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A B S T R A C T

Frictional behaviour of mixed Elasto-hydrodynamic lubrication (EHL) arises from the coupling of the lubricant
fluid and asperity interaction frictions. Due to the difficulties in modelling asperity interaction friction, existing
approaches often use a constant friction coefficient obtained in boundary lubrication to approach the asperity
interaction friction coefficient in mixed EHL. In this study, the asperity interaction friction is, for the first time,
considered to result from either the boundary film friction or solid-to-solid ploughing and adhesion friction
depending on the local contact and deformation conditions. The friction of mixed EHL was predicted by the
combination result of lubricants fluid, boundary film, and solid-to-solid frictions. This development provides an
alternative and cost effective method to estimate friction coefficient in mixed EHL.

1. Introduction

Rolling-sliding contacts widely exist in mechanical components,
such as gears and roller bearings. The prediction of their frictional
behaviour is of importance for several purposes, including friction
reduction, energy conservation, and improving service life. For a
properly lubricated rolling-sliding contact, the surfaces are often
separated by lubricants, and the applied load is carried by hydro-
dynamic pressure. Such lubrication is desirable for friction and wear
reduction. However, in industrial applications, applied loads are often
heavy and contact surfaces are rough, resulting in a breakdown of local
hydrodynamic films and causing asperity interactions [1]. This lubrica-
tion regime is regarded as mixed EHL.

In a typical mixed EHL condition [2,3], the applied load is shared
between the hydrodynamic pressure and asperity interaction pressure.
Numerous studies have been carried out by Lubrecht, Rahnejat,
Larsson et al. on a range of topics including load sharing [3,4],
pressure distribution [5–7], effects of operating condition [8,9],
lubricant damping [10], while numerical methods [11,12] have been
developed to simulate this complex phenomenon and for friction
prediction. The overall friction in mixed EHL consists of asperity
interaction friction and lubricant fluid friction. The fluid friction can be
derived by the rheological properties of the lubricant. However,
because of the random distribution of the surface profiles, the asperity
interaction in mixed EHL often have very different local contact
conditions (elastic/plastic deformation, boundary film lubrication,

solid-to-solid interaction, etc.), which results in different contact
and/or lubrication mechanisms. As a result, the prediction of the
asperity interaction friction in mixed EHL remains difficult [13].

Studies on mixed EHL friction generally consider that the frictional
behaviour of the asperity interaction involves a thin layer of boundary
film [13–15] in between the contacted asperities, often in a magnitude
of nano-meters. The frictional behaviour of such boundary film is
determined by the shear flow property of the boundary film, which is
independent from the bulk fluid viscosity and is a function of the
physico-chemical property of the lubricant and loading conditions [16].
Because of the random distribution of the asperities, elastic and plastic
interactions continuously occur during the sliding process. It's also
found that, under high local pressure, the boundary film may break
down and cause solid-to-solid contact, where the friction coefficient is
determined by the mechanical interaction of the asperities [17]. As a
result, the frictional behaviour of the asperity interaction results from
combined effects of the rheological property of the boundary film and
the deformation process of the asperities. To predict the friction of
asperity interactions in mixed EHL, the following topics that need to be
further studied are:

1) prediction of the boundary film friction,
2) determination of the loading condition when the local boundary

film breaks down, and
3) prediction of the solid-to-solid contact friction where the boundary

film breaks down.
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Although there are numerous researches on the frictional and
mechanical behaviours of boundary film and boundary lubrication,
some questions, in particularly for the prospective of friction prediction
in mixed EHL, need further investigation. Up to date, to the authors’
knowledge, there is no numerical model available in literature for the
prediction of the friction coefficient of asperity interactions in mixed
EHL.

