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Abstract: A moving pair with two-body contact is the ideal situation assumed in previous analyses.
However, all moving pairs are in a three-body contact state at the start of operation or immediately
after the start of operation, such as bearings, ball-screws, gears and engines. This work studies the
influence of wear particles (SUJ2), environmental particles (SiO; and Al,O3) and nano-additives
(CuO) on the tribological contact characteristics under different particle concentrations, particle sizes,
surface roughnesses and contact modes. The three-body microcontact analysis revealed that the
differences in the real contact area, particle contact area and separation of the four-particle materials
in the three-body s—s and p—s contact modes are rather small. Under the three-body hybrid contact
mode, the difference is relatively large and the sequence of the real contact area value obtained due to
the elastic modulus for the four-particle material at this interface is Al,O3 > SUJ2 > CuO > SiO,. The
order of the other two contact characteristics is reversed. The difference increases as the particle size
or particle concentration increases. The order of the critical load required to transform three kinds of
contact modes is SiO, > CuO > SU]J2 > Al,O3. On the nearly initial three-body hybrid contact mode,
the plastic contact area ratio at the interface first increases to a critical value and then decreases as the
load increases because the original plastic contact spot area and contact spot number increases with
the increase in load. At the same time, the elasto-plastic contact area ratio decreases to a low value and
then increases. The elastic contact area ratio at the interface decreases as the load increases. Among
the four third-particle materials, the experimental results and theoretical predictions show that the
environmental particles, Al,O3, cause the maximum friction and wear observed at the interface.

Keywords: third-particle; real contact area; separation; wear; contact mode

1. Introduction

The presence of third particles on the lubricating interface of mechanical parts is a
normal phenomenon that will inevitably occur. The possible sources of third particles
include environmental particles and wear debris from component operation or micro-nano
particles in the lubricant. The two-body contact motion pair without the third particle
occurs only at the start of operation. The concentration of the third particle will gradually
increase with the increase in the part’s operation time. This will eventually result in a
reduction in performance until the end of service life. Therefore, the third particle at the
interface is an important indicator of the performance of the part. However, the difference
in the influence of the material and concentration of the third particle on the interface
tribology performance has not been discussed in detail to date.

The systematic research on the effect of the third particle comes from a series of papers
published by Godet since 1984 [1-3]. Due to the complexity of the contact mechanics be-
tween the third particle and the two surfaces, the progress of the research on the mechanism
of the three-body contact interface is not obvious. Major developments have focused on
the predictive analysis of three-body wear [4,5]. In recent years, in the development of
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lubricants, it has been found that nanoparticles greatly affect the performance of lubri-
cants. The importance of third particle research has attracted widespread attention [6,7].
Greenwood suggested that third particle research is one of the tribology topics that must
be tackled in the future [7]. The experimental results of Pefia-Paras et al. in 2018 [8] found
that the interface has an excellent tribology performance when the particle-size-to-surface-
roughness ratio (x,/0) is below 0.75. The results of three-body contact analysis [9] obtained
in 2022 showed better contact characteristics near the turning point of contact area (TCPA)
at the interface. These two articles show that replacing the sliding motion of two surfaces
by the rolling motion of particles is not the sole reason for nanoparticles’ effectiveness in
lubricants [10-12]. In the same year, the three-body mixed lubrication analysis framework
was established [13]. Theoretical analysis shows that the specific film thickness criterion for
two-body mixed lubrication is not suitable for three-body mixed lubrication.

The real contact area at the interface of the moving component is the main factor
influencing contact temperature and contact pressure at the interface. Increasing the real
contact area at the interface can reduce the contact temperature and contact pressure. It
can even enhance the interface’s ability to resist scuffing [14] and enhance the running-in
performance [15]. A microcontact analysis of the two-body contact interface [16-18] shows
that the main influencing factors are plasticity index and applied load [18]. The greater the
applied load, the greater the contact area. The plasticity index includes two parameters:
material properties and surface roughness topography. This is the main factor affecting
the real contact area of the two surfaces. When there are three particles at the interface, the
contact characteristics between the third particle and the surface roughness will be different
due to the difference in the material properties of the particles. This also shows that the
type of particle material is an important factor in the real contact area of the three-body
contact interface.

The total area of contact between two rough surfaces is the sum of the discrete small
areas of contact. These small contact areas may be elastically deformed, elastoplastically
deformed, or plastically deformed. Wear mainly occurs at the contact spots of plastic
deformation. The results of the two-body contact analysis showed that the area of plastic
deformation is still small, even at extremely high loads [19-22]. This does not coincide
with the general situation in which large loads produce large wear. This indicates that
the transformation process of the area of different deformation types in two-body contact
needs to be further clarified. In the case of three-body contact, the transformation process
of the deformation type area must be different from that of two-body contact. The third
particle will affect the interface wear and friction characteristics. This study will discuss the
characteristics and evolution of different deformation types of different particle materials
under three-body contact conditions.

