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Abstract: In order to reduce the friction coefficients and further improve the anti-wear properties of Ni-base alloy coatings
reinforced by TiC particles, graphite/TiC/Ni-base alloy (GTN) coatings were prepared on the surface of 45 carbon steel. The effects
of graphite content on the microstructure and tribological properties of the GTN coatings were investigated. The results show that the
addition of graphite to the GTN coatings may greatly reduce the friction coefficients and improve their wear resistance. The
6.56GTN and 12.71GTN coatings exhibit excellent integrated properties of anti-friction and wear resistance under low and high
loads, respectively. Under a low load, the wear mechanisms of the GTN coatings are mainly multi-plastic deformation with slight
abrasive wear and gradually change into mixture of multi-plastic deformation, delamination and micro-cutting wear with the increase
of graphite fraction. As the load increases, the main wear mechanisms gradually change from micro-cracks, micro-cutting and
adhesive wear to micro-cutting and micro-fracture with the increase of graphite fraction.
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1 Introduction

With rapid development of modern technology, high
requirements on the service life and reliability of parts
used in machinery are put forward and become
increasing urgent. So it is an important pursuing aim to
prolong the service life and economize energy and
materials by providing machine parts with excellent
tribological performance. As important surface
strengthening materials, Ni-base alloy coatings have
been successfully applied to machine parts in mechanical
engineering because of their excellent properties such as
high hardness, high bonding strength, anti-wear and
corrosion resistance [1—4]. In order to further improve
the wear resistance of Ni-base alloy coatings, a series of
Ni-base alloy composite coatings reinforced by hard
ceramic particles, such as WC [5], SiC [6], TiC [7], B4C
[8] and Cr;C, [9], were prepared by different kinds of
surface technologies and their wear properties were
researched. For example, the wear resistance of Ni-base
alloy coatings reinforced by 61.6% WC was increased by
2 times [5]. But these particle-reinforced coatings usually
exhibit high friction coefficients under the condition of
high contact stress and no liquid lubrication, which

results in large consume of energy. Thus, it becomes an
important problem to decrease the friction coefficients of
Ni-base alloy coatings reinforced by the second hard
phases and further improve their wear resistance.

One of the effective methods to reduce the friction
coefficients of coatings is to add solid lubricant particles
such as graphite and MoS, to the matrix [10]. Previous
studies showed that a solid lubricant film might form on
the worn surface to reduce friction coefficient due to the
lamellar structure and softness of these solid lubricant
materials [11—13]. NIE et al [11] prepared graphite/oxide
composite coatings by electrolytic plasma process, and
the friction coefficients of the coatings could be reduced
to 0.22. However, most researches mainly focused on
adding single solid lubricant particles to Ni-base alloy
and there is few report on incorporating both solid
lubricant particles and the second hard phases at the
same time by thermal spray technology to reduce the
friction coefficients and improve the wear resistance of
Ni-base alloy coatings. Therefore, in this work, Ni-base
alloy coatings incorporated with both TiC and graphite
particles (graphite/TiC/Ni-base alloy) were prepared on
the surface of 45 carbon steel by plasma spray
technology. The effects of graphite content on the
tribological properties of the composite coatings were
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investigated under dry sliding friction conditions to
provide experimental proofs and instructions for the
composite coatings in engineering application.

2 Experimental

2.1 Specimen preparation

The spray composite materials of graphite/TiC/
Ni-base alloy (abbreviated by GTN) were composed of
Ni-base alloy powders, TiC wrapped by nickel powders
and graphite wrapped by nickel powders. The chemical
composition of the Ni-base alloy powders with size
ranging from 55 to 128 um was 15.5% Cr, 3% B, 4% Si,
14% Fe, 0.75% C and balance Ni (mass fraction). The
TiC wrapped by nickel powders with the size ranging
from 22 to 36 pum contained 35.45% nickel and the
graphite wrapped by nickel powders with size ranging
from 75 to 128 pum contained 75% nickel. In order to
investigate the effects of graphite content on the
microstructure and tribological properties of GTN
composite coatings, some typical composite coatings
with different graphite fractions were prepared by plasma
spray technology, as shown in Table 1.

Table 1 Composition of GTN composite coatings (Volume
fraction, %)

Coating Graphite TiC Ni-base alloy

0GTN 0 33.11 Bal.
6.56GTN 6.56 32.03 Bal.
12.71GTN 12.71 31.01 Bal.
18.47GTN 18.47 30.06 Bal.
23.90GTN 23.90 29.17 Bal.