Existing friction prediction methods often use an experimentally
measured friction coefficient in boundary lubrication. For examples,
Rahnejat et al. [3], Martini et al. [13], Khonsari et al. [18], Zhu et al.
[19,20], Li et al. [21,22], and Chang et al. [23] used an experimentally
obtained constant friction coefficient in boundary lubrication to
approximate the asperity interaction friction coefficient, and then the
overall friction coefficients of mixed EHL were predicted. Those
predictions demonstrated good agreements with experimental results.
However, this experimental approach may be time consuming and
sometimes impractical. For example, for a given rolling-sliding contact,
the friction coefficients in boundary lubrication can be different in
various operating conditions (i.e., surface topography, load, etc.) [24–
27], so experiments have to be conducted in these specific operating
conditions. Consequently, there is a need to develop an alternative,
cost-effective method to estimate the friction in mixed EHL.

Komvopoulos et al. [28–30] reports a series of observations on the
frictional behaviour of boundary lubrication. Those observations reveal
two kinds of behaviours of the asperity interactions. When the
boundary film is not disrupted, the primary deformation mode of an
asperity is in elastic, and the contribution of asperity deformation to
the overall friction is negligible. In such condition, the shearing of the
boundary film predominates the frictional behaviour [28]. When the
local boundary film breaks down due to high pressure, direct solid-to-
solid contact takes place. It is observed that the breakdown of the local
boundary film often involves plastic deformation, ploughing and
interfacial adhesion, which results in surface damage and high friction
coefficient [28]. Consequently, the friction of asperity interaction is the
combination result of the shear flow property of the lubricants and the
solid-to-solid interaction of asperities. Finally, the asperity interaction
friction can be predicted from either the boundary film friction or solid-
to-solid ploughing and adhesion friction depending on the local contact
and deformation conditions. By applying their work published in [29],
the asperity interaction friction in mixed EHL can be predicted.

In this study, a numerical approach was developed based on the
boundary friction theory by Komvopoulos et al. [28–30] to predict the
friction coefficient in mixed EHL. The lubrication and contact condition
was calculated by using a mixed EHL model, where the hydrodynamic
lubrication and asperity interaction regions, as well as the hydrody-
namic and asperity interaction pressure distributions were determined.
Then the friction coefficient was predicted by the weighted sum of the
hydrodynamic friction and asperity interaction friction. In particular,

the asperity interaction friction was considered to be the combination
results of the shear flow properties of boundary film and solid-to-solid
ploughing and adhesion effects. The boundary film friction was
predicted based on the boundary film properties, and the solid-to-solid
contact friction was predicted by the local contact geometry, load,
deformation, and material properties. Theoretical background and
numerical procedures of mixed EHL friction prediction are presented
in Section 2. To validate the numerical approach, predictions were
compared with experimental results. Detailed validation is presented in
Section 3. In Section 4, the numerical approach was used to investigate
the frictional behaviour and role of key factors in typical operating
conditions. In particular, the friction mechanisms of rolling-sliding
contact in mixed EHL were studied by investigating the interactions of
the fluid, boundary film and solid-to-solid components of friction.
Section 5 summarizes the key outcomes and future work.

2. The friction prediction of rolling sliding contact in mixed
EHL

2.1. The mechanisms of the mixed EHL friction

The friction in mixed EHL arises from the lubricant friction and
asperity interaction friction where local film breaks down. The friction
mechanisms of a typical rolling-sliding contact in mixed EHL are
illustrated in Fig. 1. The applied load is supported by the hydrodynamic
and asperity interaction pressure. The nominal contact region consists
of the hydrodynamic region and the asperity interaction region. The
overall friction coefficient is the sum of the lubricant fluid and asperity
interaction friction coefficients.

For the friction prediction of rolling-sliding contact in mixed EHL,
several assumptions were adopted in this approach.

1) A 2D (two-dimensional) simplification was adopted, as it is appro-
priate to develop a 2D nominal line contact (plane strain) config-
uration for the contact of real engineering profiles.

