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In this study, a method combining numerical surface generation technology and three-
dimensional hot-line contact EHL is employed to evaluate the contact characteristics of
micro-textured surfaces under high-load line contact. Based on numerical simulation, the
film thickness, film pressure, friction coefficient and surface flashing temperature of the
virtual texture surface with different cross-sectional shapes and sizes are studied. On this
basis, the subsurface stress at the contact point is calculated by the DC-FFT algorithm.
The results show that, compared with a smooth surface, the micro-textures of different
shapes all increase the average oil film thickness of the surface and reduce the friction
coefficient, but at the same time lead to an increase in the contact stress of the surface. By
changing the width and depth of the texture, the maximum film pressure has changed by
11.4 and 18.5%, respectively.
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INTRODUCTION

It has been reported that micro-texture can improve surface properties by increasing and reducing
friction (Yuan et al., 2011; Gachot et al., 2017; Codrignani et al., 2020), and has been successfully used
in bearings, seals and other mechanical parts. (Wang, 2014; Gropper et al., 2016). Due to the diversity
of the shape and arrangement of the micro-textures and the micro-textures exhibiting different
tribological effects under conditions such as dry contact, boundary lubrication and full-film
lubrication, an in-depth understanding of lubrication and friction properties is essential for
selecting the textured surface required for specific conditions (Gachot et al., 2013; Taee et al.,
2017; Wu et al., 2017; Ito et al., 2020). Experimental research is applied to obtain the friction or film
thickness data of different micro-textured surfaces, and the comparison based on the data is helpful
for the selection of micro-texture (Gadeschi et al., 2012; Rosenkranz et al., 2016). However, the
experimental evaluation of a complete micro-textured surface is expensive and time-consuming.
Numerical simulation has become another resource-saving method for exploring the lubrication and
friction characteristics of micro-textured surfaces, and it is more accurate and faster.

The artificially generated micro-texture pairs will change the surface morphology and
significantly affect the performance of the lubricating film, which in turn affects the load and
wear of the surface. Yu and Sadeghi (Yu and Sadeghi, 2001) discussed the effect of groove geometry,
groove depth, groove width, groove shape and groove amount on the load support of thrust washers.
Kovalchenko et al. (Kovalchenko et al., 2004) conducted a series of experimental studies on micro-
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textured surfaces with different depths, densities and diameters to
understand their friction behavior. Woloszynski et al.
(Woloszynski et al., 2014). investigate the effects of elliptical
grooves and trapezoidal dents on the maximum pressure, load
capacity, friction coefficient and minimum film thickness of a
limited fluid dynamic bearing. Khaemba et al. (Khaemba et al.,
2020) used the tribological tests to investigate the effect of three
different microtextures on the tribological properties of the
friction modifier molybdenum dialkyldithiocarbamate. The
effects of important geometric parameters such as the shape,
distribution, density, and depth of the micro-texture on the
lubrication characteristics have been also analyzed (Pettersson
and Jacobson, 2004; Vlădescu et al., 2016). However, the micro-
textured surface deformation caused by high contact pressure
increases the complexity of the micro-texture lubrication
characteristics research compared with the low contact
pressure friction pair mentioned above.

Nanbu et al. (Nanbu et al., 2008) investigated the effect of the
direction, directional angle, characteristic continuity and aspect
ratio of micro-textures on lubrication characteristics on point
contact. Ali et al. (Ali et al., 2015) analyzed the influence of
laterally restricted microgrooves on film thickness and friction
behavior in EHL point contact. Marian et al. (Marian et al., 2019)
discussed the effects of structural parameters such as the depth
and diameter of micro-textures and the relative position of micro-
texture and counter-body on lubrication and friction on point
contact. Jadhav et al. (Jadhav et al., 2019) investigated the effects
of spherical, rectangular and triangular textures on the
lubrication characteristics of line contact EHL based on a
magnetohydrodynamic lubrication model. There are many
studies on the lubrication characteristics of micro-textured
surfaces. In addition, contact stress is another very important
factor for the design of mechanical parts. When the two elements
are in contact and move relative to each other, due to the
entrainment of pressurized fluid during the mixing and
lubrication process, interface normal and shear traction occur.
The interaction of the surface has caused drastic changes in the
underground stress, which profoundly affects the surface contact
characteristics such as rolling contact fatigue, crack growth and
wear. Zhu et al. (Zhu et al., 2009). studied the subsurface stress of
typical gear tooth surfaces such as shaved and ground. Yan et al.
(Yan et al., 2013) discusses the stress and fatigue life of a three-
dimensional sinusoidal surface with variable wavelengths in the x
and y directions. Yang et al. (Yang et al., 2019). analyzed the
maximum von Mises stress of smooth, ground and honing
surfaces under the same rolling conditions. However, there are
few reports on the contact stress of micro-textured surfaces.