In recent decades, the application of nanoparticles as lubricant additives has been
a topic of active research. Nanoparticles have been shown to significantly improve the
tribological properties of lubricating oils due to their antifriction and antiwear properties,
and their ability to function under extreme pressure [23-25]. According to the literature,
nanoparticles can serve as lubricant additives and have the potential to enhance the tribo-
logical properties of the base oil while being environmentally friendly [26-28]. The use of
nano-particle lubricants can effectively reduce friction and wear. Singh et al. [29] conducted
a study to investigate the effects that the addition of SiO; nanoparticles to desert date oil
had on tribological characteristics. Their findings revealed that the introduction of SiO,
nanoparticles led to an improvement in the interaction between the surfaces, resulting in
reduced friction and surface wear upon contact. In 2023, Wang et al. [29] focused on the
development and testing of environmentally friendly lubricants and additives to enhance
manufacturing processes and tribological performance. They investigated the effects of
nano-lubricants, cellulose nanocrystal, and MoDTC on friction and wear reductions, and
suggest their potential for sustainable machining and manufacturing. A tribology exper-
iment [30-35] found that the use of certain sizes and concentrations of CuO in lubricant
leads to the best tribology properties. In relation to these specific environmental controls,
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the air in factories is full of dust. The main components of dust are silicon dioxide (SiO;)
and aluminum oxide (Al;O3). Nabhan et al., in 2021, [36] conducted a study that found that
Al>,O3 nanoparticles can effectively improve the wear resistance and load-carrying capacity
of lithium grease. H. Chen et al. [37] reported that Al,O3 nanoparticles can effectively
improve the wear resistance and load-carrying capacity of lithium grease. Furthermore, WC
and Al,O3 were found to enhance the wear resistance and friction performance of ZrB2-20%
vol SiC composite material at high temperatures. If the transmission element is made of
bearing steel (SU]J2), the interface during operation will produce wear debris formed by
the bearing steel material. The transmission components generally operate under medium-
and high-load conditions. In order to study the influence of different material particles
on the interface contact properties, this work will analyze the microcontact characteristics
of bearing steel components when there are four kinds of material particles (SiO,, SUJ2,
Al,O3 and CuO) at the interface.

2. Theoretical Analysis

Four contact modes at the contact interfaces with the addition of a third particle are
shown in Figure 1. When two surfaces are rough, their contact can be simplified as an
equivalent contact between a rough surface and a smooth surface, known as two-body
s—s mode [38,39], as shown in Figure 1a. The presence of third particles on the contact
interface results in three distinct contact modes, depending on the relative size of the
third particle diameter and the separation distance between the two surfaces. The first
mode is called three-body surface-to-particle contact (p—s mode), where the third particle
completely separates the two surfaces when its diameter is much larger than the separation
distance. The contact load is supported by the contact spots between the third particle
and the surface, as illustrated in Figure 1b. The second mode is known as three-body
surface-to-surface contact (s—s mode), where all particles sink into the groove when their
diameter is much smaller than the separation distance. In this instance, the contact load is
sustained by the contact spots between the two surfaces, as depicted in Figure 1c. The third
mode is a three-body hybrid contact (hy. mode), where the difference between the third
particle diameter and the surface separation distance is small. In this case, the contact load
is jointly borne by the contact points between the third particle and the two surfaces, as
shown in Figure 1d.

a) 2-body contact

(b) surface-to-particle Surface 1 (Rigid Smooth Surface)

Surface 1 (Rigid Smooth Surface)
i 4 f 3-body contact

yina, e, W%, o Bg, iy B,

Surface 2 Surface 2
(Rough Surface) (Rough Surface)
surface to-surface Surface 1 (Rigid Smooth Surface) (d) h}’brld Surface 1 (Rigid Smooth Surface)
3- body contact 3 bodv contact
Sutface 2 Surface 2
(Rough Surface) (Rough Surface)

Figure 1. The contact mode at the contact interfaces: (a) two-body s—s mode, (b) surface-to-particle
mode, (c) surface-to-surface mode, and (d) three-body s—s mode. (The light purple circles is contact
spots between the two surfaces and the light blue circles is contact spots between the third particle
and the surface.)

Figure 2 shows a schematic of a three-body contact situation. The assumptions made
in this study are as follows [40]:
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1. All surface asperities and third particles are far apart and there is no interaction
between them.

2. The surface asperities and third particles deform during contact with no bulk defor-
mation of the two surfaces.

3.  Itis assumed that the surface roughness peak has a constant hemispherical radius of
curvature and the shape of the third particle is spherical [41,42].

