behavior

Fig. 11 showed the friction coefficient curves of the substrate and coating during
friction with SizN4 ball. As shown in Fig. 11, both the substrate and the coating
exhibited low friction coefficients at the initial stage of friction (before 2 min of wear

test). The friction coefficients of the substrate and coating increased as the wear test



time increased, and then the friction process entered the stabilization stage. When the
loads were 420 g and 620 g, the average friction coefficients of the substrate at the
stabilization stage of friction were about 0.6. As the load increased to 820 g, the high
load shortened the initial friction stage of substrate while slightly reducing the friction
coefficient value (about 0.5) and also reduced the fluctuation amplitude of the friction
coefficient at the stabilization stage. At loads of 420 g and 620 g, the coating exhibited
a similar average friction coefficient to that of the substrate, which was about 0.6, but
the friction coefficient of the coating had lower fluctuation amplitude. Moreover,
different from the substrate, a slight increase of the friction coefficient for the coating
was observed when the load was increased to 820 g. The substrate and coating produced
various wear products during friction against the SizN4 ball and affected the tribological

behavior in different ways.
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Fig. 11 Friction coefficient curves of substrate and coating under various loads
The debris had three effects on the tribological behavior of the y-TiAl substrate
and only affected the tribological behavior of Mo-Si-Ti coating at the initial stage of
friction, as illustrated in the schematic diagram of Fig. 12a, b, c and d. (1) The debris
served as a solid lubricant at the initial stage of friction. At the initial stage of friction,
bumps on the surface of substrate and coating were contacted with Si3N4 ball and
fracture under stress to form wear debris. The short initial stage of friction made the
wear debris difficult to be oxidized significantly due to less friction heating generation.

As a result, the wear debris formed at the initial stages of friction exhibited a similar



hardness to that of the substrate as well as the coating. Meanwhile, these wear debris
act as a solid lubricant during the sliding process, thus reducing the friction coefficient
and the wear rate. (2) The debris with high hardness, as the third body abrasive particle
in three-body condition, promoted the abrasive wear and increased the wear loss of
substrate. The substrate, Si3N4 friction ball, and the common oxides of the substrate
after oxidation, i.e., TiO> and Al>O3, were given in Table 3.The hardness of TiO> (16.5
GPa) and Al,O3 (25-29 GPa) was significantly higher than that of the substrate (8.4
GPa). Moreover, debris adhered to the surface of the Si3N4 ball and then followed them
in a reciprocating sliding. Under repeated external stress, the debris would flake off
from the surface of the SizN4 ball, removing some Si3N4 material with high hardness
(17.6 GPa). The wear debris with high hardness could destroy the wear track surface
and caused grooves. Variations in the morphology of wear track altered the conformity
between surfaces and resulted in a redistribution of loads between asperities [40, 41].
Interactions between grooves, wear debris, asperities and reciprocating sliding caused
crack initiation and extension, which resulted in the local removal of y-TiAl from the
wear track [42]. Therefore, the wear debris with high hardness increased the wear rate
of substrate. Compared to the substrate, the coating produced only little wear debris at
the initial stage of friction and the debris were removed from the wear track surface
during the subsequent friction process. Therefore, the wear debris did not significantly
affect the tribological behavior of the coating at the stabilization stage of friction.

Table 3 The hardness of different materials

Hardness (GPa) Source
v-TiAl 8.4 Nanoindentation test
TiO, 16.5 Reference [43]
AlO3 25-29 Reference [44]
Si13N4 17.6 Nanoindentation test

(3) A protective transfer layer was formed by pressing some fine debris on the
surface of the wear tracks. Oxidation, ploughing and compaction resulted in the creation
of a protective transition layer on the surface of the substrate and the compacted layer

of debris reduced the wear rate. As presented in Fig. 8, the specific wear rate of the



substrate gradually decreased as the load increased. Therefore, it could be inferred that
the contribution of the compacted layer to reducing the wear rate was more significant
than the contribution of debris to increasing wear rate through three body wear.
However, the protective effect of the compacted layer appeared to be weakened in the
present study. Because large debris created isolated obstructions on the surface of wear
track and moved following the Si3N4 ball, which could destroy the completeness of the

compacted layer.

3.4.2 The effect of oxide film on the tribological behavior

In addition to forming a compacted layer, wear debris could contribute to the
friction heating. Adhered wear debris formed new micro-asperities during the friction
process. The micro cutting heat generated by the ploughing effect between the micro-
asperities and the wear tracks caused local high-temperature area. On the one hand,
friction heating facilitated the plastic deformation and increased the wear rate. On the
other hand, friction heating promoted the formation of oxide film, which could reduce
the wear rate.