Based on the fact that there are a lot of reports focusing on the
lubricating properties such as the local film pressure and film
thickness on the micro-textured surface, and fewer reports focus
on the details of contact stress on the micro-textured surface. This
research established a simulation prediction model for the
analysis of micro-textured surface characteristics with contact
and lubrication analysis capabilities based on the numerical
surface generation technology and the three-dimensional
thermal hybrid EHL method. The modeling system can be
invoked as a predictive tool to predict the lubrication and

contact status of different micro-textured surfaces. In addition,
the effect of micro-textures with different cross-sectional shapes
and sizes on surface lubrication properties and contact stress is
also discussed based on the prediction model. The main purpose
of this research is to provide technical cost and parameter basis
for the improvement of micro-textured surface lubrication
performance.

THEORETICAL BACKGROUND

Three-Dimensional Line-Contact Thermal
EHL Model
The analysis of lubrication characteristics is based on three-
dimensional line-contact thermal mixed EHL complete
numerical solution model. This model was first proposed
by Ren et al. (Ren et al., 2009) to predict contact and
lubrication state characteristics. In the hydrodynamic
region, pressure is controlled by the Reynolds equation
expressed as follows:

z

zx
( ρ

12η
h3
zp
zx
) + z

zy
( ρ

12η
h3
zp
zy
) � u

z(ρh)
zx

+ z(ρh)
zt

. (1)

Lubricating film thickness includes macroscopic contact
geometry, surface elastic deformation and microscopic surface
roughness. The local lubricant film thickness is calculated as
follows:

h(t) � h0(t) + x2

2R(t) + υ(x, y, t) + δ1(x, y, t) + δ2(x, y, t), (2)

where R(t) is the effective radius of curvature over the contact
width, δ1 and δ2 is the roughness amplitudes of surface1 and
surface2, respectively, υ is the elastic deformation of the surfaces.
The elastic deformation term is derived from Boussinesq’s
integral formula (Wang et al., 2003), which is calculated as
follows:

υ(x, y, t) � 2
πE′

∫∫
Ω

p(ξ, ζ)����������������
(x − ξ)2 + (y − ζ)2√ dξdζ . (3)

Generally, the discrete convolution and fast Fourier transform
(DC-FFT) algorithm proposed by Liu et al. (Liu et al., 2000) can
be used to analyze the elastic deformation of the rough surface in
the inverse contact. For the line contact problem, Chen et al.
(Chen et al., 2008) modified the DC-FFT algorithm with
duplicated padding, which is called the DCD-FFT algorithm.
It uses a hybrid padding strategy in the extended domain to
improve the DC-FFT algorithm i.e., duplicated padding
excitation in the periodic direction with infinitely long contact
geometry and zero padding excitation in the direction of the finite
contact width.

The density of lubricating oils is adopt the Dowson-Higgison
dense-pressure relationship (Dowson, 1977).

ρ � ρ0(1 + 0.6 × 10− 9p
1 + 1.7 × 10−9p

). (4)
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The load applied in the EHL area is balanced by the pressure
integral in the entire area. The load balance equation is shown as
follows:

ω(t) � ∫∫
Ω

p(x, y, t)dxdy. (5)

A finite length L in y direction is set as the solution domain,
L/2 ≥ y ≥ -L/2, and the boundary condition for solving the
Reynolds equation is written as (Shi et al., 2019):

zp
zy

� 0. (6)

When the oil film ruptures or cavitation, the following
boundary conditions are used:

p � 0,
zp
zx

� 0 (7)

Temperature Rise of Two Contact Surfaces
A large amount of frictional heat will be generated at the contact
interface of the two surfaces that are moving relative to each
other, which causes an instantaneous temperature rise on the
contact interface between the two surfaces, which is called flash
temperature. If the surface temperature is too high, it is easy to
stick and glue the contact interface and accelerate the failure of
parts. Therefore, temperature distribution is a factor that must be
considered in the design of mechanical parts. The analytical
formula of temperature rise proposed by Zhu and Cheng (Zhu
and Cheng, 1989) is the key to the solution of temperature rise in
this paper.

T1(ξ) � Tb1 + ( 1
πρ1C1u1k1

)0.5

× ∫ξ

−x
{kf
h
[T2(λ) − T1(λ)]

+ q(λ)
2

} dλ����
ξ − λ

√ , (8)

T2(ξ) � Tb2 + ( 1
πρ2C2u2k2

)0.5

× ∫ξ

−x
{kf
h
[T1(λ) − T2(λ)]

+ q(λ)
2

} dλ����
ξ − λ

√ . (9)

where q is the heat generated by either interface friction and
lubricant shearing, q � τ|V |, Since heat generation and surface
temperature are interdependent, surface temperatures T1 and T2

require an iterative process to solve.