4. The slopes of the surface asperities are considered to be negligible in the contact model.

Mean of Surface Heights

Surface 2 (Rough Surface)

Figure 2. Schematic of a three-body contact system.

When the contact between the peaks in surface 1 and surface 2 occurs in practical
situations, the deformation of the contact will be influenced by the characteristics of
surface 2, such as the height and hardness of its peak, leading to elastic deformation,
elastoplastic deformation, or plastic deformation. Therefore, the actual number of contact
peaks between two surfaces can be expressed as follows:

ZWI!IX Zl’llﬂx
n=N [ ¢p@)dz =, [ 9(z)dz M
d d

where, N = A, represents the total number of peaks in the contact area between two
surfaces, Z;;x represents the maximum distance from the reference plane of the lower
surface to the summit of asperity and d represents the separation between surface 1 and
mean height of asperities. The height variation in surface 2 peak is represented by a
distribution function ¢(z), where 5 represents the peak density per unit area (asperity
density) and A, represents the nominal contact area. The actual contact area between
two surfaces is the sum of elastic deformation, elastoplastic deformation, and plastic
deformation. According to the Zhao, Maietta and Chang proposed two-body contact
formula (ZMC model) [20], where A is the real contact area of two surfaces, this can be
written as follows:

Ass = Ass, e(d) + Ass, ep(d) + Ass, p(d)
d+‘5ss/l
=ty AyR Jssp(2)dz
NAn { ssP o)

d+(5ss,2

555’2—555’1 055,2*‘555, 1

— 3 o 2 Zinax
+7T77AnR f 555 |:1 _ 2( Oss (555,1 ) +3( _(sss (sss,l ) :|4)(Z)dz—|—27f11AnR f 5554)(2)512

d+5ss,1

where, A represents the area of elastic deformation in the real contact area between two
surfaces, Ass¢p represents the area of elastoplastic deformation in the contact area between
surface 2 peak and surface 1, Ass , represents the area of plastic contact between surface 2
peak and surface 1, R represents the radius curvature of surface peak, Jss represents the
interference amount between two surfaces, ds,1 represents the initial yield interference
amount of elastic deformation between two surfaces, and s » represents the critical yield
interference amount required for the complete plastic deformation between two surfaces.
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Where E;; represents the composite Young’s modulus between two surfaces, this can be

expressed as follows:
-1
1—-v% 1-12
E.. = s2 sl 3
” ( Es * Eq ) ( )

where, E;; is the Young’s modulus of surface 1, v, is the Poisson’s ratio of surface 1, E;
is the Young’s modulus of surface 2, and vy, is the Poisson’s ratio of surface 2. Where Fi;
contact load of two surfaces, the contact load can be expressed as follows:

Fss = Fss,e(d) + Fss,ep(d) + Fss,p(d)
d+‘sss,1
= 2EsnAnRY® [ 8" ¢(2)dz + AR
d

Indssp—Indss 0ss=0ss1 \? 0ss=0ss1 \* 4
x [ [H=HO-o) ()] x é {1—2(555,25551) +3( 7L ) ](]b(z)dz @

Zmax
+2myAyRH [ dssp(z)dz
d+(555,2
The two surfaces and a particle that results in plastic contact, and the total contact area A,
and contact load Fs; can be written as follows [33]:

Xmax 31Hg > 2 < Hyy )
e 2 l ( 4E,, Hg ®
~ d max T
p - b o (82 02N F o T ]
sa Hsl + HsZ 4 Esuz E552 o o
i d—h, d -
- d max T
A _ THoteAn | 972 (Ha? | Ho? / Xa2pa (x)dx + / Xo’pa(¥)dx | (7)
¥ Ha+Hp| 4 \E.?  E? in o d o

In this study, both ¢, (x) and ¢ (z) are assumed to follow the Gaussian distributions,
where, Xy, Esa, Hs1, Hso, 172 and x, represent the maximum particle diameter, the equiva-
lent elastic modulus of the third particle and surface, surface 1 hardness, surface 2 hardness,
the number of third particles per unit area, and the mean size of the third particle, respec-
tively. To obtain the real contact area between the two surfaces, the contact area of particles
deposited on the surface peaks must be subtracted, as shown in Figure 2. The contact area
of two surface, Asssy, can be expressed as follows:

Xmax

_ _ _ _ mHaa / 2
Ass—sq = Ass 7751AssAsa = Ass (1 7[_[51 T Hsz) / Xg (Pg(X)dx (8)

The total actual contact area of the two-body microcontact model is denoted by Ags. The
total contact area A; and the total contact load F; can be obtained from Equations (6) and (7)
for the three-body system. Therefore, the three-body microcontact model is formulated.