2) The asperity interaction was considered to have two different
frictional behaviours depending on the loading and deformation
of local asperities. When the local asperity is in elastic deformation,
the asperity interaction friction is predominated by the rheological
properties of the boundary film, and the contribution of the asperity
elastic deformation to friction is negligible. The breakdown of the
boundary film often involves plastic deformation of asperities,
where the asperity interaction friction is predominated by the
solid-to-solid interaction of asperities. In such condition, the main
friction mechanisms are the ploughing and adhesion effects.

3) In reality, solid-to-solid ploughing and adhesion interaction is often
generated from not only asperities, but also wear debris. In the
current study, solid-to-solid friction is assumed to be contributed

Fig. 1. The friction mechanisms in mixed EHL. (a) A perfectly flat surface in contact with a rough surface with a radius of curvature of R, (b) possible contact mechanisms at a high
resolution, (c) illustration of an elastic interaction separated by a thin boundary film, (d) illustration of a plastic interaction caused by a high asperity ploughing the counter surface.
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only by asperities while the influence of wear particles was
neglected.

Assumption 1 is reasonable for gears, rolling-element bearings, and
cams where the surface finish is generally consistent with the require-
ments of the 2D simplification [31–33]. Assumption 2 is based on the
experimental observation by Komvopoulos [28,29]. Assumption 3 was
adopted to simplify the friction prediction, because the mechanisms of
the generating, moving, and interacting of wear debris are very
complicated, which is beyond the scope of the current manuscript.
Consequently, the overall friction F was calculated by the lubricant
fluid, boundary film, and solid-to-solid frictions as given in Eq. (1).

F F F F= + +h b s (1)

where F is the overall friction of rolling-sliding contact in mixed EHL,
Fh is the lubricant fluid friction in the hydrodynamic region, Fb is the
boundary film friction where local boundary film is not disrupted, and
Fs is the solid-to-solid friction where local boundary film is disrupted.

The overall friction coefficient μ of a rolling sliding contact in mixed
EHL was obtained by Eq. (2).

μ F F F
w

= + +h b s
(2)

where w is the applied load.

2.2. The lubricant fluid friction Fh
The lubrication and contact condition was studied by solving the

widely used mixed EHL model by Hu et al. and Zhu et al. [34]. This
model is capable of calculating the measured surface topographies
under different operating conditions (i.e. load, velocity, surface rough-
ness, slide-to-roll ratio). By using this model, the hydrodynamic region,
the asperity interaction region, the hydrodynamic pressure distribu-
tion, the asperity interaction pressure distribution and the film thick-
ness distribution were determined. The mixed EHL model is governed
by several equations, the Reynolds equation, the film thickness
equation, lubricant properties equations, the load balance equation,
etc. The solution procedures can be easily found in literature [34]. By
solving this mixed EHL model, the contact and lubrication condition of
mixed EHL were obtained and illustrated in Fig. 1. Then the lubricant
fluid friction Fh was predicted by the integration of the shear stress, as
given in Eq. (3) [35].

∫F τ= dxh f (3)

where τf is the lubricant shear stress.

2.3. The boundary friction Fb
Numerous measurements were conducted by researchers on the

frictional behaviour of boundary film. Briscoe and Smith [36,37]
investigated the shear properties of thin organic polymeric films and
found that the shear stress τb has a linear relationship with the contact
pressure, as expressed by Eq. (4).

τ τ αp= +b 0 (4)

where τb is the shear stress of the boundary film, τ0 is the shear stress of
the boundary film at zero pressure, α is the interfacial shear stress–
pressure coefficient, and p is the pressure.

Such linear relationship has been validated by molecular dynamics
simulations [38,39] and showed good agreement with experimental
results [40]. A typical coefficient of determination of linear regression
on the linear dependence of boundary film reported by Yamamoto et al.
[41] is 0.992 for automatic transmission fluids. In this study, Eq. (4)
was used to determine the friction of boundary film. The overall
boundary film friction was calculated by the integration of the shear
stress, as shown in Eq. (5).