Subsurface Stress of Contact Surface
For high-load contact, the size of the contact area is small
compared to the radius of curvature of the contact body
surface. The contact stress is concentrated near the contact
area and decreases rapidly as the distance from the contact
area increases. In other words, the contact stress does not
depend on the shape of the contact body far away from the
contact area, nor does it depend on the support method of the
contact body. Therefore, one of the contact bodies can be

regarded as a semi-infinite elastic body in the stress
calculation. Under the action of the normal concentrated
force P, the relationship between any point in the elastic
semi-infinite body and the point of action is shown in
Figure 1.

Based on the stress and displacement generated from the
normal concentrated force, Johnson (Johnson, 1985) gave an
expression for calculating the deformation and stress caused by
any distributed load using the superposition method.

σx � P
2π

[(1 − 2υ)
r2

{(1 − z
ρ
) x2 − y2

r2
+ zy2

ρ3
} − 3zx2

ρ5
], (10)

σy � P
2π

[(1 − 2υ)
r2

{(1 − z
ρ
) y2 − x2

r2
+ zx2

ρ3
} − 3zy2

ρ5
], (11)

σz � −3P
2π

z3

ρ5
(12)

τxy � P
2π

[(1 − 2υ)
r2

{(1 − z
ρ
) xy
r2

− zxy
ρ3

} − 3xyz
ρ5

], (13)

τxz � −3P
2π

xz2

ρ5
, (14)

τyz � −3P
2π

yz2

ρ5
, (15)

where r2 � x2 + y2, ρ2 � x2 + y2 + z2.
According to the principle of force independence and

superposition, when an elastic semi-infinite body is subjected
to a distributed normal force p (ξ,η), the stress of any pointA (x, y, z)
in the semi-infinite body can be obtained according to the principle
of superposition, as follows:

σx � ∫∫
S

p(ξ, η)
2π

[(1 − 2υ)
r2

{(1 − z
ρ
) (x − ξ)2 − (y − η)2

r2

+ z(y − η)2
ρ3

} − 3z(x − ξ)2
ρ5

]dξdη, (16)

FIGURE 1 | The effect of normal concentration on any point in the semi-
infinite body.
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σy � ∫∫
S

p(ξ, η)
2π

[(1 − 2υ)
r2

{(1 − z
ρ
)(y − η)2 − (x − ξ)2

r2

+ z(x − ξ)2
ρ3

} − 3z(y − η)2
ρ5

]dξdη, (17)

σz � −∫∫
S

3p(ξ, η)
2π

z3

ρ5
dξdη, (18)

τxy � ∫∫
S

p(ξ, η)
2π

[(1 − 2υ)
r2

{(1 − z
ρ
) (x − ξ)(y − η)

r2

− z(x − ξ)(y − η)
ρ3

} − 3(x − ξ)(y − η)z
ρ5

]dξdη, (19)

τxz � −∫∫
S

3p(ξ, η)
2π

(x − ξ)z2
ρ5

dξdη, (20)

yz � −∫∫
S

3p(ξ, η)
2π

(y − η)z2
ρ5

dξdη, (21)

where, r2 � (x − ξ)2 + (y − η)2, ρ2 � (x − ξ)2 + (y − η)2 + z2.
According to the principle of force independence and

superposition, when an elastic semi-infinite body is subjected to a
distributed tangential force s (ξ,η), the stress at any point A(x, y, z) in
the semi-infinite body can be superimposed in a similar way.

σx � ∫∫
S

s(ξ, η)
2π

[(1 − 2υ){(x − ξ)
ρ3

− 3(x − ξ)
ρ(ρ + z)2 + (x − ξ)3

ρ3(ρ + z)2
+ 2(x − ξ)3
ρ2(ρ + z)3} − 3(x − ξ)3

ρ5
]dξdη, (22)

FIGURE 2 | Numerical simulation and experimental verification process.