F=F,+ FslsZ—sa (9)

At - Asa + AslsZ—sa (10)
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If there are no particles present between the two surfaces (x, = 0), then Equations (9) and (10)
reduce to the results of another surface-to-surface contact model for two bodies.

Foo. A

Fr=—t Ar=21
! ATZESS ! An

(11)

The dimensionless contact load and dimensionless real contact area can be obtained by
dividing Equations (9) and (10) by A, Ess and A;;, respectively. To obtain the dimensionless
contact area ratios (Ap,t*, Aep,t*, Ae,f, Ass,t*, and Asa,t*), the individual components of A;,
which include A, A¢p, Ae, Ass, and Agq, were divided by Ay.

3. Experiment

A four-ball tribology test was used to verify the results of the theoretical analysis in this
study, as shown in Figure 3. The material of the test ball is SU]J2, the radius is 12.7 mm, and
the root mean square (RMS) value of surface roughness is 0.04 um. Its chemical composition
is shown in Table 1. According to the ASTM-D 4172, the test was conducted with a load of
396 N (3.44 GPa), speed of 1200 rpm, oil temperature of 75 °C and test time of 60 min. This
research is a physics-based study of contact characteristics. In order to reduce the chemical
interaction between the lubricant and the test ball, the o0il used in this experiment was a
commercial lubricating oil with mineral base 0il and the addition of a small amount of
antioxidant and defoamer [43]. The properties of the test lubricant are shown in Table 2.
Four kinds of particle materials with a weight concentration of 1.0 wt% were added to the
test lubricant, as shown in Figure 4. According to three-body lubrication analysis [13], the
particle materials at the interface were all found in the boundary lubrication regime. The
experimental data shown in the figures are the average values of these three times.

Spindle rotating

Stationary balls

g Thermocouple Thermocouple

/
Load cell

(a) (b)
Figure 3. Four-ball tribology tester. (a) the actual machine and (b) 3D model schematic.

Table 1. Chemical composition of SUJ2.

Component Properties

C Cr Cu Fe Mn Ni P Si S

Value (%) 0.42~048 <0.20 <030  97.6~988 0.60~0.90 <0.20 <0.030  0.15~0.35 <0.035
Table 2. Properties of test lubricant.
Viscosity, Kin. (cSt) . .
Sp. Gr. Viscosity Index Pour Point (°C)  Flash Point (°C)
40°C 100 °C
Lubricant 0.878 67.18 8.70 101 —12 264
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Figure 4. Foreign particle materials (a) SiO; (b) CuO (c) Al,Os3.

4. Results and Discussion

In this study, the component of the two relatively moving surfaces was SUJ2 (bearing
steel). In order to compare the difference between additive particles, foreign particles and
wear debris, the third particles in this paper contained CuO (nano-additive), SiO;, Al,O3
(foreign particles) and SUJ2 (wear debris). S5iO, and Al,O3 particles were used as third
particles because dust in the environment contains about 80.78% of SiO; and 10.52% of
Al>,O3 [44]. The reason for selecting a particle material with the same material properties as
the surface material (SUJ2) in this study is to consider the wear debris generated during
operation as another scenario for the influence of third particles. The effects of work
hardening are not taken into account in the selection of the particle material [45,46]. Table 3
provides the material characteristics of surface 1, surface 2, and the third particle, while
Table 4 outlines the input parameters in the three-body contact model, where o represents
the equivalent surface RMS roughness.

Table 3. Material properties [47-50].

Surface 1 Surface 2 Third Particle
Materials SsuUJ2 SsuUJ2 SUJ2 CuO SiO, Al O3
H (GPa) 6.3 6.3 6.3 1.143 7 14.12
E (GPa) 210 210 210 87.9 70.55 375
v 0.27 0.27 0.27 0.39 0.17 0.22
Table 4. Input parameters in three-body contact model.
Property Value
Fr (N) 0.31-160
o (nm) 50, 100, 300, 500
a (m~?) 100, 10', 1012
Xg (nm) 25,100, 300, 500