45 carbon steel was chosen as the substrate, which
was treated by degreasing and rust cleaning. The spray
composite materials of GTN were sprayed on the surface
of 45 carbon steel by plasma spray. The spray
technological parameters were electric current of 600 A,
voltage of 40 V and spray distance of 80 mm. The
specimens were discs with dimensions of d 60 mmx7
mm, in which the thickness of the GTN coatings was 500
pum and the surface roughness was 0.5 pm after
grounding by diamond wheel.

2.2 Tribological tests

Tribological tests were carried out in an HT—500
ball-on-disc tribometer at room temperature. The upper
specimen was a SizN, ball with diameter of 4 mm,
surface roughness of 0.05 um and hardness of HV1500.
The lower one was the GTN composite coatings. The
Si;Ny ball slid against the GTN coatings under dry
sliding friction condition at speed of 0.1 m/s under

different normal loads of 6, 8, 10 and 12 N, respectively.
The wear loss of the specimen was measured by the
balance of TG328A with the accuracy of 0.1 mg.

2.3 Surface analysis

The hardness of the GTN composite coatings was
measured by a DHV—-1000 micro-hardness tester. The
microstructure and worn surfaces of the GTN composite
coatings were observed by a QUANTA200 scanning
microscope  (SEM).  The
compositions of the worn surface and wear debris were
respectively tested on an energy-dispersive X-ray
spectroscope (EDX) attached to the SEM.

electronic chemical

3 Results and discussion

3.1 Microstructure and micro-hardness of GTN
composite coatings

The microstructure of 0GTN coating is shown in
Fig. 1(a). It is found that the coating is in a dense
structure state and there are some grey areas (marked by
A). EDX spectrum of area A is shown in Fig. 1(b). It
indicates that the grey structure is mainly composed of
TiC. The molar ratio of C to Ti is 3:5, for TiC particles
were partially dissolved into melted Ni-base alloy in
spray process and developed into a mixed structure of
MC,, in which x changes from 0.5 to 1 [14]. The melted
TiC particles might precipitate with some elements from
the Ni-base alloy, which accounts for the existence of Ni
and Cr elements in the grey structure. Figure 1(c) shows
the EDX spectrum of area B in the grayish structure of
the coating. It is evident that the main part of the grayish
structure is the matrix of Ni-base alloy. The existence of
2.63% Ti in area B means that Ti diffused into the
Ni-base alloy in spray process. So, it can be inferred that
the metallurgical bond was developed between TiC and
Ni-base alloy because of the diffusion.

The microstructure of the composite coatings is
dramatically changed after the addition of graphite to
GTN. The microstructure of 12.71GTN coating is shown
in Fig. 2(a), there are three typical areas, i.e. the grayish
area, the grey area and the black area. The grayish
structure is the matrix of Ni-base alloy. Figure 2(b)
shows the EDX spectrum of area 4 and it consists of
100% C in this area, indicating that the black structure is
graphite. Graphite would not react with other element in
the spray process because it is wrapped by nickel. So it
can exhibit lubrication effect and reduce friction
coefficient in the friction process. EDX spectrum of area
B indicates that it is composed of TiC and a little Ni
(Fig. 2(c)). The dispersion of TiC particles in the matrix
of Ni-base alloy may greatly improve the wear resistance
of the composite coatings.
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Fig. 1 SEM image (a) and EDX spectra (b, ¢) of 0GTN coating

The microhardness of the composite coatings with
the change of graphite fraction is shown in Fig.3. It is
found that the microhardness decreases with the increase
of graphite fraction. The microhardness of 0GTN coating
is the highest (HV769.8) among all the coatings and that
of 23.90 GTN coating is the least (HV 293.3). Because
graphite is soft and may be easily deformed under
contact stress, the higher the fraction of graphite in
the composite coatings is, the lower the capability of
anti-plastic deformation is, which results in the smaller
microhardness of the composite coatings.
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Fig. 2 SEM image (a) and EDX spectra (b, ¢) of 12.71GTN
coating

3.2 Tribology
3.2.1 Tribology of GTN composite coatings

The friction and wear results of the GTN composite
coatings are shown in Fig.4. It is found that the addition
of graphite to the coatings greatly reduces the friction
coefficients and improves their wear resistance. For
example, the friction coefficient of O0GTN coating is in
the range of 0.35—0.44 and the wear loss changes from
2.9 to 6.4 mg, which are much larger than those of other
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Fig. 3 Microhardness of composite coatings vs volume fraction
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Fig. 4 Friction coefficient (a) and wear loss (b) of composite
coatings vs volume fraction of graphite under different loads

composite coatings with graphite. The friction coefficient
of 6.56GTN coating is about 44% lower than that of
OGTN coating. The changing trend of friction
coefficients with graphite fraction is shown in Fig. 4(a).
But as the graphite fraction in GTN coatings further
increases, the decreasing trend of friction coefficients
becomes slow. The friction coefficient of GTN coatings
reaches the minimum when the volume fraction of

graphite is 18.47%. As the load changes from 6 to 12 N,
the friction coefficient of 18.47GTN coating remains the
minimum range of 0.14-0.25, which is reduced by 54%
than that of the 0GTN coating.

