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Abstract: The surface texture technology has been applied to ball screws. However, the
rough grinding surface of ball screws is not considered, and the elastohydrodynamic
lubrication (EHL) characteristics and anti-friction and anti-wear mechanisms are not com-
prehensive and in-depth. Theoretical simulation and experimental measurement of the
ground surface topography of the screw raceways are conducted to take into account the
impact of the grinding surface on the EHL interaction between the ball and the raceway. The
EHL model and friction torque model of ball screws have been established simultaneously,
considering the ground surface topography of the raceway and the geometric features of
the textures manufactured on the raceway surface. The friction reduction mechanism of the
textured raceway of ball screws is elucidated in detail from the microscopic point of view,
and the influence of the geometric features of the textures on the anti-friction characteristics
of ball screws under different axial loads and rotation speeds is further analyzed and
discussed. The proof-of-principle experiments of the friction-reducing performances of the
textured raceways of the ball screws are conducted. The textured raceway of the ball screws
provides an effective anti-friction effect that reduces the friction coefficient of the contact
system of the ball screws by 15.2% at a normal contact force of 60.23 N, an entrainment
speed of 167.5 m/s, a texture diameter of 40 pm, a texture depth of 10 um and a texture
areal density of 10%.

Keywords: the ball screws; surface texture; EHL; surface topography; friction reduction

1. Introduction

The ball screws have the advantages of compact structure, low friction coefficient,
high transmission efficiency, and positioning accuracy as a mechanism for transmitting
force and motion. It is the most widely used and well-established functional component in
the feed system of the computer numerical control (CNC) machine tools [1-3]. However,
the ball screws suffer from problems such as inadequate lubrication, serious friction and
wear [4], and reduced accuracy retention [5] in the real world, all of which directly affect
the positioning accuracy and machining quality of the CNC machine tools.

In the case of mechanical transmission, approximately 23% of the energy lost is due to
friction and wear [6-8]. The material loss caused by the relative movement of the friction
surfaces leads to drastic changes in the shape, size, and morphology of the surfaces, which
seriously affects the working accuracy and life of mechanical equipment [9]. Meanwhile,
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reducing friction and wear is essential to improve the durability, safety, reliability, and
efficiency of mechanical equipment [10]. It is well known that friction and wear are major
causes of surface degradation, and an appropriate surface treatment process can effectively
reduce the failure of mechanical components [11-13]. With regard to friction reduction,
researchers are mainly looking at materials [14], lubricants, surface coatings [15], and other
related factors [16-19]. The reduction in friction and wear has, therefore, always been
an important research topic for the majority of tribology researchers. With the development
of bionics technology, researchers have found that applying the texture of specific shape,
size, and arrangement to the friction surface can improve the lubrication state of the friction
pair and reduce friction and wear of the material surface without destroying the material
structure and mechanical properties [20-24].

It has been recognized that surface texture technology is a very effective method to
improve the tribological properties of sliding surfaces. Some researchers have turned
their attention to the surface texture with the advancement in bionics and machining
technology [25,26]. Brizmer et al. [27] have studied the role of surface texture in thrust
bearings, and the results show that machining texture with a certain diameter, depth, and
areal density on the bearing raceway surface provides a higher bearing capacity. Wang
et al. [28] have optimized the surface texture of the sliding surfaces of the silicon carbide
in water to improve the load-carrying capacity of silicon carbide. Fu et al. [29] have
developed an analytical model to study a partially textured slider with oriented parabolic
grooves. The results show that the surface texture parameters are optimized to improve
the hydrodynamic lubrication performance. To improve the tribological properties of
reciprocating automotive components, experiments on surface micro-textures have been
conducted to evaluate the effectiveness of surface micro-textures [30]. Friction tests have
been conducted on the brass disc sliding against a stationary cylindrical roller surface. It
was found that the pattern with a dimple diameter of 20 um reduced friction [31]. The
important contributions of the role of textures in the lubrication of sliding contacts have
been studied. Costa et al. [32] have investigated the influence of surface topography on
lubricant film thickness for the reciprocating sliding of patterned plane steel surfaces against
cylindrical counterbodies. Morris et al. [33] combined numerical and experimental methods
to investigate the micro-hydrodynamics of chevron-based textured patterns influencing
conjunctional friction of sliding contacts. Etsion [34] has reviewed the current worldwide
efforts in surface texturing. Laser surface texturing (LST) may be successfully applied to
piston rings and cylinder liners, thereby reducing fuel consumption or engine torque by up
to 4.5%.

The ball screw is a typical high-friction pair, the contact between the ball and the
raceway is a point contact, and the mechanical properties and contact characteristics are
different from line contact and surface contact. At the same time, there are relatively few
studies on the application of surface texture to the ball screws. Therefore, it is important to
study the application of surface texture in ball screws and analyze the EHL and the contact
characteristics between the ball and the textured raceway, which play an important role in
improving the friction reduction, wear resistance, and service life of ball screws. Numerous
researchers have studied the influence of surface texture on the EHL characteristics based on
the smooth surface of the workpiece. Simultaneously, they believe that the contact pressure
between the ball and screw is borne by the lubricating oil film, ignoring the influence of the
rough and uneven surface topography on the EHL and contact characteristics. In practice,
however, it is not possible for the raceway surface of the ball screws to be absolutely smooth.
Simulations and experimental measurements show that surface roughness and lubricant
film thickness are usually of the same order of magnitude. Therefore, it is necessary
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to consider the influence of the ground surface topography of the raceway on the EHL
characteristics of the textured raceway of the ball screws.

This paper attempts to apply the surface texture technology on the raceway surface
of the ball screws to achieve the purpose of reducing the friction and wear of the ball
screws, improving the efficiency and accuracy retention of the ball screws. The influence
of the ground surface topography on the EHL of the textured raceway of the ball screws
is considered. The grinding surface topography of the screw raceway is constructed
according to the formation mechanism of the grinding surface and the geometric model
of the raceway surface of the ball screws. Simultaneously, the surface topography of
the machined screw is measured and compared with the theoretical simulation to verify
the correctness of the surface topography model of the screw raceway. Considering the
ground surface topography of the screw raceway and geometric features of the textures
manufactured on the raceway surface, the EHL model of the textured raceway of the ball
screws with point contact is established, and the finite difference method is used to solve
the EHL characteristics of the textured raceway of the ball screws. The friction reduction
mechanism of the textured raceway of the ball screws and the influence of the geometric
features of the textures on the anti-friction properties of the ball screws under different
axial loads and rotation speeds of the ball screws are investigated and discussed. In order
to quickly reflect the anti-friction characteristics of the EHL of the textured raceway of
the ball screws, the proof-of-principle experiments of the friction-reducing performances
of the textured raceways of the ball screws are conducted based on the contact state and
mechanical properties between the ball and the textured raceway of the ball screws. The
effects of textured workpieces with different geometric features on the friction reduction
performance of the EHL under different rotation speeds and axial loads of the ball screws
are further analyzed and discussed. The experimental results verify the correctness of
the EHL model of the textured raceway of the ball screws and the effectiveness of the
anti-friction performance of the surface texture technology of the ball screws.