Figure 5 illustrates the difference in real contact area between two-body contact and
three-body contact, as well as the difference caused by different third-particle materials.
The dimensionless real contact area was plotted against dimensionless contact load (F;")
for various third particles, with ¢ = 50 nm, #, = 10'2/m? and x, = 100 nm, as shown in
Figure 5a. The yellow dashed line represents the A;" at the different F;" for traditional two-
body contact (x, = 0 nm). This curve is calculated using the ZMC two-body contact model.
The orange dashed line represents the A;" when the particle size is relatively large and the
surface is completely supported by particles (p—s mode). This shows that the real contact
areal calculated by the traditional two-body s—s contact assumption is overestimated. Both
curves linearly increase with the increasing F;” and form an upper and lower limit for all
three-body contact situations. In this paper, we defined that when Asa,t* > 95%, the contact
interface is in p—s mode; when Asu,t* < 5%, the contact interface is in s—s mode; and when
5% < Asa,t* < 95%, the contact interface is in hy. mode, as shown in Figure 5b. Under the
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same o, the A, varies with the load and the four third-particle materials, as shown in
Figure 5a. For example, with third-particle material SUJ2, as the F;" becomes lower than
3.96 x 107, the curve overlaps with the curve of p-s mode in the first stage. This indicates
that the contact pressure between the support surfaces is mainly borne by the third particles
at this load. In the second stage, 5.08 x 107° > F," >3.96 x 107°, the A;" increases rapidly
and the 5% < Ag; ¢ < 95%. This indicates that the contact interface has entered the hy. mode.
In this contact mode, the size order of Asa,t* under fixed load is SiO, > CuO > SU]J2 > Al,O3.
In the third stage, F £ >5.07x107°, the A;" almost overlaps with the s—s mode situation.
The particle area ratio As, ;" is less than the 5% presented, as shown in Figure 5b.

107 3 -
36=50nm, #,=10"/m? x,= 100 nm
] SUR2
i 2-body s-s F,'=5,08x10°F
1= — —3-body s—p
10 4 Sio, P
] —&— CuO
] —e—sul2
. 1 —*— ALO, SUJ2
- 103 - F[=3.96x10 X
< 10 E P
10% 5 J |
i : '3-body s—s
]‘0-D T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII

10”7 10° 10° 10* 10° 107 10° 10° 10* 10°
F* F*

(b) (0)

Figure 5. Contact characteristics as a function of dimensionless contact load for various third-
particles, with ¢ = 50 nm, 7, = 1012 /m?2 and x; = 100 nm, (a) dimensionless real contact area
(b) real contact area ratio of two surfaces, and real contact area ratio of third particle and surface
(c) dimensionless separation.

Comparing Figure 5a with Figure 5b for four-material particles showed that the
interface with SiO, particles needs a larger contact load to enter hy. mode compared to other
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third-particle materials. The sequence of critical contact load is SiO; > CuO > SUJ2 > Al,Os.
Figure 5c shows the variation in dimensionless separation (d" = d/r) and F;" for all kinds
of particles. The yellow dashed line represents the linear relationship between d" and F;
for the traditional two-body contact mode. For four materials, the relationship between
d" and F;" is almost the same under s-s mode. The deviation of the effect of particle
material on d" is obvious from near p-s to hy. mode. At the same F;", the sequence of
d* is SiO, > CuO > SUJ2 > Al,O5. The separation was obtained from Equation (6). The
separation value, d, is influenced by the hardness, Young’s modulus, and Poisson ratio of
three body. Among the four-particle materials, SiO, show the largest (Hs1%/Esa? + Hs1%/Ess2)
and the smallest values of &.. Therefore, d is the largest compared to other particles.

To verify the results of Figure 5, four-ball tests were conducted for the different particle
materials, as shown in Figure 6a,b. In the past, there have been many studies on the
relationship between real contact area and friction force. A theoretical analysis in 2010 [18],
focusing on microcontact mechanics, showed that real contact area is positively correlated
with friction force. Experimental results in 2021 [51] indicated linearity between real contact
area and friction force. To verify the results of Figure 5, four-ball tests were conducted for
the different particle materials. Figure 6a,b show the variation in friction coefficient and
average coefficient during the test process with four kinds of particle materials. Comparing
Figures 5a and 6b show that the friction coefficient and real contact area have a positive
relationship for the three particle materials of AlO3 CuO and SiO,. However, the interface
with SU]J2 particles has a lower friction coefficient than that of the interface with CuO
particles. A possible reason for this is that the other three material particles are different
from the workpiece material, so their friction order is consistent with the real contact area
ratio. The SUJ2 particle is the same as the workpiece material, so that different bonding
patterns are produced at the interface. The interface with Al,O3 particles has a much larger
average friction coefficient than the other third-particle interfaces. The reason for this is the
relatively high hardness, which means that the plowing friction is relatively large. Figure 6¢
shows that the main wear pattern of the four wear scars is a three-body abrasive wear.
From Figure 6b, the size order of Asqi under fixed load is SiO, > CuO > SUJ2 > Al,Os.
Therefore, the size order of real contact pressure between surface and particles under fixed
load is Al,O3 > SUJ2 > CuO > SiO,. According to the wear theory, the greater the contact
pressure, the greater the wear volume. We find that the wear diameter in Figure 6d and real
contact pressure between surface and particles in Figure 6b have a positive relationship
for four-particle materials. These experimental results are in good agreement with the
theoretical analysis.