Compared with the composite coatings with no
graphite (0GTN), the wear loss of the GTN composite
coatings decreases in great margin, as shown in Fig. 4(b).
For example, under friction conditions with loads of 6
and 8 N, the wear loss of 6.56GTN coating reaches the
minimum, which are 1.3 and 1.8 mg and 55% and 60%
lower than those of the 0GTN coating, respectively. If
the loads increase to 10 and 12 N, the wear losses of the
12.71GTN coating are the lowest (3 and 2.7 mg), and
they are 53% and 45% lower than those of the 0GTN
coating, respectively. If the volume fraction of graphite
in the GTN composite coatings increases to
18.47%-23.90%, the wear loss increases, which means
that the wear resistance of the GTN composite coatings
will be deteriorated if the graphite fraction exceeds a
certain value.

In summary, the addition of graphite to the GTN
composite coatings may greatly reduce the friction
coefficients and improve the wear resistance. Under low
load friction conditions (load<8 N), the 6.56GTN coating
presents better integrated property of anti-friction and
wear resistance than other GTN composite coatings, and
the friction coefficients and wear losses are respectively
reduced by 44% and 58% than those of 0GTN coating.
At high loads (load>10 N), the anti-friction properties
and wear resistance of GTN composite coating with
12.71% graphite exhibits excellent integrated tribological
property, and the friction coefficients and wear losses of
12.71GTN coating are respectively 39% and 50% lower
than those of the 0GTN coating.

3.2.2 Effects of graphite fraction on tribological
properties of GTN coatings under low load
friction conditions

Under low load (6 N) friction conditions, the SEM
images of the worn surfaces of 0GTN and 6.56GTN
coatings are shown in Fig. 5. As shown in Fig. 5(a), the
worn surface of the O0GTN coating is accidented and
there are many slight ploughing traces, some pits and
micro-fracture areas. The ploughing traces indicate that
the coating material suffered from micro-cutting by the
counterpart of SizN, ball under dry sliding friction
condition because SizN, ball with hardness of HV 1500
is harder than O0GTN coating with hardness of HV 769.8.
Meanwhile, with the proceeding of the repeat scratching
actions occurred on the coating surface, the coating
materials suffer from multi-plastic deformation, which
results in the decrease of toughness and capability of
plastic deformation. So the surface of materials would
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Fig. 5 SEM images of worn surfaces of GTN coatings and EDX spectra of typical areas at 6 N: (a) SEM image of 0GTN; (b)

SEM image of 6.56GTN; (c) SEM image of 12.71GTN; (d) SEM image of 18.47GTN; (e) EDX spectrum of area 4; (f) EDX

spectrum of area B

be worn out by multi-plastic deformation wear and brittle
fracture, which also accounts for the formation of the
micro-fracture areas and pits on the worn surface.

Figure 5(b) shows the worn surface morphology of
6.56GTN coating. It can be seen that the worn surface is
relatively flat accompanied with many slight
multi-plastic deformation and adhesive traces, as shown
in the grey areas marked by A. Meanwhile, there are
some white protruding areas marked by B, which exhibit
the shape of floccule on the worn surface. It can be

inferred that the main wear mechanisms of the 6.56GTN
coating are multi-plastic wear accompanied with
adhesive wear.

The two typical areas of 6.56GTN coating marked
by 4 and B in Fig. 5(b) were analyzed by EDX,
respectively. Compared with the chemical elements in
the Ni-base alloy matrix of OGTN coating shown in
Fig. 1(c), it is concluded that the grey area is mainly the
matrix of Ni-base alloy. In addition, 4.46% element O is
detected indicating that the oxidation reaction has taken
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place because of friction heat in the friction process. The
fraction of element C is 2 times that in the matrix of
Ni-base alloy with 0GTN coating, which indicates that
graphite exists on the surface of grey area. Graphite
might be squeezed out to the friction surface of the
6.56GTN coating under high contacting stress in the
sliding friction process. Because graphite is in the
lamellar structure, in which C atoms combine in covalent
bonds and the layers combine in molecule bonds, slip
may easily occur under the action of frictional shearing
strength. Because of the solid lubrication effect of
graphite, the friction coefficient and wear loss of
6.56GTN coating decrease compared with those of
OGTN coating.