2. Grinding Surface Topography of the Screw Raceway
2.1. Surface Topography Characteristics of Grinding Wheel

The size and arrangement of the abrasive grains on the grinding wheel directly affect
the grinding surface topography of the workpiece. For most machining processes, such as
turning, milling, and drilling, the geometry of the cutting tool and the interaction between
the cutting tool and the workpiece during machining are well-defined. The grinding
wheel contains many abrasive grains with undefined geometry, and the abrasive grains
are distributed on the surface of the grinding wheel in random orientations and positions.
Grinding the raceway surface of the ball screws is more complex than cylindrical and
planar grinding because the raceway surface is a helical surface with a defined angle.

Research has shown that the grinding wheel surface is generally considered isotropic
after a machining period. The abrasive grain size of a specific wheel, also known as the
grit size, is related to the mesh size of the sieve. The geometry of the abrasive grains of the
grinding wheel is regarded as a sphere. The opening size of the screen indicates the average
diameter of the abrasive particles daye = 68M —14 \where M is the grit number. The abrasive
grains protruding from the surface of the grinding wheel are used as the cutting edges
of grinding. The height of abrasive grains protruding from the grinding wheel surface
conforms to the normal distribution. The height distribution function of abrasive grains
protruding from the grinding wheel surface is denoted as

L 2

1
f(hl) = \/2771'0' exp ( 202
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where yi1 is the mean value of the normal distribution, y; = 68M~!%. ¢ is the variance of the
normal distribution, o = (15.2M~!-68M~14) /3. The topography model proposed by Chen
and Rowe is based on the assumption that the spherical grains are uniformly distributed in
the bond material. The average distance between adjacent abrasive grains on the surface of
the grinding wheel is represented as follows:

| 7T
Axs = Ays = dave( @ — 1) (2)

where Vg is the density of the wheel, Vg = 2(32-5). S is the wheel structure number. Axs and
Ays are the distances between the abrasive grains in the circumferential and axial directions
of the grinding wheel, respectively.

2.2. Grinding Kinematics

Grinding is a complex machining technology with multiple cutting edges. The abrasive
grains rotate with the grinding wheel and move linearly relative to the workpiece during
the grinding process. From a microscopic point of view, the interaction of multiple abrasive
grains on the wheel surface with the workpiece creates the grinding surface topography.
The workpiece material in contact with the cutting edge of the grinding wheel is completely
removed, and the effects of sliding and plowing are not taken into account during the
grinding process. The local coordinate system oxz is created to describe the trajectory of
an abrasive grain G; on the wheel surface, as shown in Figure 1. The origin of the local
coordinate system is fixed on the workpiece and coincides with the lowest point of the
abrasive grain. Up-grinding is adopted in this paper. The reverse direction of the feed
motion of the workpiece is the x-direction, and the direction perpendicular to the feed
motion of the workpiece is the z-direction. The trajectory of the abrasive grain G; is given
by the following:

)

X = Uyt + 1rssinf
z =15(1 — cos0)

where x and z are the instantaneous coordinates of the movement of the abrasive grain.
6 is the rotation angle of the abrasive grain, sin 6 = 6, because 6 is very small. v, and v;
are the feed speed of the workpiece and the circumferential speed of the grinding wheel,
respectively. 7, is the radius of gyration of the cutting edge of the abrasive grain. ¢ is the
time taken for the grain G; to rotate an angle 0 in a counter-clockwise direction from the
lowest point, t = 15 8/vs. The trajectory of the abrasive grain G; is obtained as follows:

2

— - 4
z 2r1(1+vw/vs)2 @

X~ Workpiece

V'll‘

Figure 1. The trajectory of an abrasive grain.
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The workpiece surface is an envelope of the trajectories of all active grains. The
subsequent grains pass through the grinding zone, and the residual height on the surface
of the workpiece created by the previous grain is removed. The trajectories of all abrasive
grains on the surface of the grinding wheel are summarized as follows:

2

ij
zii = (5)
K ZTi,j(l-FUw/Us)z

where x;; and z;; are the instantaneous coordinates of the ij-th abrasive grain with respect
to the local coordinate system, respectively. r;; is the radial distance from the abrasive grain
G;, to the center of the grinding wheel. The height of the abrasive grains varies at different
positions of the grinding wheel surface, and the distance from the apex of the cutting edge
of the abrasive grain to the center of the grinding wheel is represented as follows:

rij =rts+hij (6)

where the radius of the grinding wheel is 5, and the height of the cutting edge of the
abrasive grains on the wheel surface is /; ;. i and j represent the position of the abrasive
grain in the circumferential and radial directions on the surface of the grinding wheel.
Schemes for mapping grain trajectories onto the workpiece surface are required for the
kinematic-based simulation of the grinding process. The surface topography of the same
position results from the combined grinding of several abrasive grains. It is necessary to
consider the effect of different abrasive grains at the same position on the workpiece surface.
The global coordinate system is established to describe the combined action of multiple
abrasive grains between the grinding wheel and the workpiece. The generation principle of
the grinding surface is shown in Figure 2, where the highest point of the workpiece surface
is set as the origin of the global coordinate system. Assume that the surface topography
of the workpiece surface consists of an array of points with different surface heights, as
shown in Figure 2. The surface of the workpiece is uniformly discretized into grids, and
all grid points form a matrix gy, ». The element g(m, n) of the matrix g, , represents the
height of the point (im,1) on the surface of the workpiece relative to the global coordinate
system. The subscripts m and n are the positions of the workpiece surface height g(m,n)
in the x and y directions, respectively. In the same way, all grid points on the surface of

the grinding wheel are characterized by a matrix h; ;, and element (i, j) of the matrix hi,j

ijs
stands for the height of the cutting edge of the abrasive grain at the point (i, j).