FIGURE 3 | Commercial friction tester.
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σx � ∫∫
S

s(ξ, η)
2π

[(1 − 2υ){(x − ξ)
ρ3

− (x − ξ)
ρ(ρ + z)2 + (x − ξ)(y − η)2

ρ3(ρ + z)2
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ρ5

]dξdη,
(23)

σz � −∫∫
S

s(ξ, η)
2π

3(x − ξ)z2
ρ5

dξdη, (24)

τxy �∫∫
S

s(ξ,η)
2π

[(1−2υ){(x− ξ)2(y−η)
ρ3(ρ+ z)2 −2(x− ξ)2(y−η)

ρ2(ρ+ z)3
− (y−η)
ρ(ρ+ z)2}−3(x− ξ)

2(y−η)
ρ5

]dξdη, (25)

τxz � −∫∫
S

s(ξ, η)
2π

3(x − ξ)2z
ρ5

dξdη, (26)

τyz � −∫∫
S

s(ξ, η)
2π

3(x − ξ)(y − η)z
ρ5

dξdη. (27)

Three-dimensional subsurface stress caused by surface normal
stress and tangential shear stress can be calculated by the
following integration.

σqr(x, y, z) � ∫∫[p(ξ, η)gN,qr(x − ξ, y − η, z)
+ s(ξ, η)gS,qr(x − ξ, y − η, z)]dξdη

� ppgN ,qr + spgS,qr , (28)

where *means convolution, p (ξ, η) is the normal force, and s (ξ,
η) is the tangential force.

Taking the normal stress calculation process as an example,
the continuous form of the relationship between the subsurface
stress and the normal pressure is:

σqr(x, y, z) � ∫∫[p(ξ, η)gN,qr(x − ξ, y − η, z)]dξdη. (29)

The discrete form of the equation, that is, the form defined by
pressure and influence coefficient is as follows:

σqr(x, y, z) � ∑
ξ

∑
η

p(xξ , yη)Di−ξ,j−η,l
N,qr , (30)

For the elastic half-space stress, the solution method
proposed by Boussinesq and Cerruti is employed (Yan et al.,
2014). The influence coefficients under normal stress and
tangential stress are obtained by the results of Liu et al. (Liu
and Wang, 2002). Similar to the solution of elastic deformation,
the DC-FFT method can be used to calculate the underground
stress field.

Numerical Simulation and Experimental
Verification Process
In this study, the experimental and numerical simulation contact
conditions are the same for all cases. The entire calculation
process is shown in Figure 2. First, the friction coefficient of a
smooth surface without lubrication is obtained by a friction
testing machine, and the boundary friction coefficient
estimated by the experiment is used as the input data of the
model. Then, through the simulation calculation of the
hydrodynamic friction of the micro-textured surface. It is
worth noting that in the process of numerical simulation of
micro-textured surfaces, the smooth surface solution under the
same working conditions is usually calculated first, and then the
numerical rough surface is brought in by setting the same smooth
solution as the initial value. And after enough time steps, the
micro-textured surface contact characteristics are obtained.
Finally, the friction coefficient calculated by thermal EHL
simulation is compared with the friction coefficient measured

FIGURE 4 | The smooth and micro-textured surface.
FIGURE 5 | The relationship between the friction coefficient and the
velocity.

Frontiers in Mechanical Engineering | www.frontiersin.org May 2021 | Volume 7 | Article 6725885

Zhao et al. Contact Characteristics of Micro-texture

https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


TABLE 1 | The cross-sectional shape of micro-texture.

Type Cross-sectional shape Geometric relationship Micro texture size

R

δ(x) � −Lz Lx × Ly × Lz � 21 × 50 × 2.5 μm

T
Lx1, � 2Lx2,

δ(x) � − Lz
Lx1/4

x, 0≤ x ≤ Lx1/4,

δ(x) � −Lz, Lx1/4≤ x ≤ Lx1/2,

δ(x) � Lz
Lx1/4

x, Lx1/2≤ x ≤ Lx1.

Lx1 × Lx2 × Ly × Lz � 21 × 11.5 × 32.3 × 2.5 μm

RT1

δ(x) � Lz
Lx
x − Lz Lx × Ly × Lz � 21 × 100 × 2.5 μm

RT2

δ(x) � −Lz
Lx
x Lx × Ly × Lz � 21 × 100 × 2.5 μm

IT

δ(x) � − Lz
Lx/2

x, 0≤ x ≤ Lz/2,

δ(x) � Lz
Lx/2

x + Lz, Lz/2≤ x ≤ Lz.
Lx × Ly × Lz � 21 × 100 × 2.5 μm

H

R2
m � −(Rm − L2z ) + (Lx/2)2 ,

δ(x) �
��������������
R2
m − (Lx/2 − x)2

√
− (Rm − Lz),

0≤ x ≤ Lz/2,
δ(x) �

��������������
R2
m − (x − Lx/2)2

√
− (Rm − Lz),

Lx/2≤ x ≤ Lz .