According to the wear tracks morphology (Fig. 4 and 5) and EDS (Table 1), an
oxide film was generated on the surface of both the substrate, coating and the Si3N4 ball,
allowing an oxide film-oxide film contact during wear tests. The increase of load had
different effects on the tribological behavior of substrate and coating, both positive and
negative. The debris could create grooves on the wear track surface under high load,
destroying the continuity of the oxide film and thus weakening its protective effect.
Then O reacted with the fresh y-TiAl to form a new oxide film. Wear loss was increased
by the repeated creation and removal of an oxide film [45]. Moreover, high load
contributed to the friction heating generation and promoted the formation of oxide film
as well as greater coverage. The presence of oxide film provided lower shearing energy
junctions and reduced the frictional force, resulting in a low friction coefficient as well
as the low wear rate [46]. Therefore, when the load was increased to 820 g, the O
content on the wear track surface of substrate increased and was accompanied by a

decrease of the friction coefficient. The specific wear rate of the substrate decreased as



load increased, indicating that the removal rate of oxide film did not exceed the
formation rate of oxide film.

Friction heat generation had a higher effect on the coating than on the substrate,
as more O content appeared on the wear track of coating. Meanwhile, the fine grain,
high hardness and resistance to plastic deformation of the coating could support the
oxide film and reduce the flaking of the oxide film. As a result, the fluctuation amplitude
of the friction coefficient of the coating was smaller than that of the substrate attributed
to the complete oxide film. However, when the load was increased to 820 g, high load
caused the coating to flake off and the flaking pits appeared on the wear track of the
coating surface, which caused a slight increase of the friction coefficient as well as an
increase of the wear rate. Similar to the substrate, the specific wear rate of the coating
decreased as the load increased, indicating that the contribution of the oxide film to
reducing the wear rate was more significant than the contribution of oxide film to
increasing wear rate through flaking off.

In addition to the debris and oxide film, the wear rate might also be affected by the
strain hardening. y-TiAl with a lower resistance to plastic deformation might be more
easily strain hardened during friction process, resulting in smaller contact area and

plastic regions, and thus reduced the specific wear rate [47, 48].
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Fig. 12 Schematic diagram illustrated the wear mechanisms of the substrate and
coating.

5. Conclusion

In present work, Mo-Si-Ti coating with a gradient structure was prepared on the
v-TiAl surface using a DGP technology to reduce the fracture and improve the wear
resistance. The key conclusions were shown below:

(1) The Mo-Si-Ti coating consisting of the (Ti, M0)sSi3, MoSi> and TiSi exhibited
a composition and structure gradient. The interdiffusion of Al, Ti, Mo, and Si promoted
the composition gradient of coating. The gradual decrease of grain size from the
substrate to the coating allowed the coating to exhibit a structure gradient.

(2) The hardness and elasticity modulus of Mo-Si-Ti coating were 19.6 and 251.8

GPa, respectively, which were 2.3 and 1.5 times that of the y-TiAl substrate. Higher



H/E and H?/E? values indicated a better resistance to plastic deformation and load
bearing capacity of Mo-Si-Ti gradient coating. The gradient structure inhibited the
crack formation under external stress and allowed the coating to exhibit high fracture
toughness, which ensured the excellent wear resistance.

(3) At various loads, the substrate and the coating showed abrasive and oxidative
wear. The surface of the substrate suffered plastic deformation during friction, which
led to lots of debris and higher wear rate. However, the formation of a compacted layer
of debris and the oxide film caused the specific wear rate of the substrate to decrease
as the load increased.

(4) The gradient structure with high nanomechanical properties as well as high
fracture toughness reduced the fracture and flaking of the coating during wear test. Fine
grains promoted the generation of oxide film and also improved the adhesion between
oxide film and coating, resulting in the decrease of specific wear rates. The specific
wear rates of the coating were 4.3, 4.0 and 3.5%10° mm>N-'m™! at loads of 420, 620 and
820 g, exhibiting reductions of 98.4%, 98.1%, and 97.9% compared to the wear rates
of the substrate, indicating that the Mo-Si-Ti coating could effectively improve the wear
resistance of y-TiAl. The DGP technology provides a method for the preparation of
coating with gradient structure. It is particularly suitable for the coatings which have
obvious different properties compared to the substrate, such as ceramic coating.
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