2(m,n) ’ j .
g e h 4 h(i.j)
Wheel .
I

m

V.
. rs .
< ) Fij
o zr
/] 74 = Workpiece
A Ok Vy
-
40,

Figure 2. Mapping of the grain trajectories to the workpiece surface.

To convert the local coordinates into the global coordinates, the distance from the
origin o to the origin 0" has to be determined. The trajectory of the first abrasive grain is
used as a reference, and the origin of the local coordinate system of the other abrasive grains
is shifted to the global coordinate system. The offset distance of the local coordinate system
in the x-direction is equal to the movement distance of the workpiece, AO; ; = vyt. The arc
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length of the rotational movement of the abrasive cutting edge is calculated, L;; = vst. Due
to the small spacing of the abrasive grains in the circumferential direction of the grinding
wheel, the arc length is approximated as a straight line. L;; = (i — 1)Ax;. The offset distance
of the local coordinate system in the x-direction is obtained as follows:

AOZ',]' = (Z — 1)Axsvw /Us (7)

The translation distance of the local coordinate system relative to the global coordinate
system in the z-direction is written as follows:

AZi,j =a— (hmax - hi,j) (8)

where a is the grinding depth of the wheel. f;,y is the maximum height of the cutting edge
of the abrasive grain, fyy = max(h,-,]-). In the global coordinate system, the trajectories of all
the abrasive grains are therefore described as follows:

(mAxw — Aoi/]')z
2ri,]~(1 + vw/vs)2

Zij — Az ©)

To acquire the grinding surface topography of the workpiece, it is necessary to map the
trajectory of all abrasive grains onto the surface of the workpiece according to the grinding
kinematics between the trajectory of all abrasive grains and the workpiece. The trajectory
of several abrasive grains is recorded at a point (1, 1) on the surface of the workpiece, and
the trajectory with the lowest point is selected as the final trajectory of the abrasive grains.
The final trajectory of the abrasive grains on the workpiece surface is described as follows:

2
mAxy — AO; ;
( 2 lJ) - AZl‘,]‘} (10)

2r; i (1+ 0y /0s)?

z(m,n) = min{

The topography model of the grinding surface is established based on the grinding
kinematics of all the abrasive grains. The height matrix of the surface topography model of
the workpiece is obtained as follows:

&5 = min{gh Lz } (1)

where the subscript k is the surface profile produced by the k-th abrasive grain. To simulate
a multi-pass grinding operation, the generated surface is fed back into the programmer as
the initial surface texture of the workpiece.

2.3. Modeling of the Geometric Model of the Screw Raceway

The raceway surface of the ball screws is a helical surface with a specific angle, and the
angle is numerically equal to the angle « between the grinding wheel axis and the screw
axis, as shown in Figure 3. The grinding wheel and screw rotate around their respective
spindles, and the screw is fed in the axial direction of the grinding wheel to grind the spiral
raceway surface with a circular cross-section.

The speed direction of the screw and the grinding wheel are different at the center of
the contact surface between the grinding wheel and the screw. When applying the theory
of surface grinding to the grinding of the screw raceway, it is necessary to convert the
grinding parameters of the screw and grinding wheel into surface grinding parameters in
an equivalent manner.
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Figure 3. Schematic diagram of the grinding of the screw raceway.

The A-A plane is perpendicular to the grinding wheel axis and passes through the
center D of the contact surface. The equivalent diameters of the grinding wheel and the
screw in the A-A plane are expressed as follows:

dse = ds, dy e = dy/ cos® (12)

where the diameters of the grinding wheel and the screw are ds; and dy,. « is the spiral
angle of the ball screws. The equivalent velocity of the grinding wheel and the screw at the
contact point D is denoted as follows:

Use = Us, Uy,e = Uz COS I (13)

where the speeds of the grinding wheel and the screw are vs and vy, and the equivalent

speeds of the grinding wheel and the screw are vs, and vy, respectively. The equivalent

diameter of the grinding wheel in the grinding process of the screw is expressed as follows:
ds,edw,e dsdw

de = = 14
¢ ds,e + dw,e dyw + ds cos? a (14)

Compared with the raceway of the bearing, the raceway of the ball screws is asymmet-
ric, and the asymmetry of the contact surface of the ball screws increases with the increase
in the spiral angle. To accurately construct the grinding surface topography of the screw
raceway, it is necessary to establish the geometric model of the screw raceway to describe
the geometric features of the screw raceway. The motion relationship between the screw,
the raceway, and the nut is taken into account in the construction of the geometric model
of the screw raceway. It is, therefore, essential to define the coordinate system of the ball
screws, as shown in Figure 4.

Ly

A

0

X, a
TV
Figure 4. The coordinate system of the ball screws.

The coordinate system Ow Xy YwZy is used as the inertial reference system, and the
Zy axis is consistent with the axis direction of the ball screws. The coordinate system
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OXYZ is fixedly connected to the screw and rotates with the central axis of the screw. The
coordinate system Oytnb is the Frenet-Serret coordinate system. The motion trajectory of
the ball center Oy is a spiral line, and the position of the origin Oy is related to the bottom
angle 6 of the spiral line. The parameters ¢, 1, and b are the tangent, principal normal, and
secondary normal directions of the Frenet-Serret coordinate system.

The geometry of the contact area of the ball screws is determined by the parameters
such as the arc radius of the raceway section, the bottom radius of the spiral line, the
spiral angle, the ball diameter, and the contact angle. The coordinate system of the contact
point A between the ball and the screw raceway is determined to accurately describe the
geometric shape of the screw raceway, as shown in Figure 5. The origin A of the coordinate
system is the initial contact point between the ball and the screw raceway. In the coordinate
system AX4Y4Z4, the Z4-axis is perpendicular to the tangent plane of the contact point A,
the X4-axis is parallel to the tangent direction of the spiral line of the ball center, and the
Y 4-axis direction is determined by the right-hand rule. The parameter equation of the ball
surface topography in the contact coordinate system AX4Y4Z,4 is expressed as follows:

zk:rb—\/rbz—xkz—ykz,k:A (15)

where A is the contact point between the ball and the screw. The parameter equation of
the geometric morphology of the raceway surface is obtained according to the coordinate
transformation method in the contact coordinate system AX4Y4Z4. In the Frenet-Serret
coordinate system Opytnb, the parameter expression of the cross-sectional arc of the screw
raceway at contact point A is P/s. The expression of the transformation matrixes is given in
Appendix A. The parameter equation of the screw raceway in the coordinate system OXYZ
is expressed as PISL‘ = TgPIA{ s, Wwhere T{; denotes the coordinate transformation matrix from
the coordinate system OXYZ to the Frenet-Serret coordinate system Ogtnb of the helical
trajectory of the ball center. The coordinate transformation matrix from the Frenet-Serret
coordinate system OHtnb to the contact coordinate system AX,Y4Z,4 is Tﬁ. The parameter
equation of the screw raceway in the AX4Y4Z,4 contact coordinate system is established
according to the coordinate transformation theory as follows:

Pis = (T?(GC)Tf_‘O 711’5‘5//314 —Bao < Pas < Ba+Bao (16)

where T? (6c) represents the coordinate transformation matrix when 6 = 6¢. ¢ is the central
angle corresponding to the spiral line at the contact point A between the ball and the screw
raceway. The geometric morphology of the screw raceway is determined according to the
parameter equation of the screw raceway. Substituting the values of parameters 6 and
Bao into the parameter equation of the screw raceway in the AX4Y 4Z4 contact coordinate
system, the geometric morphology of the screw raceway in the contact area is calculated.
The structural and grinding parameters of the ball screws are determined according to the
product manual [35] and the most common grinding process of the ball screws, as shown
in Table 1.

The projection of the three-dimensional geometric morphology of the screw raceway
on the plane AX4Y4 of the contact coordinate system is an irregular rectangular region.
Therefore, the two-dimensional interpolation algorithm is used to re-divide the grid, and
the interpolation result of the geometric morphology of the screw raceway is obtained, as
shown in Figure 6a. The grinding surface topography of the screw raceway is simulated
based on the formation mechanism of the grinding surface and the geometric morphology
model of the screw raceway. The grinding surface topography of the screw raceway is
shown in Figure 6b,c.
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Figure 5. Contact coordinate system of the ball screws.

Table 1. The parameters of the ball screws.

The Parameter Names The Parameter Value
Workpiece feed speed vy, (m/s) 0.1
Ball diameter 2r;, (mm) 5.953
The nominal radius r (mm) 16
Wheel diameter ds (mm) 310
Grinding depth a (um) 5
The preload force Fpre (N) 1500
Lead of ball screw L (mm) 10
The rotation speed of the grinding wheel # (r/min) 3000

Z/um

(a) (b)
1.0
€ 05
=
=
g i | \
2 00 I’” |
f="
-8 8
E g -05F .
3 2
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300 -200 -100 0 100 200 300
Sampling length/um
(V] (d)

Figure 6. The simulated surface topography of the screw raceway: (a) Interpolation results of
the geometric morphology of the screw raceway; (b) Surface topography of the grinding raceway;
(c) Local enlargement of the surface topography of the grinding raceway; (d) The simulated surface
topography profile with the radius removal.
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2.4. Measuring the Ground Surface Topography of the Screw Raceway

The ground surface topography of the screw raceway is measured to verify the accu-
racy of the surface topography model of the screw raceway. It is not possible to directly
measure the surface morphology of the entire screw raceway. The DK7735 (Zaozhuang
Shenghuan Cnc Machine Co., Ltd., Jinan, China) line cutter is selected to cut and segment
the screw. The WYKO-NT1100 white light interferometer (WYKO, Greenback, TN, USA) is
used to collect the contour data of the screw raceway. It provides a fast and high-resolution
measurement of the surface topography of the screw raceway. The screw specimen is
placed on the stage of the instrument to measure the surface topography of the screw
raceway. The measurement procedure is shown in Figure 7a, and the three-dimensional
surface topography of the measured screw raceway is demonstrated in Figure 7b. The
results show that the simulated surface morphology of the screw raceway is similar to the
actual measurement, and the grinding texture along the x-direction is visible.

Data a
syste’ 9.2

20k ' ' Aactual measurement |
Standard topography =
£ e
3 >
=15+ ]l =
5 &
=2 =
5 ah
&h 1)
g10r {1 &
2 =
= (]
5 &
& 5+ {1 =

ok J

0 100 200 300 400 500 600 700 .

0 100 200 300 400 500 600 700

Sampling length/pm Sampling length/pm

(c) (d)

Figure 7. The measured surface topography of the screw raceway; (a) The measurement steps of
the surface topography of the screw raceway; (b) The measured surface topography of the screw
raceway; (¢) Comparison of measured and standard surface topography profiles; (d) The measured
surface topography profiles with the radius removal.

The measured surface topography of the screw raceway is quantitatively analyzed
and compared with the simulated surface topography of the screw raceway. The contour
of the measured surface morphology of the screw raceway is angle corrected to ensure
the positional consistency of the screw specimen on the stage. The profile of the surface
topography of the screw raceway after angle correction is shown in Figure 7c. It can be
seen that the two-dimensional normal profile of the measured surface topography of the
screw raceway is basically consistent with the standard profile of the screw raceway. There
is a curvature in the raceway profile of the screw. It is, therefore, necessary to remove the
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radius from the raceway profile when calculating the surface roughness of the raceway
profile. The simulated and measured two-dimensional normal profiles of the surface
topography of the screw raceway after radius removal are shown in Figures 6d and 7d,
respectively. It can be seen that the surface topography of the screw raceway is generally
in the range of —0.5~0.5 um. The surface roughness of the measured and simulated
screw raceways are 0.2128 um and 0.2072 pm, respectively. The relative error between the
simulated and measured surface roughness is only 2.63%, confirming the correctness of the
forming mechanism of the grinding surface topography of the screw raceway:.

3. The EHL Model of the Textured Raceway of Ball Screws
3.1. The EHL Model of the Textured Raceway of Ball Screws

The ball screws usually work in a lubricated state, and the balls, the raceways, and
the lubricating oil form an EHL contact system. The pressure distribution and oil film
thickness distribution of the lubrication area directly affect the contact state and the friction
characteristics of the ball screws under the lubrication conditions. The EHL model of the
textured raceway of the ball screws is established based on the ground surface topography
of the screw raceway and the geometric features of the textures manufactured on the
raceway surface to study the contact properties and friction characteristics under the
lubrication conditions.