Lx × Ly × Lz × Rm � 21 × 100 × 2.5 × 65.72 μm
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by experiment. Based on this comparison, the model can be
modified to better agree with the experiment. The improved
model can then be reused for more simulation situations using
the same lubricant.

EXPERIMENTAL

In the experiment, the three-dimensional rough surface was
measured by a 3D non-contact surface profilometer with the
resolution of 0.2 μm and 10 times magnification lens. The
measurement length and width of the surface are 1.757 and
1.406 mm, which cover the nodes of 640 × 512 in x and y
directions, respectively. The friction tests were performed
under ambient temperature (20–25°C). In the friction
experiment, the test material is GH15 Superalloy. The
coefficient of friction is measured by the commercial friction
tester, as showed in Figure 3. The upper surface of the two
contact surfaces is a polished surface, and the other surface is a
test surface. And the force of the elastic cantilever can be
measured in both horizontal and vertical planes, so that the
normal load, the friction force and therefore the friction
coefficient can be determined. 4106 aviation lubricating oil is
used for friction test, its dynamic viscosity η0 � 0.0104 Pa s.

Laser surface texturing is used to process micro-textured
arrays on the test surface. In order to avoid the interference of
the test results from the original surface roughness, it is necessary
to ensure that the surface roughness of the non-textured
specimens is low before laser micro-texturing. The surface
polishing process is used in the experiment to control the
surface roughness Ra between 15–25 nm. After the surface is
treated with laser texturing, the partially melted metal cools and
accumulates in the area around the micro-pits, so that the edges
of the micro-pits form protrusions like craters. After finishing the
laser textured surface processing, the micro-textured surface is
polished and cleaned again for eliminating the adverse effects of
protrusions around the micro-texture. The micro-textured
surface after a series of processing is illustrated in Figure 4.

RESULTS AND DISCUSSION

Numerical Simulation and Experimental
Verification
The method proposed by Wang et al. was used to determine the
correlation coefficient of the rheological model (Wang et al.,
2007). The coefficient of friction of the micro-textured surface
obtained from the three-dimensional EHL model at different
velocities is compared with the friction coefficient obtained in the
experiment, and a more accurate model is obtained through
continuous iteration. In this case, the applied load per unit
length is 325.1654 N/mm and the Hertz contact stress is fixed
at pH � 728 MPa, and the velocities is 0.01 m/s, 0.1 m/s, 1 m/s,
1.5 m/s, 2 m/s, 2.5 m/s, and 3 m/s, respectively. In the simulation,
in order to reduce the effect of starvation on the film thickness,
the entrance distance is set to 3.5 a from the contact center line x
� 0 and the exit distance is 1.5 a (Zhu et al., 2014). Progressive
mesh density PMD method to ensure the convergence and
accuracy of the film thickness results (Zhu, 2007). Figure 5
shows the relationship between the coefficient of friction and
the velocity. In numerical simulation and experiment. The
coefficient of friction is obtained by numerical simulation and
experimental measurement of the micro-textured surface. Three
measured data during stable operation are selected, and the
average value of these data is calculated to obtain the
experimental coefficient of friction at each velocity.

It can be seen from Figure 5 that with the continuous increase
of the velocity, the lubrication state between the contact interfaces
changes continuously and smoothly from dry contact to mixed
lubrication and full film lubrication. In addition, Due to the
difference of the laser processing surface, there is a slight
difference between the friction coefficient and the friction
coefficient of the sample in the numerical simulation, but the
relationship between the friction coefficient of the micro-textured
surface and the velocity obtained by numerical calculation is
similar to that of the experimental friction coefficient. The two
curves show the same trend as the velocity increases, and the
maximum difference between calculation and measurement at

FIGURE 6 | The Position of micro-texture on surface.
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FIGURE 7 | Lubricating characteristics of smooth surface and micro-textured surface. (A) Film pressure of smooth surface. (B) Film pressure of micro-texture
surface. (C) Temperature rise of smooth surface. (D) Temperature rise of micro-texture surface. (E) von mises stress distribution of smooth surface in x direction. (F) von
mises stress distribution of micro-texture surface in x direction. (G) von mises stress distribution of smooth surface in y direction. (H) von mises stress distribution of
micro-texture surface in y direction.
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seven sets of speeds from 0.01 to 3 m/s is 4.52%, which indicates
that the 3D thermal mixed EHL model can be used to provide a
good prediction of the friction coefficient of mixed lubrication,

and further predict other relevant lubricating properties of the
micro-textured surface.