Figure 7 shows the influence of different surface roughnesses and third-particle mate-
rials on tribological behavior of contact interfaces. In Figure 7a, using SUJ2 as an example,
for ¢ = 300 nm (green line) and ¢ = 500 nm (blue line), the dimensionless real contact areas
for all four different third-particle materials completely overlap, and linearly increase with
increases in F;". Comparing Figures 7a and 7b show that these situations are in the s—s
mode. This means that third particles sink into valleys in the surface roughness. The third
particles have almost no effect on the change in real contact area. The A;” for ¢ = 300 nm
was 11.35% higher than for ¢ = 500 nm under all load conditions. When ¢ = 100 nm (red
line), the F;" range for entering the hy. mode is much larger than that of when o = 50 nm
(black line) and is true for all third-particle materials. The A;" is close to overlapping the
four-particle materials, which are in s—s mode for which Asa,t* < 5%, as seen in Figure 7b.
In addition, the A;" for three different surface roughnesses (¢ = 100 nm, ¢ = 300 nm and
o =500 nm) decreases with the increase in . When the interface with ¢ = 50 nm is under
a high load, the interface enters the s—s mode. This kind of s—s mode situation for all
materials shows that the larger the surface roughness, the smaller the real contact area.
This conclusion is the same for an ideal two-body contact situation. However, the interface
with ¢ = 50 nm under a low load is in the p—s contact mode for which Asa,t* > 95%, as seen
in Figure 7b. The A" is lower than that of the other roughness surfaces. The real contact
area of an interface with ¢ = 50 nm in the hy. mode does not show a uniform trend with
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surfaces with different roughness values. The findings emphasize that decreasing the value
of equivalent surface roughness ¢ or increasing the x, can have a significant impact on the
A¢", which may lead to unstable operation of the components and surface damage.
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Figure 6. Experimental results of lubricating oil with different third-particle materials: (a) variation
in friction coefficient, (b) average coefficient of friction, (c) wear scar, (d) wear diameter.

Figure 8 is presented to further investigate the variations in contact modes with
increasing surface roughness and third-particle diameter. Figures 7 and 8 have the same
parameters and conditions, except for the increase in the o value of surface roughness from
100 nm to 300 nm. Due to the increase in particle size, Figure 8a,b show that the value of
composed surface roughness at the interface between 50 nm (black line) and 100 nm (red
line) is mostly in p—s mode. They enter the hy. mode under extremely high loads. The size
order of the real contact area caused by the different materials used in this area is the same
as that in Figure 7a: Al;O3 > SUJ2 > CuO > S5i0O,. Interfaces with ¢ value of 500 nm are
mostly found in the s—s mode, as seen in Figure 7a. This indicates that the third particles
sink into the valley of surface roughness. When the load is high, it enters the hy. mode.
However, the interface between the surface roughnesses of 50 nm and 100 nm enters from
the p—s mode to the hy. mode. As a result, the real contact area of the two contact modes
differs greatly at low loads. However, the gap narrows at a high load and the order of the
real contact area caused by different materials is different, as shown in the enlarged picture
of SUJ2 material.
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Figure 7. Contact characteristics as a function of dimensionless contact load for various third-particles
and equivalent surface RMS roughnesses, with 7, = 10'2/m?2, and x, = 100 nm, (a) dimensionless real
contact area (b) real contact area ratio of third particle and surface (c) dimensionless separation.

Figure 8c shows that the d* value decreases as the ¢ and F;" increase under the same F;".
The interface between 50 nm and 100 nm at the initial p—s mode of the low load overlaps
for four materials, and then the difference becomes larger as the load increases. The larger
the x; /0 value of the interface, the larger the initial separation. However, at the s—s mode
interface with a ¢ of 500 nm, the separations of the four materials are almost the same.
When the surface roughness and particle size are almost equal, x, = o, Asa,t* and d* first
increase and then decrease with the increase in load, as shown in Figures 7 and 8. This
phenomenon will be further explained in Figures 9 and 10.