An elliptical contact area is formed between the ball, the raceway, and the lubricating
oil, and the EHL effect is generated in the contact area during the operation of the ball
screws, as shown in Figure 8. The contact pressure distribution of the oil film in the contact
area and the thickness distribution of the oil film are jointly determined by the structural
parameters of the ball screws, the inherent properties of the lubricating oil, and the actual
operating conditions of the ball screws. The basic equation for lubrication contact is the two-
dimensional Reynolds equation. The Reynolds equation of the EHL of textured raceway of
the ball screws is expressed as follows:

2 ooy
ox " n ox

. 3 Nut

Xp ™ .
’ raceway 3\\0 O O | Surface
LN O O+ texture

X,
QN\ The elliptical

"0 O O| contact area

o (PP g ) M) 12200 W

O 0|0 O O
O 0|0 0 O

o O

¥y

A texture S-§ elliptical
micro-unit cross-section

\‘\\ Y, & i Y
Screw p Sy W = S hy
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Figure 8. Schematic diagram of textured raceway of ball screws.

The Reynolds equation only considers the dynamic pressure effect between the ball
and the textured raceway of the ball screws to study the EHL characteristics of the textured
raceway of ball screws. The basic assumptions of the Reynolds equation are as follows:
(@) The contact pair and the lubricating oil are isothermal, ignoring the temperature field
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of the lubricating oil fluid and the surface temperature of the contact pair. (b) Lubricating
oil is a Newtonian fluid that conforms to Newton’s law of viscosity. (c) In the steady state,
the viscosity and density of the lubricating oil do not change with the direction of the oil
film thickness.

Equation (21) is simplified as follows:

o (phdop o (ph*ap\ o(ph)
i an) ~ag () =125 &

where p is the bearing capacity of the oil film in the contact area, and the initial stress
distribution is the non-Hertz contact pressure distribution. # is the oil film thickness
distribution in the contact area. p and # are the density and viscosity of the lubricating oil,
respectively. u; is the entrainment speed of the oil film, us = (1 + u3)/2, 11 and u; are the
linear velocities of the ball and raceway along the tangent direction of the spiral trajectory
of the ball center, respectively. x and y are the tangential and normal directions of the spiral
trajectory of the ball center, respectively.

A texture micro-unit on the raceway surface of the ball screws is shown in Figure 8. The
texture is an ellipsoidal pit texture with a circular cross-section and an elliptical longitudinal
section. The radius of the texture is r; and the maximum depth of the texture is h;. The
areal density of the texture on the screw raceway surface is pt = mrt?/(L/(N — 1))2. The
length and width of the entire lubrication contact area are L x L, the number of equidistant
grids of the contact area is N X N, and the grid spacing is Ax = Ay. The oil film thickness
distribution at the contact point of the textured raceway of the ball screws is characterized

as follows:
h(x y) _ hO(X,y) (x/y> € QO (19)
ho(x,y) +hp(x,y) (x,y) € Oy
2 2
ho(x,y) = hy + 2R, + Z%Qy +V(x,y)+ R(x,y), (x,y) € Qp (20)

where h, and hy, are the oil film thickness distribution in the non-textured area and textured
area on the raceway surface of the ball screws, respectively. (), and (), are the oil film
bearing area of the non-textured and textured in the elliptical contact area, respectively. hy is
the oil film thickness in the center of the elliptical contact area. Ry and Ry are the equivalent
curvature radius in the x and y directions of the contact area, (Ry/Rx)2/3 =b/a. a and b are
the semi-major axis and semi-minor axis of the elliptic contact area, respectively. R(x, y) is
the rough surface of the grinding raceway according to the grinding surface topography
model of the screw raceway mentioned above. V(x, y) is the elastic contact deformation
in the elliptical contact area between the ball and the screw raceway. V(x, y) is described
as follows:

t) + pa(s,t
Y nEﬂ P pals,l) dsdt (21)

\/x—s —1)?

where () is the elliptical contact area between the ball and the screw raceway. p, and py

are the bearing stress distribution of the asperity and the oil film in the elliptical contact
area, respectively. s and t are additional coordinates of x and vy, respectively. The texture
is located at the grid center of the contact area, and the mathematical expression of the
thickness distribution of the oil film in the texture area is established as follows:

hp(x,y) = hiyJ1— (x(i,) /)% — (y(i,j) /7e)? 22)
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According to the Roelands’ viscosity formula [36], the viscosity equation of the lubri-
cating oil is expressed as follows:

=10 exp{ (Inno +9.67) [(1 +5.1 x 1()—9;7)0'68 — 1] } (23)

The density equation of the lubricating oil [37] is indicated as follows:

-9
0.6 X 10%p ) 1)

p:p°<1+ 1+17x10 9

where p and 79 indicate the environmental density and environmental viscosity of lubri-
cating oil, respectively. The boundary conditions for the Reynolds equation are denoted
as follows:

p(Xin y) = p(Xout, y) =0

p(x,Yin) = p(x,Your) =0 (25)

P(x/]/) >0, (xin <X < Xout, Yin <Y < yout)

where x;,, and y;,, are the coordinates at the entrance of the contact area between the ball and
the raceway. xout and y,,+ represent the coordinates at the exit of the contact area between
the ball and the raceway. The bearing capacity of the oil film in the contact area is equal to
the normal contact force of the ball based on the load balancing conditions of the Reynolds
equation, and the load balance equation of the Reynolds equation is derived as follows:

| p(xy)dxdy = Q (26)
Q

The cavitation phenomenon in the oil film area is considered in the process of solving
the EHL characteristics of the textured raceway of the ball screws. The boundary conditions
of the cavitation phenomenon are introduced when establishing the EHL model of the
textured raceway of the ball screws. The Sommerfeld, Half-Sommerfeld, Reynolds, and
JFO conditions are the commonly used cavitation conditions at home and abroad, and the
Reynolds condition has the advantages of higher prediction accuracy and faster prediction
speed. The Reynolds cavitation condition is adopted in the solution of the Reynolds
equation of the textured raceway of the ball screws, i.e., p(x,y) = p. if p(x,y) < p., where p, is
the cavitation pressure, p. = 0.03 MPa.

The finite difference method is employed in the solution of the Reynolds equation of
the textured raceway of the ball screws. The iterative calculation process of the Reynolds
equation of the EHL characteristics of the textured raceway of the ball screws is shown in
Figure 9.