Effect of the Cross-Sectional Shape of
Micro-texture on Lubrication
Characteristics
It is difficult to precisely control the texture shape using laser
texturing technology. Therefore, the combination of numerical
surface generation technology and 3D thermal EHL model is
used in this study to accurately analyze the effect of
microstructure parameters on the contact characteristics of
micro-textured surface. Firstly, the effect of the cross-sectional
shape of micro-texture on the lubrication characteristics is
discussed in this section based on the contact parameters.
numerical surface generation technology is applied to generate
micro-textures with different cross-sectional shapes on smooth
surfaces, including R, T, RT1, RT2, IT and H. as illustrated in
Table 1. The surface texture is located in the middle of the Hertz
contact ellipse, as shown in Figure 6. The surface1 is smooth, while
the surface2 is numerically textured. In simulations, the maximum

FIGURE 8 | The film pressure, film thickness and Von Mises stress
distribution with different cross-sectional shape. (A) The cross-sectional
shape of R. (B) The cross-sectional shape of T. (C) The cross-sectional shape
of RT1. (D) The cross-sectional shape of RT2. (E) The cross-sectional
shape of IT. (F) The cross-sectional shape of H.

FIGURE 9 | Contact lubrication characteristics with different cross-
sectional shapes. (A) Average film thickness and coefficient friction. (B) The
maximum film pressure and von mises stress.
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Hertzian stress pH � 728MPa and the Hertz contact radius a �
0.1658mm. The entrainment velocity U � 3 m/s. In particular,
in order to reduce the resulting error caused by the difference
in micro-texture volume caused by different cross-sectional
shapes, the length of the pit in the y direction is adjusted
according to the surface area of the different cross-sectional
shapes. At the same time, the depth and width of the micro
texture of each shape are the same.

Taking H micro-texture as an example, the three-dimensional
film pressure, temperature rise and von Mises stress distribution
of the smooth surface and the micro-textured surface are shown
in Figure 7.

It can be observed from Figures 7A,B that the micro-texture
will affect the film pressure in the surrounding area compared
with the film pressure of the smooth surface. For the pit-type
micro-texture structure, when the lubricant enters the micro-
textured area, the space where the lubricant is located becomes
larger and divergence gaps appear. Thus the film pressure
becomes smaller at this time. Moreover, if the pressure is
lower than the cavitation pressure value, the lubrication area
will produce cavitation effect. When the lubricant flows out of the
micro-textured pits, the space where the fluid is located becomes
smaller and a convergence gap occurs, at this time, the pressure
around the micro-texture peaks as can be seen from Figure 7B. At

the same time, the surface temperature rise shows a law similar to
the film pressure as can be seen from Figures 7C,D.

It can be seen from Figures 7E,F that the micro-texture
changes the distribution of von Mises stress. The smooth
surface of the von Mises stress cloud has stress concentration
only at the exit of the EHL in the x direction, while the micro-
textured von Mises stress cloud has multiple obvious peak areas.
In addition, when the EHL area is a smooth surface, the
maximum von Mises stress is at x � 0.17 a, z � 0.69 a, and
when the micro-texture cross-section is H, the maximum von
Mises stress moves toward the exit of the EHL region in the x
direction to x � 0.62 a, and in the z direction to the contact surface
to z � 0.48 a. In general, the maximum von Mises stress area of
micro-textured surface moves toward the surface and the exit of
the EHL area compared to maximum von Mises stress
distribution of the smooth surface. At the same time, the von
Mises stress of the smooth surface has no stress concentration in
the y direction, while the von Mises stress cloud of the micro-
textured structure has multiple obvious peaks in the y direction as
can be seen from Figures 7G,H. Moreover, the vonMises stress of
micro-textured surface is higher than that of a smooth surface.

According to the results of thermal EHL, the Lubrication
characteristics parameters of the film thickness, film pressure
and Von Mises stress distribution of Y � 0 with different cross-
sectional shapes are presented, as shown in Figure 8.

It can be seen from Figure 8 that the cross-sectional shape of
the micro-texture has a significant effect on the film thickness and
film pressure in the EHL region. The film thickness in the middle
of the EHL contact area of the micro-textured surface is thicker
than that of the smooth surface, while the film thickness at other
locations of the EHL area is thinner than that of the smooth
surface. This result is similar to the film thickness distribution
observed by Gao et al. andWang et al. (Wang and Zhu, 2005; Gao
et al., 2010) in point contact. It is worth noting that due to the
sudden change of the gap near the outlet position between the two
shapes of R and RT2, the film pressure at the outlet position
increases more obviously, and the maximum pressure value is
greater than those of other shapes, which means that the cross-
sectional shape of R and RT2 can be more effectively to restore
film pressure.