∫ ∫F τ τ αp= dx = ( + )dxb b 0 (5)

2.4. The solid-to-solid interaction friction Fs
The breakdown of the boundary film often involves plastic defor-

mation of asperities, where the friction is predominated by the solid-to-
solid ploughing and adhesion effects. However, the geometry of an
asperity can be random. Theoretical calculations for the ploughing and
adhesion effects are often based on simplifications. Simple shapes as
cones, spheres and pyramids are often used by investigators and their
calculations agree with the experimental results fairly close. Therefore,
a contact model of conical asperity was adopted in the current study, as
shown in Fig. 2. The friction force derived by Komvopoulos [28,29], as
given in Eq. (6), was employed to predict the asperity interaction
friction in plastic contact.

⎛
⎝⎜

⎞
⎠⎟F w σ θ s

σ
θ=

4
[tan + sec ]s

2

(6)

Where Fs is the asperity interaction friction in plastic contact, σ and s
are the yield and shear strengths, and θ is calculated by the contact
width w and the depth of penetration d .

In the current study, the asperity interaction friction was derived
either from the properties of the boundary film or the mechanical
interactions of asperities depending on the local contact conditions.
The overall friction in mixed EHL was then predicted as the combina-
tion results of the lubricant fluid, boundary film, and solid-to-solid
ploughing and adhesion frictions. This numerical approach was then
used to study the frictional behaviour and investigate friction mechan-
isms of rolling-sliding contact in mixed EHL.

3. Validation of the friction prediction model

To validate the friction prediction model, the numerical results
were compared with experimental results in mixed EHL under same
loading conditions. Recent experimental results by Khonsari et al. [14]
obtained on a twin discs machine were used for the comparison.
Experimental work suggests that actual surface distributions are rather
close to Gaussian [42], so Gaussian distribution is widely used to
approximate a rough surface when measurement is not available [43].
Surface profiles in the calculations were numerically generated
Gaussian surface profiles where their surface roughness values (Rq)
are 0.283 and 0.465 µm respectively. The loading and test rig para-
meters are listed in Table 1. The solution domain was set to be
− x b4.5 ≤ / ≤ 1.5 by considering that the inlet generally has important
influence on the lubrication, where x is the coordinate in the rolling/
sliding direction and b is the half width of Hertzian contact. The
solution domain was set to a unified grid where the node number is
2000, corresponding to a dimensionless mesh size of Δx b/ = 0.004,
which is smaller than the typical mesh size of 0.0117 reported by Zhu
et al. [44]. The convergence criterion is
ε P P P= ∑ − / ∑ <0.0001new old new , which is widely used in lubrication
analysis [20,45]. The boundary film parameters τ0 and β are lubricant
specific constants determined by the properties of the lubricant and

Fig. 2. Solid-to-solid friction of a conical asperity by ploughing and adhesion effects.
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contact surfaces [36,37]. These parameters have been examined in
different ways and by several researchers, where τ0 is found in a range
of 1–8 MPa and β is in a range of 0.05–0.15 [46–48]. Hence, the
parameters are assumed to be τ0=2 MPa and β=0.1 for the lubricant
used in the experiments, as used in ref [49] for the boundary film
friction prediction of general engine oil. The calculation of the solid-to-
solid contact friction involves the determination of the yield and shear
strengths. Hardness testing is often an economical substitute for most
of the metals if yield strength testing is not available [50] since
indentation hardness correlates linearly with yield strength [51]. In
the current calculation, the yield strength was derived from the
hardness, and the shear strength is 0.2 times of the yield strength [35].