3.2. Calculation of Friction Coefficient and Friction Torque

Stribeck conducted a large number of friction experiments on rolling bearings to
obtain the Stribeck friction characteristic curve, and lubrication is divided into three stages:
boundary lubrication, mixed lubrication, and EHL, as shown in Figure 10. The Stribeck
friction characteristic curve describes the relationship between the friction coefficient
and the friction characteristic parameters such as the motion speed, the viscosity of the
lubricating oil, and the normal contact force. The raceway contact surface of the contact
system is rough and uneven, as shown in Figures 6b and 7b. The contact area is divided
into the asperity contact area and the EHL contact area, and the load is shared by two areas,
as shown in Figure 11.
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Figure 9. Calculation flowchart of EHL characteristics of the textured raceway.
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The lubrication state of the contact system of the ball screws is distinguished by the
film thickness ratio A = h,,;,/R,; under different working conditions of the ball screws,
where h,,,;,, is the minimum oil film thickness of the contact area between the ball and the
screw raceway. R, is the root mean square of the roughness of the screw raceway, R; = 0.05
pum. The friction coefficient of the contact system of the ball screws is the accumulation of
the contact friction coefficient of the asperity and the shear friction coefficient of the oil film.
The friction coefficient of the asperity contact areas between the ball and screw raceway is
expressed as follows:

fa=1aQa/Q (27)

where Q is the total normal contact force of the ball, and Qa represents the normal force of
the asperity contact. i, is the static friction coefficient of the raceway surface, y; = 0.12. The
Ree-Eyring constitutive equation describes the relationship between the shear force and
the shear strain rate of the oil film in the contact area between the ball and screw raceway.
The shear strain rate of the lubricating oil film is expressed as follows:

y= Tosinh<T> (28)

The entrainment speed of the oil film in the normal direction of the raceway spiral is
much smaller than that in the tangential direction. The shear strain rate of the oil film in
the normal direction of the raceway spiral is neglected, and the shear strain rate is obtained
according to the force balance of the asperity in the contact area as follows:

h dp Au
=t 4= 2
l 2y ox + h @9)

Combining Equations (37) and (38), the shear force distribution of the oil film in the
grid of the contact area is written as follows:

(30)

hij opi, Au;
Tij = Toarcsinh< oltij OPij M0 1J>

21’]1"]'1'0 axi,]- TOhi,j

The shear friction coefficient of the oil film in the contact area between the ball and the
screw raceway is calculated as follows:

fo= [, TdAij/Q (31)
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where T and 7 are the shear stress and the characteristic shear stress of the lubricating oil
film. A is the contact area of the lubricating oil film. The friction coefficient and friction force
between the ball and the raceway are determined as y = f, + f, and Fs = u Q, respectively.
Equations (27)—(31) are used to solve the friction coefficient of the contact area between the
ball and the textured raceway. The friction torque of the ball screws is mainly composed
of the friction torque between the ball and the screw raceway and the friction torque
between the ball and the nut raceway, and the friction torque of the ball screws is expressed
as follows:

Mg = nyFsaLg cos A+ nyFsgLg cos A (32)

where 1y, is the number of working balls in a nut. L4 and Lp are the friction arms of the
screw and the nut raceway, respectively. Fs4 and Fgp are the friction force between the ball
and the screw raceway, and the nut raceway. The contact area between the ball and the
raceway is smaller than the radius of the ball, and the contact point is considered to be the
center of the contact area. The vertical distance from the contact points A and B to the axis
of the screw, that is, the friction arm of the raceway, is expressed approximately as follows:

Lp=(r—rycosBa), Lg = (r+ry,cosBp) (33)

4. Analysis of Anti-Friction Characteristics of Textured Raceway of the
Ball Screws

4.1. The Geometric Features of the Textures

It can be seen from Equations (23)—(26) that the oil film thickness distribution of the
textured raceway of the ball screws is jointly determined by the working conditions, the
surface topography of the elliptical contact area, the geometric features of the manufac-
tured textures, and the elastohydrodynamic properties of lubricating oil. The operating
conditions include the rotational speed and axial load of the ball screws, corresponding to
the entrainment speed of the oil film and the normal contact force of the ball in the elliptic
contact area. The surface topography of the elliptical contact area contains the curvature
surface of the ball and raceway and the rough grinding surface of the screw raceway. The
geometric features parameters of the manufactured texture include diameter, depth, and
areal density. The elastohydrodynamic characteristics of lubricating oil involve the bearing
capacity, thickness, viscosity, and density of lubricating oil film.

The geometric feature parameters of different textures are designed to facilitate the
study of the EHL characteristics of textured raceways of the ball screws under different
axial loads and rotation speeds of the ball screws. The geometric feature parameters of the
textures are defined as the diameter of the texture d;, the depth of the texture k;, and the
areal density of the texture p, according to the single-factor analysis method, as shown in
Table 2. The raceway surface without the textures is used as a control group simultaneously.

Table 2. The geometric feature parameters of the textures.

. Areal density p; Depth hypum Diameter dyum
Workpiece#1
10% 10 30 40 50 60
Workpiece #2 Areal density p; Diameter d; / um Depth h;/pm
10% 20 5 10 15 20
Depth ii;/um Diameter d;/pum Areal densi
Workpiece #3 pth i/ ' /1 AL

10 20 6% 8% 12% 14%
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4.2. Analysis of EHL Characteristics of Textured Raceway of the Ball Screws

To investigate the EHL characteristics of the lubricating oil film of the textured raceway
of the ball screws under the oil-rich condition. Following the EHL model established and
the geometric feature parameters of the textures, the preload force is 1500N, the entrainment
speed is 83 mm/s, the texture diameter d; = 10 um, the texture depth iy = 5 pm, the area
density p; = 6%, and the bearing stress distribution and thickness distribution of the oil
film at the contact point of the textured raceway are obtained as shown in Figure 12. It
can be observed from Figure 12a that the bearing stress distribution of the oil film in the
contact area is no longer a smooth surface but a rough and uneven surface, taking into
account the ground surface topography of the raceway and the geometric features of the
textures manufactured on the raceway surface. The oil film thickness distribution in the
textured area of the screw raceway is significantly increased, reducing the direct contact of
the asperities in the contact area, as shown in Figure 12b.

MPa
1200

1000

(b)

Figure 12. The EHL characteristics of the textured raceway of the ball screws; (a) Bearing stress
distribution; (b) Film thickness distribution.