The deformation behavior of the contact interface includes three different modes:
elastic deformation (Ag,t*), elastoplastic deformation(Agp,t*), and plastic deformation(Ap,t*).
The plastic deformation spots in the real contact area are the main areas of surface damage,
such as plowing groove, pitting and delamination wear. Figure 9 shows the deformation
components’ variation in the total real contact area ratio versus the F," for Ag,t*, Agp,t*, and
Ap,t*, with 5, = 1012 /m?2. Three different values of ¢ and, x, are considered: (a) o =100 nm,
Xz = 100 nm; (b) o = 300 nm, x, = 300 nm; and (c) o = 500 nm, x, = 500 nm. As shown
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in Figure 9a, the Ag,t* decreases with increasing F,". In contrast, the Agp,t* increases with
increasing F,", and the Aep,t* increases at the initial stage and then decreases. This behavior
is different from that of the A, and A . The reason for this is that original plastic
contact area increases, and new contact spots occur, as the load increases. The real contact
pressure at parts of the original plastic contact spots decreases and results in the plastic area
transferring to the elastoplastic area. At the same time, part of the real elastic area changes
to the elastoplastic area due to the decreasing separation of the two surfaces. It is interesting
to note that the ratio of plastic contact area for the four-particle materials starts to make
a difference near the hy. contact. Their order of magnitude is SiO; > CuO > SU]J, > Al,Os.
The order of their magnitude is opposite to the value of Young’s modulus. The results of a
previous two-body contact analysis show that, even at extremely low loads, the elastoplastic
area accounts for more than 80% and only a small part is the plastic and elastic deformation
area [18]. The results of the three-body contact analysis are obviously more reasonable.
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Figure 8. Contact characteristics as a function of dimensionless contact load for various third-
particle materials and equivalent surface RMS roughnesses, with 77, = 10'2/m?, and x, = 300 nm,
(a) dimensionless real contact area (b) real contact area ratio of third particle and surface
(c) dimensionless separation.
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Figure 9b,c also show that the A, first increases and then decreases with increasing
F{, as described in Figure 11a. The order of magnitude for four-particle materials is the
same for different surface roughness and contact loads. However, in Figure 9b, showing the
results for o = 300 nm and x, = 300 nm, the Ap,[F and deviation of four-particle materials are
greater than that of the surface, with o = 100. The A" of SiO; reached 50%, and the A"
was smaller than 0.15 for all materials. Because the increase rate of the plastic area with the
increase in load is larger than that of the surface with small roughness, the elastoplastic
deformation area will drop to the lowest value and then rise. The interface with a higher
roughness and larger particle size is shown in Figure 9¢c. The A, of SiO, reached 80% at a
high load. The larger the surface roughness, the smaller the elastic deformation area for all
materials. This concludes that higher roughness and a larger particle size have a greater
chance of causing wear and damage.

1.0 ! 1.0

7106=100 nm, SUJ2 E )
0.8 .= 10]2 /mz, 37b0dyhy.: 0.8 <

Figure 9. Deformation components of total real contact area ratio as a function of dimensionless
contact load for Ag/t*, A@p,t*, and Ap,,*, with 7, = 1012 /m? (a) 0 =100 nm, x; = 100 nm (b) ¢ = 300 nm,
Xz = 300 nm (c) ¢ = 500 nm, x; = 500 nm.
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Figure 10. Real contact area ratio of elastoplastic and plastic deformations as a function of dimension-
less contact load for various third-particle materials and concentrations.

The following is a further discussion of the variations in the effects of particle concen-
tration on elastoplastic deformation and plastic deformation. Figure 10 shows the Ay’
and A,;" versus the F; for various third-particle materials and the 77,. Regardless of the
material, the greater the particle concentration, the smaller the Agp,t*. However, the order of
the A, produced by different material types does not change. As analyzed in Figure 10,
the Ae,t* linearly decreases with the increase in load. Therefore, the Ap,t* shows an opposite
trend to the Agp,t*. The real plastic deformation area is the main area in which wear occurs.
This also shows that the concentration of wear particles will gradually increase with the
prolongation of the mechanical parts” operation part, and the parts will be damaged by
failure due to excessive wear or fatigue.

Figure 11 illustrates the effect of particle concentration and particle material on real con-
tact area at interface, contact area of third particle and surface 1, and separation. Figure 11
also shows the effects of 7, (particle concentration) on the contact characteristics at the
interface. The three-body contact situation interface with a low concentration of 1010 /m?2,
%z = 100 nm and ¢ = 50 nm, has almost the same linear relationship between A and F," as
in the two-body contact situation. Comparing Figure 11a with Figure 11b, the interfaces for
all particle materials are shown to be in the s—s mode. However, when the concentration
of third particle rises to 10'2/m?, the interface enters the p-s, hy. and s-s modes as the
load increases. The three-body contact situation interface with a concentration of 10'! /m?
occurs between the above two conditions. Therefore, under the same load, the greater the
concentration, the smaller the value of the real contact area ratio.

It can be observed from Figure 11b that the F; range of SiO; in the hy. mode is the
largest (F; "=8.60 x 107°~1.53 x 10~%) when Mo = 1012 /m?, followed by CuO, and Al,O3 is
the smallest. However, the interface with Al,O3 can easily enter the hy. mode compared
to interfaces with other third-particle materials under smaller loads. In summary, the
smaller the equivalent elastic modulus of the third particle, the larger the load range it
can withstand. On the other hand, the larger the equivalent elastic modulus, the earlier
it can enter the hy. contact under smaller loads. This also indicates that the four different
third-particle materials are suitable for different mechanical surface motion conditions.

