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Abstract: In order to reduce the friction coefficients and improve the wear resistance of mechanical parts, which work in the severe
friction and wear conditions at heavy loads, the graphite/CaF,/TiC/Ni-base alloy composite coatings were prepared by plasma spray
and their tribological behavior and mechanisms were investigated. The results show that the friction coefficients of the composite
coatings are in the range of 0.22—0.288, which are reduced by 25.9% to 53% compared with those of the pure Ni-base alloy coatings,
and the wear rates of the former are 18.6%—70.1% less than those of the latter. When wear against GCr15 steel balls, a transferred
layer mainly composed of ferric oxides, graphite and CaF, may gradually develop on the worn surface of the composite coatings,
which made the friction and wear between GCr15 steel ball and the composite coatings change into that between the former and the
transferred layer. So the friction coefficients and the wear rates of the composite coatings are greatly reduced because of the solid
lubrication effect of the transferred layer. The main wear mechanism of the composite coatings is delamination of the transferred

layer in friction process.
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1 Introduction

In metallurgy and mine machinery, many friction
parts usually suffer from severe friction and wear under
heavy load friction conditions. These parts not only have
to possess the property of high wear resistance to ensure
the service lives of the machinery, but also need low
friction coefficients to reduce energy consumption and
noise. Especially, many friction parts work in the open
structure and severe friction conditions, in which they
cannot be lubricated by liquid or grease. With the
development of surface technology and solid lubrication,
the effective method to solve this problem is to prepare
surface coatings that have excellent anti-friction and
anti-wear properties on the surface of machine parts by
surface technology [1].

Ni-base alloy has excellent properties of anti-wear
and corrosion resistance, it is widely used in surface
engineering to strengthen friction parts of machinery
[2,3]. However, the pure Ni-base alloy coating cannot
provide enough wear resistance or small friction
coefficients under the high contact stress and dry friction
conditions. The wear resistance of Ni-base alloy coating

can be greatly improved by reinforcing of hard phase
particles. At present, Ni-base alloy coatings reinforced by
hard phases are mainly prepared by electro plating, laser
cladding and thermal spray [4—6]. For example, the
Ni-base electro-brush plating coatings reinforced by
nano-alumina grains were prepared and researched [4],
which showed that the micro-hardness and fretting
wear-resistance of the coatings were superior to those of
the common pure Ni-base plating coatings. But the
electro plating coating is usually so thin that it may
easily failure under heavy load friction conditions. The
wear resistance of the laser clad TiC/(NiAI-Ni;Al)
composite coating on steel surface was enhanced by 9
times with the friction coefficient of about 0.4 compared
with the AISI 321 steel under dry sliding conditions [5].
However, the laser clad technology usually needs the
complicated and expensive equipment and is difficult to
treat with large machine parts. Incorporating 2%
nano-AL O3 into the plasma spray Ni-base alloy coating
may improve its wear resistance by 1 times [6]. Plasma
spray is simple and low-cost, which is suitable for
depositing coatings on large mechanical part surface.

On the promise of keeping wear resistance of
the coatings, the friction coefficients of the particle
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reinforced composite coatings can be reduced by
addition of solid lubricants. For instance, LIU et al [7]
researched the laser clad /Al,C;/TiC/CaF, composite
coatings on the y-TiAl intermetallic alloy, the friction
coefficient of the composite coatings is reduced by 44%
compared with the coating without CaF,, and the wear
loss of the former is about 1/6 of that of the latter. The
tribological properties of the graphite/TiC/Ni-base alloy
composite coatings were studied, the results show that
the friction coefficients and the wear rates of the
composite coatings are both less than those of the pure
Ni-base alloy coating [8]. In addition, it is referred that
two or more types of solid lubricants may present better
lubrication than single type [9]. At present, the
researches on adding multi solid lubricants into the
plasma spray particle reinforced Ni-base alloy coatings
are scarce, and the anti-friction and anti-wear
mechanisms of the composite coatings also need to be
investigated. Graphite and CaF, are the most commonly
employed solid lubricants in anti-friction coatings, and
CaF, possesses solid lubrication properties at high
temperatures [10,11]. In this work, the solid lubricants of
graphite and CaF, were incorporated with the TiC/Ni-
base alloy coatings by plasma spray. The microstructure,
microhardness and tribological properties of the
composite coatings were investigated to provide
experiment and theory foundations for the application of
the composite coatings to engineering fields.