The working ball is repeatedly rolling and sliding in the textured raceway of the ball
screws under steady-state conditions. It is essential to investigate the impact of varying the
positions of the texture within the elliptical contact area of the screw raceway on the EHL
characteristics of the oil film. The surface texture is located at the inlet, center, and outlet of
the contact area between the ball and screw raceway, and the EHL characteristics of the
oil film are solved based on the established EHL model of the textured raceway of the ball
screws. The two-dimensional distribution of the bearing stress and oil film thickness and
the contour map of the bearing stress of the oil film are presented in Figure 13.

The ball screw of the textured raceways is in a state of mixed lubrication. The balls
are in direct contact with the rough raceway surface in the contact area of the asperity,
resulting in the wear of the textured raceway. In addition, it can be seen from Figure 13 that
the viscous lubricating oil flows through the texture area of the raceway surface, and the
oil film produces a dynamic pressure effect that reduces the friction coefficient of the ball
screws, achieving the effect of reducing friction and anti-wear. The friction coefficient is
used as the design objective for textured raceways of the ball screws, and the anti-friction
characteristics of ball screws are investigated under different axial loads and rotation speeds
and geometric features of the manufactured textures. To reduce the calculation error, the
friction coefficient of the textured raceway of the ball screws is averaged when the texture
is located at the inlet, center, and outlet of the contact area, respectively.
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Figure 13. The EHL characteristics of the textured raceway under different texture positions; (a) 2D
curve of the EHL characteristic: inlet; (b) Contour map of the bearing stress: inlet; (c) 2D curve of the
EHL characteristic: center; (d) Contour map of the bearing stress: center; (e) 2D curve of the EHL
characteristic: outlet; (f) Contour map of the bearing stress: outlet.

4.3. Influence of the Axial Loads on the Anti-Friction Characteristics of the Textured Raceway of the
Ball Screws

The friction coefficient is composed of the contact friction coefficient of the asperity
and the shear friction coefficient of the oil film between the ball and the textured raceway.
The range of the friction coefficient of the ball screws is 0.003-0.01 in the THK product
manuals. The normal contact force between the ball and the textured raceway is determined
by the axial loads of the ball screws. To investigate the influence of the axial loads of the ball
screws on the EHL characteristics of textured raceways with different geometrical features
of the textures. The working conditions of the ball screws are determined as follows: the
rotation speed of the ball screws is 100 r/min, that is, the entrainment speed of the oil film



Appl. Sci. 2025, 15, 3343

19 of 34

us = 167.5 m/s; the preload force of the ball screws is 1500N; the axial loads of the ball
screws are 1000N, 2000N, and 3000N, and the corresponding normal contact forces are
37.31N, 48.12N, and 60.23N, respectively.

The variation trend of the friction coefficient with the texture diameter (workpiece#1)
is illustrated in Figure 14 under the action of three different axial loads. Figure 14 demon-
strates that the variation trend of the friction coefficient between the ball and the textured
raceway is the same under three different axial loads, and the friction coefficient initially
decreases and then slowly increases with the change in the texture diameter. The friction
coefficient of the textured raceway of the ball screws is lower than that of the non-textured
raceway, indicating that the textured raceway of the ball screws has an anti-friction effect.

x107
8 T T T T T

h=10um, p=10% 373IN
48.12N
60.23N |

~
T

w
T
1

Friction coefficient p
(=)}

0 20 30 40 50 60
Texture diameter d, /um

Figure 14. Trend of friction coefficient with texture diameter (workpiece#1).

Furthermore, the higher the axial load is subjected to the ball screws, the more obvious
the changes in the dynamic pressure effect and the anti-friction effect of the textured
raceway of the ball screws with the texture diameter. With the increase in the axial load
of the ball screws gradually, the average thickness of the oil film between the ball and
the rough surface of the screw raceway gradually decreases, and the bearing area of the
asperity gradually increases, resulting in the friction coefficient of the textured raceway of
the ball screws increases. The textured raceway of the ball screws provides an anti-friction
effect, and the friction coefficient of the contact system of the ball screws is reduced by
15.2% under the axial load of 3000 N, and the texture diameter is 40 um.

Figure 15 displays the variation trend of the friction coefficient with the texture depth
under three axial loads (workpiece#2). It can be seen from Figure 15 that the friction
coefficient between the ball and the textured raceway of the ball screws is lower than
that of the non-textured raceway of the ball screws under the three axial loads, indicating
that the textured raceways have the effect of reducing friction. The ball screw is in a
mixed lubrication state, and the oil film thickness is very thin under the condition of the
entrainment speed u; = 167.5 m/s. The shear friction coefficient of the oil film is a small
proportion of the total friction coefficient. The friction coefficient under three axial loads
does not change significantly with increasing texture depth. The average thickness of the
oil film gradually decreases with increasing normal contact force, the bearing contact area
of the asperity gradually increases, and then the friction coefficient of the textured raceway
gradually increases. When the axial load of the ball screws is 3000 N, and the texture depth
is 10 um, the textured raceway of the ball screws exhibits optimum friction-reducing effects,
and the friction coefficient of the textured raceway is reduced by 7.6%.
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Figure 15. Trend of friction coefficient with texture depth (workpiece#2).

The variation trend of the friction coefficient with the areal density of the texture
(workpiece#3) is shown in Figure 16. Figure 16 illustrates that the friction coefficient
between the ball and the textured raceway decreases initially and subsequently increases
with the change in the areal density under the three axial loads. It is interesting to note
that the friction coefficient of the textured raceway is lower than that of the non-textured
raceway, and the textured raceway of the ball screws provides an anti-friction effect. The
higher the axial load of the ball screws, the higher the proportion of the contact area of
asperity, and the friction coefficient of the texture raceway of the ball screws is increased.
The textured raceway of the ball screws achieves the best friction reduction effect when the
axial load of the ball screw is 1000 N, the areal density of the texture is 8%, and the friction
coefficient is reduced by 8.3%.
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Figure 16. Trend of friction coefficient with areal density of the texture (workpiece#3).