Figure 11c shows thatd’ increases with the increase in particle concentration. When the
particle concentration is 77, = 10'° /m?, the d” values of the four different third-particle mate-
rials are almost the same. However, as the particle concentration increases to 7, = 1012 /m2,
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the differences in d* values among the four different third-particle materials become larger.
After F;" >3.96 x 107°, the d* value of Al,Oj is smaller than that of other third-particle
materials. This result is consistent with the results shown in Figure 11b. This indicates that
the interface with Al,O3 enters the hy. mode earlier than interfaces with the other third-
particle materials. The findings of this study suggest that the concentration of third-particle
materials significantly affects the real contact area and interface separation. This is also the
reason why, as the operating time of the machine increases, the concentration of the third
particle also increases, resulting in the end of life.
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] =-sio, __ 7,=10"/m? ‘
1=co “710“ s ! 0.8
1074 = su2 ~ Mla=107/m |
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Figure 11. Contact characteristics as a function of dimensionless contact load for various particle
concentrations, with ¢ = 50 nm, and x, = 100 nm, (a) dimensionless real contact area (b) real contact
area ratio of third particle and surface (c) dimensionless separation.

Figure 12 shows the relationship between the A;" and the F;" at various third-particle
sizes and materials, with o = 50 nm, and 7, = 1012 /m?2. Figure 12a shows that A;" increases
as the A" increases. As explained above, within the load and particle concentration range
of general components, when x,;/ o is less than 1, the interface is almost the s—s mode. When
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10*

107

x,/ 0 is far greater than 1, the interface is almost the p—s mode. When there is a third particle
present between the two surfaces under the same F;', the A" decreases. This phenomenon
is consistent with the inference made by Ghaednia et al. [52]. Figure 12c shows that as
the average third-particle diameter (x,) increases, the d" also increases at all load ranges.
Figure 8c illustrates the relationship between x,/c and d*. The larger the x; /0 value of the
interface, the larger the initial separation. At the s—s mode interface, the separations of the
four materials are almost the same. The interface at the initial p—s contact mode overlaps
for four materials, and then the difference becomes larger as the load increases. Figure 12c
shows that the analysis results have the same trend as the results from Figure 8c.

3 1.0
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Figure 12. Contact characteristics as a function of dimensionless contact load for various third-particle

and average third-particle diameters, with ¢ = 50 nm, and 7, = 1012 /m? (a) dimensionless real contact
area (b) real contact area ratio of third particle and surface (c) dimensionless separation.
5. Conclusions

The presence of third particles at the interface of moving parts is unavoidable. They
come from different sources and have different materials. In this paper, based on the three-
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body microcontact model, the effects of four third-particle materials on the tribological
contact characteristics are analyzed. Assuming two-body contact at the machine-part inter-
face, this is an ideal analysis. The conclusion regarding the two-body contact characteristics
of the roughness surface may be misleading. The following are the conclusions drawn from
this study:

1.  The difference in the dimensionless separation and real contact area ratio of the
four-particle materials in the three-body s—s and p—s contact modes is rather small.
The biggest difference occurs near the transition area from the p—s contact mode to
three-body hy. contact mode. Regardless of the contact mode, the order of the dimen-
sionless separation of the four-particle materials is SiO, > CuO > SUJ2 > Al,O3. The
separation value, 4, is influenced by the hardness, Young’s modulus, and Poisson ratio
of three body. The order of the real contact area ratio is reversed. The experimental
results regarding friction and wear for the four third-particle materials show that the
theoretical predictions are reasonable.

2. Under the same particle size, particle concentration and surface roughness, the critical
load level sequence from three-body p—s contact mode to three-body hy. contact mode
is SiOy > CuO > SUJ2 > AL, O3. The critical load sequence from three-body hy. contact
mode to three-body s—s contact mode is the same. The smaller the particle size, the
lower the concentration, and the three-body interface only needs a relatively low load
to enter the three-body s—s contact mode.

3. The difference in the contact deformation type of the four-particle materials in the
three-body s—s and p—s contact modes is rather small. In the three-body hy. contact
mode, the plastic contact areas of the four materials first increase to a critical value
and then decrease as the load increases. This is because the area of the original plastic
contact spot gradually increases with the increase in load. At the same time, the
number of contact spot also increases. The contact pressure at the plastic contact spot
is reduced. As a result, some plastic contact spots enter the elastic—plastic region.

4. The order of plastic contact area value in the hy. mode is SiO; > CuO > SUJ2 > Al,Os.
The load required to achieve the maximum plastic contact area ratio is also in the
same order. The larger the particle size, the greater the plastic contact area for all
particle materials. The lower the particle concentration, the greater the elasto-plastic
contact area for all particle materials.
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