Numerical results were compared with experimental results at two
different loads and surface roughness values. The experimental and
numerical results under the influence of slide-to-roll ratio are shown in
Fig. 3, at dimensionless load W=1×10−4 and 4×10−5, and surface
roughness σ=0.283 and 0.465 µm. The numerical results predicted the
same trend with experimental results. There is an increasing trend of
friction coefficients when the slide-to-roll ratio is less than 0.2. The
increase is due to Newtonian and non-Newtonian response of the
lubricant where the shear stress at first is proportional to the shear
rate, followed by shear thinning effects. At a slide-to-roll ratio of
approximately 0.2 the shear stress may have reached the limiting shear
stress, and therefore the friction coefficient does not continue to
increase. Similar trend was also reported in [52] and [53]. For the
dimensionless load of =1 × 10−4 , there is a slightly decreasing trend
when the slide-to-roll ratio is larger than 0.6. This is because when the
slide-to-roll ratio keeps increasing, large sliding velocity would induce a
significant temperature increase which causes a decrease in the
viscosity of the lubricant, resulting in a decrease in the friction
coefficients [14]. For the dimensionless load of 4 × 10−5, the friction
coefficients also decreased when the slide-to-roll ratio was larger than

0.6, but the decreasing rate was not as obvious as that of the
dimensionless load 1×10−4. This is because, for the same surface
roughness and entrainment velocity, larger load would generate higher
temperature, resulting in a decrease in viscosity and friction coefficient.

The main discrepancy between the numerical and experimental
results lies in the absolute values of the friction coefficients. The error
between the numerical and experimental results is about 10%. A
possible reason for this may be the difference in surface profiles in
experiments and numerical calculations, despite the surface roughness
values (Rq) are the same. The current numerical analysis results are in
a good agreement with the experimental data, so the numerical
approach has proven to be reliable to predict friction coefficient of
rolling-sliding contact in mixed EHL.

4. Results and discussions

The friction of mixed EHL is determined by considering hydro-
dynamic friction, boundary film friction, and solid-to-solid friction.
This model provides a tool to have a better understanding of the
frictional behaviour and mechanisms of rolling sliding contact by
investigating (a) effects of rolling velocity and (b) the interaction of
the three friction components and their contributions to the overall
friction.

4.1. The frictional behaviour of rolling-sliding contact

The rolling velocity has a significant influence on the hydrodynamic
effects [35]. Numerical investigations were conducted to further
understand the rolling velocity effects on the friction coefficient in a
full range of lubrication conditions including full film, mixed and
boundary lubrication. For typical gear and bearing applications in
industry, the Hertzian contact pressure is often in the magnitude of
GPa. The rolling velocity varies over a wide range (i.e. from 0.001 to
10 m/s). Surface finish grades, such as N4, N5, N6, and N7, are most
commonly used. In such operating conditions, the rolling-sliding
contact is generally in mixed EHL. In the current study, the dimension-
less loads is W=2×10−4, which corresponds to a Hertzian pressure of
1.35 GPa. The dimensionless velocity range is 1×10−12~1×10−8, which
corresponds to 0.001–10 m/s. The surface profile was obtained from a
N4 lapping surface by using a scanning laser microscope where the
obtained Rq surface roughness is 0.3 µm, as shown in Fig. 4. Loading
and material property parameters are summarized in Table 2.

The friction coefficients and the lubrication condition were pre-
dicted by varying the velocity, as shown in Fig. 5. The lubrication
condition evolves the negotiation of the hydrodynamic effects and the
asperity interactions. It is mainly determined by the contact ratio ψ ,
defined as the ratio of asperity interaction pressure to the applied load.
Based on Zhu's criteria [20], a contact ratio of ψ ≥ 85% is defined as the
boundary lubrication regime, a contact ratio of ψ0< < 85% is defined as
the mixed EHL regime, and a contact ratio of ψ=0 is defined as the full
film lubrication regime. Fig. 5 clearly demonstrates the decisive

Table 1
Loading and material property parameters for mixed EHL validation.