2 Experimental

2.1 Specimen preparation

The graphite/CaF,/TiC/Ni-base alloy composite
materials were composed of nickel-clad graphite
powders, nickel-clad CaF, powders, TiC powders and
Ni-base alloy powders. The nickel-clad graphite powders
containing 75% nickel were in the particle size of
75—128 pm. The nickel-clad CaF, powders contained
62.04% nickel and their particle size was 60—90 pm.
Diameter of the TiC particles was 2 pm. The chemical
compositions of the Ni-base alloy powders with the size
from 55 to 128 pm were 15.5% Cr, 3% B, 4% Si, 14% Fe,
0.75% C and residue of Ni (in mass fraction). The
contents of nickel-clad graphite powders, nickel-clad
CaF, powders and TiC powders were optimized using
the orthogonal experiment, which are respectively 10%,
14% and 24%.

The 45 carbon steel was chosen as the substrate,
which was previous treated by degrease and rust
cleaning. The composite coating materials were sprayed
on the surface of 45 carbon steel by plasma spray
equipment of DHI1080. The spray technological
parameters were electric current of 600 A, voltage of 40
V and spray distance of 80 mm. The thickness of the

composite coatings was 400 pm and its surface
roughness was 0.3 pm after being ground by diamond
wheel.

2.2 Tribological tests

The tribological tests were carried out in a
ball-on-disc tribometer of HT—500. The upper specimen
was a GCrl5 steel ball with the diameter of 4 mm,
surface roughness of 0.05 um and micro-hardness of
HV739. The down one was the composite coating. The
GCrl5 steel ball slid against the composite coatings
under the normal load of 6, 8, 10 and 12 N at the speed
of 0.1 m/s in dry sliding friction condition. The wear rate
of the coating (V) was calculated by the following
equation:

V= Am 1)
pL

where Am is the mass loss and was measured by the

balance of TG328A; p is the density of the coating; L is

the total sliding distance.

2.3 Surface analysis

The microstructure and worn surface morphology of
the composite coatings were observed by scanning
electronic microscope (SEM) of QUANTA200, and the
chemical composition of the worn surfaces was analyzed
by energy-dispersive X-ray analysis of EDAX. The
microhardness of the coating was measured using a
DHV-1000 sclerometer.

3 Results and discussion

3.1 Microstructure of graphite/CaF,/TiC/Ni-base

alloy composite coatings

The microstructures of the graphite/CaF,/TiC/
Ni-base alloy composite coatings and their EDX spectra
are shown in Fig. 1. It shows that the microstructure of
the composite coating is compact with few holes as
shown in Fig. 1(a). The grey structure in the coating is
Ni-base alloy matrix. The dark grey structure marked by
arrow A4, which distributed uniformly in the coating, is
composed of 15.31%C, 0.51%Si, 66.18%Ti, 1.09%Cr
and 16.92%Ni. It suggests that the dark grey structure is
mainly TiC. The chemical composition of the bright
white region marked by arrow B is 6.76%C, 3.88% F,
0.69%Si, 10.67%Ca, 19.21%Ti, 2.27%Cr, 1.55%Fe and
54.97%N:i. It can be inferred that CaF, and TiC assemble
in the bright white region. There is also black region that
contains 100% C as marked by arrow C in the coating,
which is graphite. TiC in the composite coatings may
reinforce the Ni-base alloy and improve wear resistance
of the coating. Graphite and CaF, can be sprayed into the
matrix of Ni-base alloy after clad-treating of nickel and
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Fig. 1 Morphology of graphite/CaF,/TiC/Ni-base alloy composite coatings and its EDX spectra: (a) SEM image; (b) EDX spectrum
of region 4; (c) EDX spectrum of region B; (d) EDX spectrum of region C

take the solid lubrication effect to reduce friction
coefficient.

The microhardness of the composite coatings as a
function of distance to the surface is shown in Fig. 2. It is
found that the microhardness changes in the range of HV
425.4-662.5 with the increase of distance and the
average value is HV 550.3. The microhardness decreases
to HV 438.2 and HV 425.4 at the distance of 240 pm and
360 um, respectively. Because the solid lubricants such
as graphite and CaF, are so soft that they may easily
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Fig. 2 Microhardness of composite coatings as function of
distance to surface

deform under the press action of the sclerometer which
leads to the increase of the plastic deformation of the
composite coatings. It may account for the decrease of
microhardness.

3.2 Friction and wear behavior of graphite/
CaF,/TiC/Ni-base alloy composite coatings

The friction coefficients of the graphite/CaF,/
TiC/Ni-base alloy composite coatings and the pure
Ni-base alloy coating with the change of loads are shown
in Fig. 3. It can be seen that the friction coefficients of
the composite coatings take on an increasing trend in the
range of 0.22—0.288, which are reduced by 25.9%—53%
compared with those of the pure Ni-base alloy coating.