The film thickness is deemed to be the key parameter that
determines the lubrication characteristics. The average film
thickness here refers to the average value of the film thickness
in the range of 2/3a in the center of the contact area for reduce the
error caused by the film thickness at the entrance and exit of the
EHL area. Since the micro textures are all designed in the middle
of the EHL area, it is appropriate to use the average film thickness.
Figure 9 shows the variation of the contact lubrication
characteristics with different cross-sectional shapes of different
micro-textured sections.

It can be seen from Figure 9A that the film thickness
distribution in the EHL area has a strong correlation with the
micro-texture shape. And the average film thickness of all the
micro-textures of cross-sectional shapes is thicker than that of the
smooth surface, which indicates that although the volume of the
concave micro-grains is small, it still has an oil storage effect and
can effectively reduce the friction coefficient. It is worth noting

FIGURE 10 | Micro-texture of grooves with different diameters.
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FIGURE 11 | The film pressure, film thickness and von Mises stress distribution with different diameters. (A) Lx � 8.0 μm. (B) Lx � 13.0 μm. (C) Lx � 17.0 μm. (d)
Lx � 21.0 μm. (E) Lx � 25.0 μm.
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that the average film thickness of the cross-sectional shape R and
RT2 is smaller than that of T, RT1 and H, and the coefficient of
friction is larger. It can be seen from Figure 9B that the maximum
film pressure andmaximumVonMises stress of the concave textured
surface of all cross-sectional shapes are higher than those of the
smooth surface. Furthermore, the maximum film pressure of the two
texture shapes of R and RT2 is significantly greater than that of other
shapes, which indicated that R and RT2 are conducive to improving
the oil film carrying capacity. This result is similar to Nanbu et al.’s
conclusion (Nanbu et al., 2008) that short grooves with a small aspect
ratio can produce the strongest hydrodynamic lift. For bearings and
other parts that need to use micro-textures to improve load-carrying
capacity, it is appropriate to choose the texture shapes of R and RT2.
And at the same time, the maximum von Mises stress of the two
texture shapes of R and RT2 is also slightly greater than that of other
shapes, which reduces the contact fatigue strength of contact surface,
which indicate that under the current circumstances, there is a
contradictory relationship between improving the carrying capacity
and reducing friction.

Effect of Micro-texture Diameters on
Lubrication Characteristics
In order to analyze the effect of micro-texture diameter on
lubrication characteristics, a series of micro-texture diameters
(Lx � 8.0–25.0 μm) are designed at a fixed texture depth Lz �
2.5 μm. The groove diagram is shown in Figure 10. Similarly, in
order to avoid the influence of the cross-sectional area on the
results, the length of the pits in the y direction with different
micro-texture diameters is adjusted to meet the requirement of
the uniformity of the pit volume. The Lubrication characteristics
parameters of film pressure, film thickness and Von Mises stress
distribution with different surface texture diameters are shown in
Figure 10.

In Figure 11, the film pressure of micro-textures of all
diameters tends to decrease first and then increase, when the
micro texture moves to the EHL area. And the film thickness and
pressure changes in the local contact area of the EHL area become
more obvious as the diameter of the micro-texture increases.
Furthermore, as the micro-texture diameter increases, the film
pressure in the texture area decreases significantly, while the peak
of the membrane pressure at the edge of the texture area becomes
larger, which indicted that although the micro-texture stores a
part of the lubricant, the other part of the lubricant is squeezed
out, which affects the pressure value outside the micro-
textured area.

Figure 12 shows the contact lubrication characteristics of
different micro-texture diameters.

It can be seen from Figure 12A that the average film thickness
of micro-textured surfaces of all diameters is larger than that of
smooth surfaces and the coefficient of friction of all textures is
smaller than that of smooth surfaces, which means that the role of
micro-texture storage lubricant can effectively reduce the friction
between two contact surfaces. In addition, Figure 12A also shows
that the average film thickness is directly proportional to the

FIGURE 12 | Contact lubrication characteristics with different micro-
texture diameters. (A) Average film thickness and coefficient friction. (B) The
maximum film pressure and von mises stress.

FIGURE 13 | Micro-texture of grooves with different depths.
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FIGURE 14 | The film pressure, film thickness and von Mises stress distribution with different micro-texture depths. (A) Lz � 1 μm. (B) Lz � 1.5 μm. (C) Lz � 2.0 μm.
(D) Lz � 2.5 μm. (E) Lz � 3.0 μm.
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diameter of the micro-texture, while the friction coefficient is
inversely proportional to the diameter of the micro-texture. The
variation of the average film thickness and coefficient of friction
with the micro-texture diameter is similar to the results observed
by Wang et al. (Wang and Zhu, 2005), which indicate that
increasing the diameter of the micro-texture is beneficial to
improve the lubrication characteristics of the contact surface.
It can be seen from Figure 12B that the micro-texture diameter
has a greater influence on the contact stress of the surface. When
the texture diameter Lx � 8.0 μm, the maximum pressure peak is
1303.80 MPa. When A increases to 25.0 μm, the maximum
pressure peak increases by 11.4%, reaching 1463.11 MPa. At
the same time, the maximum von Mises stress increases as the
micro-texture diameter increases. Accordingly, the contact
fatigue life is therefore reduced.