As shown in Figs. 5(e) and (f), the content of Ti in
area A is about 5 times that in area B, indicating a large
amount of TiC phases distributed in these protruding
areas. In fact, these areas are resulted from the
accumulation of a great deal of wear debris with
abundant TiC phases adhered to the worn surface of the
GTN composite coatings. During the friction process,
more and more debris come together and lead to a larger
proportion of these kinds of areas on the worn surface.
So when the GTN composite coatings are worn against
Si3Ny ball, these protruding arecas become the main
contacting areas and protect the GTN composite coatings
from further wearing out. As a result, the wear loss of

6.56GTN coating is much less than that of 0GTN coating.

Also, severe adhesion induces high flash temperature on
the tribo-interface, which results in aggressive oxidation
of metal materials in the areas. So the content of element
O in area B is about 6 times that in area 4.

As the volume fraction of graphite increases to
12.71%, the worn surface of the coating is shown in
Fig. 5(c). It is found that the worn surface of 12.71GTN
coating is smoother and fewer adhesive spalling pits are
seen compared with the 6.56GTN coating (Fig. 5(b)), but
there are some plastic furrows and micro-cracks as well
as fracture traces. The plastic furrows in curve shape
indicate that more severe non-uniform plastic
deformation has taken place. The micro-cracks and the
fracture traces indicate more micro-fracture wear on the
surface of 12.71GTN coating, which also leads to more
wear mass loss of the 12.71GTN coating than the
6.56GTN coating. So the main wear mechanisms of the
12.71GTN  coating are multi-plastic wear and
micro-fracture wear under low load friction condition.

The worn surface of 18.47GTN coating is shown in
Fig. 5(d). It can be found that there are many
micro-ploughing grooves, micro-cracks, fracture traces
and some plastic deformation areas on the worn surface.
So the main wear mechanisms of 18.47GTN coating are
the mixture of micro-cutting, multi-plastic deformation

wear and micro-crack wear at low load friction

condition.

3.2.3 Effects of graphite fraction on tribological
properties of GTN coatings under high load
friction conditions

When the load increases to 12 N, the worn surface
morphology and wear debris as well as EDX spectra of
debris of the 0GTN and 6.56GTN coatings are shown in
Fig. 6. It can be seen that the worn surface of the 0GTN
coating becomes very accidented and there are many pits
and ploughing traces as well as micro-cracks on the
surface (Fig. 6(a)). The microstructure of wear debris is
shown in Fig. 6(b), containing mainly different sizes of
slices and blocks. The elements of C, Si, Ti, Cr, Fe and
Ni in the wear debris are from the OGTN coating
material, while the existence of element N in the
tribo-counterpart of Si3;N, balls indicates that there is also
some wear debris of Si;N,. The element O in the debris
is 29.43%, indicating severe friction heat occurring and
inducing adhesion and oxidation of the coating material,
which resulted in the high friction coefficient (0.40) and
large wear loss. The slices are mainly developed as a
result of micro-cutting by the counterpart of SizNy ball in
the friction process. In addition, with the increase of
normal load, the contact stress of the GTN/Si;Ny
tribo-couple increases and leads to serious micro-cracks
on the surface of 0GTN coating, which results in the
micro-fracture of the coating material and the formation
of block debris. So the main wear mechanisms of the
OGTN coating are micro-cutting, micro-fracture
accompanied with adhesive wear under high load of
friction condition.

Compared with O0GTN coating, the worn surface of
the 6.56TN coating is relatively flat and there are a small
number of pits with small size on the worn surface (Fig.
6(d)). The wear debris is much smaller in size and
mainly includes grainy blocks and a few slices, as shown
in Fig. 6(e). The decrease in number and size of slices
indicates the reduction of micro-cutting wear of the
coating material. According to the tribological test result
(Fig. 4(a)), the friction coefficient is 0.27 when the
6.56GTN coating is worn against SizN4 ball under the
load of 12 N, which illustrates the addition of 0.56%
(volume fraction) graphite in the coating material greatly
reduces the friction coefficient. The EDX result of the
wear debris is shown in Fig. 6(f). It is found that the
fraction of element O decreases by 40% compared with
OGTN coating, indicating that the oxidation of the
coating materials resulted from high friction heat is
greatly reduced. So the frictional intensity and
adhesion on the interface between the 6.56GTN
coating and SizN, ball are greatly alleviated because of
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Fig. 6 Worn surfaces and wear debris of 0GTN and 6.56GTN coatings and EDX spectra of debris at 12 N: (a) Worn surface of 0GTN;
(b) Wear debris of 0GTN; (c) EDX spectrum of wear debris of 0GTN; (d) Worn surface of 6.56GTN; (¢) Wear debris of 6.56GTN;