Parameters Values Parameters Values

Dimensionless Load

W = w
E r′

1×10−4/4×10−5 Slide-to-roll ratio
S

0–1

Dimensionless rolling

velocity U =r
η U
E r
0
′

1×10−11 Equivalent radius
r

0.0221 m

Reference density of
lubricant ρ0

888 kg/m3 Surface roughness
σ

0.283/
0.465 µm

Thermal conductivity of
lubricant kf

0.145 W/mK Reference viscosity
η0

0.35 Pa s

Thermal conductivities of
rollers k k,a b

47 W/mK Ambient
temperature T0

293.15 K

Specific heats of rollers
c c,a b

460 J/Kg K Densities of rollers
ρ ρ,a b

7850 kg/m3

Equivalent elastic

modulus E′
2.28×1011 Pa

Fig. 3. Friction coefficient comparison of mixed EHL for the dimensionless load of 1×10−4 and 4×10−5 E – Experimental results, N – Numerical results.
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influence of lubrication regimes on the overall friction coefficients. The
increase in velocity decreases the friction coefficient in different ways,
depending on the loading and lubrication conditions. When the rolling
velocities are small, the friction coefficient keeps almost constant. Then
there is a dramatic decrease, and followed by a slightly decreasing
trend of the friction coefficient with the increase in the velocity [20].

In the boundary lubrication regime, there were few hydrodynamic
pressure built up and the applied load is supported by the asperity
interaction pressure. The friction coefficient is mainly contributed by
asperity interaction friction. Therefore the velocity has a very limited
influence on the friction coefficients. With the increase in the velocity,
the hydrodynamic effect is gradually building up and the lubrication
regime transfers into the mixed EHL, where the overall friction is the
combination results of the asperity interaction and lubricant fluid
frictions. Since the lubricant fluid friction is often much smaller than
that of the asperity interaction, there is a significant decrease in the
friction coefficient with the increase in velocity. When the velocity is
further increased, a full film regime is achieved and the overall friction
is only contributed by the lubricant fluid friction. The reason for the
further reduction in the overall friction coefficient is mainly attributed
to the decrease in viscosity following the temperature increase caused
by the increase of velocity.

4.2. The friction components and friction mechanisms

To further understand the friction mechanisms, the contributions
of the three friction components to the overall friction coefficient were
investigated and are presented in Fig. 6. In the boundary lubrication
regime, the applied load is mainly carried by asperity interactions, and
the majority are in plastic deformation. Solid-to-solid ploughing and
adhesion friction, existing in the asperity contacts where the boundary
film breaks down, accounts for about 75% of the overall friction. This
demonstrates why in such condition friction and wear are often harsh.
Also, boundary film friction, generated from the rheological properties
of the boundary film in between the elastically deformed asperities, co-
exists. In boundary lubrication regime, most of the asperities are in
plastic deformation and only a few are in elastic deformation, so the
boundary film friction is a small part, about 20%, of the overall friction.
Due to the above reasons, the overall friction coefficient in the
boundary lubrication is high and decreases very slightly with the
increase in the rolling velocity Ur until the mixed EHL is reached at
Ur =0.09×10−10.

In mixed EHL, with the increasing of the velocity and the hydro-
dynamic pressure, the boundary film regions transfer into hydrody-
namic region [20], which results in a continuing increase in the
lubricant fluid friction. Also, some of the solid-to-solid regions transfer
into boundary film regions, so the boundary film friction demonstrates
a slightly decreasing trend in mixed EHL. The increase in the rolling
velocity would also induce a transition of the solid-to-solid regions into
boundary film or hydrodynamic regions. Due to the fact that lubricant
fluid friction coefficient is much smaller than that of the solid-to-solid
interaction, there is a dramatic decreasing trend of the overall friction
coefficient in mixed EHL with the increase in velocity [54]. As shown in
Fig. 6, the proportion of the solid-to-solid friction decreased from
about 70–0% in mixed EHL with the increase in the rolling velocity. At
about Ur=4.0×10

−10, both solid-to-solid friction and boundary film
friction decrease to zero and the lubrication regime transfers into full
film lubrication.