Figure 4 shows the wear rates of the composite
coatings and the pure Ni-base alloy coating as a function
of loads. At the load of 6 N, the wear rate of the
composite coatings is 0.23x10 mm’/m. When the loads
exceed 8 N, the wear rates vary from 0.32x10° mm*/m
to 0.37x10> mm*/m. It can be found that the wear rates
of the composite coatings are 18.6%—70.1% less than
those of the pure Ni-base alloy coatings. Especially, the
composite coatings exhibit an excellent wear resistance
at heavy loads.

The worn surface morphologies of the graphite/
CaF,/TiC/Ni-base alloy composite coatings at various
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loads are shown in Fig. 5. It can be seen that the worn
surface of the coating is covered by a black dense
transferred layer. Furthermore, the covered scope of the
transferred layer is small at 6 N as shown in Fig. 5(a). As
the load increases to 8 N, the transferred layer becomes
large (Fig. 5(b)). In Fig. 5(c), the transferred layer almost
completely covers the worn surface at the load of 10 N.
The delamination phenomenon in the transferred layer
emerges at the load of 12 N (Fig. 5(d)).

The EDX spectrum of the transferred layer is shown
in Fig. 6. The layer is composed of 2.86% C, 29.52% O,
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Fig. 3 Friction coefficients of composite coatings as function of
loads

2.07% F, 0.33% Si, 1.64% Ca, 0.65% Cr, 61.59% Fe and
1.34% Ni. There are little Ni, Cr and Si that come from
the Ni-base alloy in the transferred layer, while the
amount of Fe and O in the layer is about 91.11%. This
indicates that the transferred layer is mainly ferric oxides
such as Fe,0;. The 2.86% C in the transferred layer is
graphite, while the 2.07% F and 1.64% Ca suggest CaF,
in the layer. It can be concluded that besides ferric oxides,
the transferred layer also has mixed with graphite and
CaF,. Therefore, the transferred layer plays an effect of
solid lubrication to reduce friction coefficient.
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Fig. 4 Wear rates of composite coatings as function of
loads
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Fig. 5 Worn surfaces of composite coatings at different loads: (a) 6 N; (b) 8 N; (c) 10N; (d) 12N
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Fig. 6 EDX spectrum of transferred layer

3.3 Anti-friction mechanism of composite coatings

According to Tabor’s friction model [12], friction
force (F) is composed of adhesive force (S) and plough
force (P):

F=S+P ©)

At the load of 6 N, the transferred layer
incompletely covers the worn surface which indicates
that GCrl15 steel ball contacts with both the transferred
layer and the uncovered composite coating during
friction. So, the normal force (W) inflicts both on the
transferred layer and on the composite coating that can
be expressed as follows:

W=W.+Wc 3)

where Wy is the normal load inflicting on the transferred
layer, and W is the normal load inflicting on the
composite coating. If # is the ratio of the load on the
transferred layer W to W (0<p<l), W, and W can be
expressed as Eq.(4) and Eq. (5), respectively:

WL:7’] w (4)
We=(1-mW (%)

The friction force between the GCrl5 steel ball and
the transferred layer is mainly the adhesive force.
Equation (6) gives the adhesive force [13]:

S=Ar (6)

where A, is the real contact area; 7 is the shear strength of
the transferred layer. The real contact area between the
transferred layer and the steel ball A, is given by the
following equation:

Arl:WL/ pr (7)
where p; is the average normal stress of the contact area.

Taking the shear stress 7 into consideration, p, is [14]

P =+ P —at’ ®)

where p, is the normal entirety compact plastic
deformation stress, which is equal to hardness (H); a is a
constant.

So,
/4 nw
Ay =—t=r ©)
Pr Hé —ar?
nwr

S = (10)

\H é —ar?
where Hc is the hardness of the composite coating.
The hard particles of TiC extruded on the worn
surface and cut the GCrl15 steel ball, so the friction force
is mainly the plough force in the contact area between
the composite coating and the GCrl5 steel ball. The
plough force may be calculated by the following formula
[14]:

P=Ap (11)

where 4 is the plough area, p is the tensile strength of the
softer material.

The micro contact model between TiC and GCrl5
steel ball is presented in Fig. 7. The plough area is
A= n4; (12)
where n is the amount of TiC particles in the contact area,
and 4; is the plough area of a single TiC particle shown
in Fig. 7. The amount (n) of TiC particles in the contact
area has a relation as follows:

kA d

(13)

n
Vric

where k is the volume fraction of TiC particles, 4, is the

nominal contact area between GCrl5 steel ball and the

coating, d is the radius of TiC particle, and Vric is the

volume of a single TiC particle.

Fig. 7 Micro contact model between TiC particles and GCrl5
steel

GCrl5 steel

® © G ®

Matrix of sprayed coating

According to Fig. 7, A4; is the plough area of a single
TiC particle.