(f) EDX spectrum of wear debris of 6.56GTN

the lubrication effect of graphite, which also decreases
the friction coefficient of 6.56GTN/Si;N, tribo-couple.
The reduction of friction coefficient decreases the shear
stress on the frictional surface of 6.56GTN coating, then
improves the critical stress (¢,,) of plastic deformation
[15]. It suggests that the generation of fatigue
micro-fracture and delamination would be reduced.
Therefore, the wear loss of 6.56GTN coating is lower
than that of OGTN coating under high load (12 N)
frictional condition.

Figure 7 shows that the worn surface of the
12.71GTN coating exhibits many ploughing traces and
spalling areas as well as micro-cutting debris. The
increase of graphite fraction induces more effective

Fig. 7 Worn surface morphology of 12.71GTN at 12 N
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lubrication and reduces adhesive wear. It can be inferred
that the wear mechanisms of the 12.71GTN coating are
micro-cutting  wear accompanied with  fatigue
delamination under high load friction condition.
Compared with the 6.56GTN coating, the low friction
coefficient of 12.71GTN coating decreases the fatigue
delamination on the worn surface. So the wear loss of
12.71GTN coating is less than that of 6.56GTN coating.
The worn surface morphology and wear debris with
its EDX spectrum of the 18.47GTN coating are shown in
Fig. 8. It is found that there are many micro-cutting and
fracture traces on the worn surface (Fig. 8(a)). The SEM
image of wear debris (Fig. 8(b)) shows that the debris is
composed of many small slices and some big blocks.

(c) Element w/%  x/%

C 21.71 44386
N 2.87 5.09
0] 14.01 21.73
Si 267 236
Ti 826 4.28
Cr 457 2.18
Fe 3.70  1.64
Ni 4223 17.86

r.

0 2 4 6 8 10 12 14
Energy/keV

Fig. 8 Worn surface (a), wear debris (b) of 18.47GTN coating
and EDX spectrum (c) of wear debris at 12 N

So it can be inferred that the main wear mechanisms of
18.47GTN coating are micro-cutting accompanied with
brittle fracture wear under high load frictional condition.
The EDX spectrum of the debris shows that the mass
fraction of element C is 21.71%, which is nearly 2.4
times that in the debris of the 0GTN coating (Fig. 8(c)).
Because of the high graphite fraction in the coating, the
graphite-rich transferred layer which is mainly composed
of wear debris may develop and cover the worn surface
of 18.47GTN coating well, so the fiction coefficient
further decreases due to the effective lubrication of
graphite. But the increasing graphite content may bring
about the coating surface material to generate severe
multi-plastic deformation and then result in serious
brittle fractures. Also, more pits may be developed
because of the squeezing out of graphite phases from
coating material. Therefore, under high load frictional
condition, although the friction coefficient may be
greatly reduced, the wear loss of the GTN composite
coatings with too high graphite fraction increases.

4 Conclusions

1) The microstructure of the GTN composite
coatings is dense, in which TiC and graphite particles are
dispersed uniformly in Ni-base alloy matrix. The
microhardness of the GTN composite coatings decreases
with the increase of graphite fraction.

2) The addition of proper graphite to the TiC/
Ni-base alloy composite coatings may greatly decrease
the friction coefficients and improve their wear
resistance. The 6.56GTN coating and 12.71GTN coating
all exhibit excellent integrated property of anti-friction
and wear resistance under low load (<8 N) and high load
(=210 N) friction conditions.

3) Under low load friction conditions (load<8 N),
the wear mechanisms of the GTN composite coatings are
mainly multi-plastic wear with slight abrasive wear, and
with the increase of graphite, fraction gradually changes
into mixture of multi-plastic deformation wear and
delamination accompanied with micro-cutting wear. As
the load increases (>10 N), the main wear mechanisms of
the GTN composite coatings gradually change from
micro-cracks, micro-cutting wear and adhesive wear to
micro-cutting wear and micro-fracture with the increase
of graphite fraction.
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