Effect of Micro-texture Depth on
Lubrication Characteristics
In this study, the central film thickness at the pitch point is about
0.74 μm. Considering wear and real surface conditions, in this
section, a series of depths (Lz � 1.0–3.0 μm) are selected to
investigated the lubricating characteristics with a fixed concave
texture diameter of 21.0 μm. Figure 13 is a schematic diagram of
cross-sections of micro-textures with different depths. Figure 14
shows the results of film pressure, film thickness and von Mises
stress distribution with different depths.

It can be seen from Figure 14 that as the depth of the micro-
texture increases, the central film thickness increases significantly
and the depression in the middle of the film pressure becomes
more obvious. When the depth of the texture is 1 μm, the central
film pressure is 801.5 MPa, and when the depth is increased to
3 μm, the central film pressure is reduced by 38.6%–492.1 MPa.

Figure 15 shows the contact lubrication characteristics of
different micro-texture depth.

It can be observed in Figure 15A that the coefficient of friction
of the micro-texture with all depths is smaller than that of the
smooth surface. The average film thickness in the middle of the
contact point is positively correlated with the micro-texture
depth, which means that increasing the micro-texture depth
can store more oil. On the other hand, as the texture depth
increases, the friction coefficient decreases as the texture depth
increases, which indicate that increasing the depth can improve
the lubrication characteristics. Figure 15B suggests that the
development of the micro-texture depth will cause greater
irregular impact on the film pressure. The maximum film
pressure and maximum von Mises stress of the micro-textured
surface are larger than those of the smooth surface, and as the
depth of the micro-texture increases, the maximum film pressure
and the maximum von Mises stress increase by 18.5 and 0.9%
respectively. The maximum film pressure increases from
1232.39 MPa on a smooth surface to 1460.8 MPa with the
micro-texture depth is 3 μm, and the maximum Von Mises
stress increases from 688.5 MPa on a smooth surface to
695.2 MPa when the micro-texture depth is 3 μm. Although
increasing the depth of the micro-texture is beneficial to
improve the load bearing capacity of the oil film, since the
contact strength and fatigue life of the material are related to
the vonMises stress, whichmeans that increasing the depth of the
micro-texture will adversely affect the contact fatigue strength
and fatigue life of the contact surface.

In general, increasing the micro-texture diameter and depth
can improve the lubrication characteristics, but it will cause an
increase in von Mises stress at the same time, which is harmful to
the contact fatigue life. Therefore, the diameter and depth of
micro-texture is not as big as possible. When designing the
surface microstructure, numerous factors should be
considered, such as the viscosity of the liquid film, the speed
of the ring rotation, the local cavitation pressure, the size of the
surface microstructure, and so on. Related content will be
involved in subsequent research.

FIGURE 15 | contact lubrication characteristics with different micro-
texture depth. (A) Average film thickness and coefficient friction. (B) The
maximum film pressure and von mises stress.
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CONCLUSION

The numerical surface reconstruction technology and 3D thermal
mixed EHL model are employed to investigate the lubrication
characteristics of micro-textured surface. Firstly, a 3D line-
contact thermal mixed EHL model is established, and the
effectiveness of the model was verified through experiments.
Then, the lubrication characteristics of smooth and micro-
textured surfaces are discussed. Finally, a series of micro-
texture cross-sectional shapes are designed using numerical
surface reconstruction technology to investigate the three-
dimensional distribution of film pressure, film thickness and
von Mises stress of different micro-texture cross-sections,
micro-texture diameters and depths.

(1) Compared with the smooth surface, the film thickness in
the EHL central region of the micro-textured surface
increases, while the film pressure, meanwhile, there will
be obvious pressure peaks at both ends of themicro-texture.

(2) The comparison of the film thickness under the
conditions used in this study shows that the average oil
film thickness of the shapes T, RT1 and H is larger than
other shapes, and the friction coefficient is smaller than
other shapes, while the shapes R and RT2 are beneficial
for improving the bearing capacity.

(3) The average film thickness between the surfaces can be
increased by increasing the diameter and depth of the
micro-texture within a certain range, while the
lubrication characteristics are improved.
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