4, = arcsin%sz —rxR? =, arcsin%e [0,%} (14)

where 7 is the radius of the contact area between a single
TiC particle and GCrl5 steel, and R is the radius of TiC
particle. » has a relation with the total real contact area
(4p) between TiC particles and GCrl5 steel ball as

Eq. (15):
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re |t (15)
nm

where the A4, is mainly plastic contact area and can be

expressed [15] as

We
4o =y (16)
where Hg is the hardness of GCr15 steel.

The plough force of the composite coating at 6 N
may be calculated as follows: the volume fraction of TiC
particles (k) is 29.5%; the diameter of TiC particle is 2
um; A, is supposed to be the area of the segment of the
GCrl5 steel ball, whose radius is 0.000684 m. So the
amount of TiC particles is 207031 according to Eq. (13).
The yield strength (o,) of GCrl5 steel is 518.42

MPa, so Hg is 1555.25 MPa according to Eq. (17).
H=30, 7)

The maximum value of W is 6 N. Substituting the
above data into Eq. (15), Eq. (14) and Eq. (13)
respectively, then 4; is 3.05x107'° m?,

The tensile strength of GCrl5 steel is 742 MPa, so
the plough force is 0.0469 N. It can be found that the
plough force is too little to affect the friction coefficient.
Therefore, the friction force of the composite coating is
mainly adhesive force, and the friction coefficient (1) can
be expressed as follows:
pet e (1)

(He/7) —a

When the load increases to 8 N, the transferred
layer becomes larger than that at 6 N, which implies that
n increases, so the friction coefficient of the coating
increases according to Eq. (18). As the load increases to
10 N, the transferred layer covers completely, namely
n=1. The friction coefficient is

pm——t (19)

(HC/T)Z—O!

In addition, the transferred layer also covers
completely at the load of 12 N, so the friction coefficient
is similar to that at 10 N.

In conclusion, the friction mechanism of the
composite coatings is mainly the adhesive friction
between GCrl5 steel ball and the transferred layer on the
composite coatings. Because the shear strength of the
transferred layer composed of solid lubricants is low, the
friction coefficients of the composite coatings are greatly
reduced.

3.4 Generation and failure mechanisms of transferred
layer
The mechanism model on generation and failure

process of the transferred layer on the composite
coatings in friction process is shown in Fig. 8. Figure
8(a) shows the beginning period of friction, the phases of
CaF,, graphite and TiC particles distribute uniformly in
the Ni-base alloy matrix, and the composite coatings
have not suffered from wear as the worn surface is
smooth (Fig. 8(b)).

With the friction proceeding, the phases of CaF,,
graphite and TiC emerge on the friction surface of the
composite coatings (Fig. 8(c)). CaF, and graphite are soft
and may be extruded and spread on the worn surface of
the composite coatings. The hard TiC particles may cut
the GCrl5 steel ball and produce ferric debris on the
worn surface. Ferric debris may easily oxygenate and
produce ferric oxides such as Fe,O; because the action
energy of Eq. (20) is only 0.7 kJ/mol [16].

4Fe+30,=2Fe,05 (20)

The linear black traces in Fig. 8(d) are solid
lubricants (graphite and CaF,) spread by the friction
couple. After the running-in process, wear debris of
ferric oxide may mix with graphite and CaF, on the worn
surface, and gradually develop the transferred layer as
shown in Fig. 8(e). The transferred layer covers the worn
surface of the composite coatings (Fig. 8(f)).

Due to the continuous sliding friction, fatigue
micro-cracks generate on the transferred layer, which
leads to delamination of the transferred layer (Fig. 8(g))
and results in some pits on the worn surface as shown in
Fig. 8(h). So the main wear mechanism of the composite
coatings is delamination of the transferred layer.

The transferred layer on the worn surface not only
reduces friction coefficient of the composite coatings, but
also improves its wear resistance. It can be attributed to
the following reasons: firstly, the transferred layer may
reduce the inter tensile-stress of the composite coatings
to alleviate generation of micro-cracks in the coating;
secondly, the transferred layer can protect the composite
coatings during friction.

4 Conclusions

1) Friction coefficients of the graphite/CaF,/TiC/
Ni-base alloy composite coatings are in the range of
0.22-0.288, which are reduced by 25.9%—-53%
compared with those of pure Ni-base alloy coatings, and
the wear rates of the former are 18.6% to 70.1% less than
those of the latter.

2) When wear against GCrl5 steel ball, a
transferred layer mainly composed of ferric oxides,
graphite and CaF, may gradually develop on the worn
surface of the composite coatings, which makes the
friction and wear between GCrl5 steel ball and the
composite coatings change into that between the former
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