In full film lubrication, the applied load is supported by the
lubricant hydrodynamic pressure, and the overall friction is all
contributed by lubricant fluid friction. The lubricant fluid friction is
generated from the shear resistance of lubricant [35], and demon-
strates a slightly decreasing trend with the increase in velocity because
of temperature and non-Newtonian effects [35].

In summary, the developed model enables us to have better
understanding of the frictional behaviour and mechanism of rolling-
sliding contact in mixed EHL which largely depends on the contact and
lubrication conditions. The friction is dominated by the solid-to-solid
ploughing and adhesion friction in boundary lubrication regime. In the

Fig. 4. N4 finish surface profile.

Table 2
Loading and material property parameters for the mixed EHL friction prediction.

Parameters Values Parameters Values

Dimensionless Load

W = w
E r′

2×10−4 Slide-to-roll ratio
S

0.25

Dimensionless rolling

velocity U =r
η U
E r
0
′

1×10−12~1×10−8 Equivalent radius
r

0.02 m

Reference density of
lubricant ρ0

888 kg/m3 Surface roughness
σ

0.30 µm

Thermal conductivity of
lubricant kf

0.145 W/mK Reference
viscosity η0

0.2 Pa s

Thermal conductivities of
rollers k k,a b

47 W/mK Ambient
temperature T0

293.15 K

Specific heats of rollers
c c,a b

460 J/Kg K Densities of rollers
ρ ρ,a b

7850 kg/m3

Equivalent elastic

modulus E′
2.28×1011 Pa

Fig. 5. Effects of the contact ratio and lubrication condition on the friction coefficient
BL- boundary lubrication; ML- mixed EHL; FL-full film lubrication.

Fig. 6. Friction components of rolling sliding contact BL- boundary lubrication; ML-
mixed EHL; FL-full film lubrication; F – The overall friction coefficient; FH - Lubricant
fluid friction coefficient; FB - Boundary film friction coefficient; FS - Solid-to-solid
friction coefficient.
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mixed EHL regime, with the increase in velocity, the overall friction
coefficient decreases mainly due to the decrease in the solid-to-solid
friction. The boundary film friction does not show a significant
influence on the overall friction in both boundary and mixed lubrica-
tion regimes.

5. Conclusions

A numerical approach was developed to investigate the frictional
behaviour and the friction mechanisms of rolling-sliding contact in
mixed EHL. The friction of asperity interactions was considered to be
predominated by the boundary film friction or the solid-to-solid
ploughing and adhesion friction depending on local contact and
deformation conditions. The overall friction was predicted by the
combination results of the lubricant fluid friction, boundary film
friction, and the solid-to-solid friction. The model facilitates the
understanding of the effects of rolling velocity on the three components
of friction, and their contributions to the overall friction coefficient. The
numerical results demonstrate that:

1) the friction is dominated by the solid-to-solid ploughing and
adhesion friction in boundary lubrication regime (i.e. accounts for
about 75% of the overall friction in the current case),

2) in the mixed EHL regime, the overall friction coefficient shows a
significant decreasing trend with the increase in velocity due to the
decrease in solid-to-solid friction, and

3) the boundary film friction does not show a significant influence on
the overall friction in both boundary and mixed lubrication regimes
(i.e. accounts for less than 20% of the total friction in both boundary
lubrication and mixed EHL regimes).

This development has provided an alternative and cost effective
method to estimate friction coefficient at a given surface profile and
load condition. In reality, friction is a dynamic process, and the
contacted surfaces are always changing due to wear. Further work will
be carried out to predict frictional behaviour with considering the
evolution of the surface topography, which can be achieved by applying
a wear model into the current friction prediction model. For the
prospective of industrial application of the current method, future
work will consider prediction errors induced by experimental measure-
ments of surface profiles and other key operating conditions.
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