4.4. Influence of the Rotation Speeds on the Anti-Friction Characteristics of the Textured Raceway
of the Ball Screws

The rotation speed of the ball screws determines the entrainment speeds of the oil film
in the contact area. To investigate the influence of the rotation speeds of the ball screws
on the EHL characteristics of textured raceways with different geometrical features of the
textures, the ball screw is only subject to the preload force. That is, the normal contact force
of the ball is 27.6N. The rotation speeds of the ball screws are 100 r/min, 350 r/min, and
600 r/min, and the corresponding entrainment speeds of the oil film between the ball and
textured raceway are 167.5 mm/s, 586.4 mm/s, and 1005.3 mm/s. The variation trends of
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the friction coefficient between the ball and the textured raceway with geometric features
of the texture are investigated under three different rotation speeds of the ball screws.
The relationship between the friction coefficient and the texture diameter is illustrated
in Figure 17 under three different rotation speeds (workpiece#1). Figure 17 indicates
that the friction coefficient initially decreases and then increases with increasing texture
diameter under three different rotation speeds of the ball screws. The friction coefficient of
the textured raceway is smaller than that of the non-textured raceway, indicating that the
textured raceway has an anti-friction effect. The ball screw is in a mixed lubrication state,
the oil film thickness is thin, and the contact friction coefficient of the asperity accounts for a
large proportion of the total friction coefficient. The surface texture reduces the contact area
of the asperity in the elliptical contact area, thereby reducing the contact friction coefficient

of the asperity.
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Figure 17. Trend of friction coefficient with texture diameter (workpiece#1).

The friction coefficient of the textured raceway of the ball screw is higher than that
of the non-textured raceway when the texture diameter is 60 um, and the rotation speeds
of the screw are 350 r/min, and 600 r/min, suggesting that the inappropriate geometric
feature parameters of the texture increase the friction of the ball screws. The lubrication
condition of the ball screw is good at medium and high rotation speeds, and the friction
force is mainly the shear friction force of the oil film. The ball screw is in the EHL state,
the oil film thickness between the ball and the raceway is thick, and the asperity on the
rough raceway surface is completely covered. The friction coefficient is mainly composed
of the shear friction coefficient of the oil film, and the textured raceway of the ball screws
further increases the oil film thickness, resulting in a higher friction coefficient. The friction-
reducing effect of the textured raceway is optimum when the rotation speed of the screw
is 100r/min, and the textured diameter is 40 um, and the friction coefficient is reduced
by 13.8%.

The variation trend between the friction coefficient of the textured raceway of the ball
screws and the texture depth is shown in Figure 18 under three different rotation speeds
(workpiece#2). The friction coefficient reaches the minimum when the rotation speed is
100 r/min, the texture depth is 5 um, and the friction coefficient increases slightly as the
texture depth increases. The proportion of direct contact with the asperity is relatively large
when the rotation speed of the ball screws is low, and the proportion of direct contact with
the asperity decreases after the screw raceway is textured.
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Figure 18. Trend of friction coefficient with texture depth (workpiece#2).

The friction coefficient of the textured raceway achieves the minimum at an entrain-
ment speed of 586.4 mm/s and a texture depth of 10 um, the proportion of direct contact
with the asperity is relatively low, and the dynamic pressure effect in the contact area is
enhanced after the screw raceway is textured. With the further increase in the texture depth,
the lubricating oil in the surface texture produces a serious backflow phenomenon, and the
friction coefficient of the textured raceway increases. The optimal friction reduction effect
is obtained at an entrainment speed of 167.5 mm/s and a texture depth of 5 um, and the
friction coefficient is decreased by 13.9%.

The changing trend of the friction coefficient with the areal density of the texture is
presented in Figure 19 under three different rotation speeds of the screw (workpiece#3).
The thickness of the lubricating oil film is thin, and the proportion of direct contact with
the asperity is higher when the rotation speed of the screw is 100 r/min. The proportion of
direct contact with the asperity is reduced, and the friction coefficient decreases after the
surface texture is applied to the raceway surface of the ball screw. The entrainment speeds
of the oil film are 586.4 mm/s and 1005.3 mm/s, and the friction coefficient of the textured
raceway increases with the increase in the areal density of the texture. The ball screw is in
good lubrication condition at the medium and high rotation speeds of the ball screw. The
friction force mainly comes from the shearing force of the oil film, and the surface texture
increases the thickness of the oil film in the contact area, increasing the friction coefficient.
The optimum friction reduction is achieved when the entrainment speed is 167.5 mm/s,
the areal density of the texture is 8%, and the friction coefficient is reduced by 10.2%.
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Figure 19. Trend of friction coefficient with areal density of the texture (workpiece#3).
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The micro-hydrodynamic pressure perturbations effect is caused by the textured
surface of ball screws with appropriate geometric parameters according to the analysis of
the anti-friction characteristics of the textured surface. The micro-hydrodynamic pressure
perturbations effect of the ball screws enhances the thickness of the oil film and reduces the
contact friction between the ball and the raceway of the contact area under different working
conditions. The surface texture with different geometric parameters and distributions
optimize the lubrication state of the ball screws, thereby reducing the friction coefficient.

5. The Proof-of-Principle Experiments of the Textured Raceway of the
Ball Screws

To quickly reflect the friction-reducing properties of the EHL of the textured raceway
of the ball screws with different geometric features under different axial loads and rotation
speeds of the ball screws, the proof-of-principle experiments of the friction reduction per-
formance of the textured raceway of the ball screws are conducted based on the equivalent
substitution method. The equivalent substitution method ensures that the principal cur-
vature of the spiral raceway and circular raceways are the same, guaranteeing the contact
characteristics of the ball screws in the oil-rich state. The ball/raceway friction and wear
test bench is designed and constructed to simulate the actual contact state between the
ball screw and the raceway of the ball screws and verify the effectiveness of the textured
raceway of the ball screws. The ball/raceway friction and wear test bench mainly includes
the textured workpieces, the force application system, the dynamical system, and the signal
acquisition system, as shown in Figure 20.
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Figure 20. The ball /raceway friction and wear test bench.

5.1. Design and Manufacture the Textured Workpieces

The spiral raceway of the ball screw has been replaced with the planar circular raceway
to simulate the contact state and mechanical properties between the ball and the textured
raceway of the ball screws, as shown in Figure 21a. The material of the textured workpiece
is consistent with that of the ball screw. The material of the textured workpiece is alloy
steel 40Cr, and the hardness of the material is 255HB. The surface roughness of the textured
workpiece is the same as that of the ball screw raceway, with Ra = 0.21 um. The surface
textures with four geometric features (as shown in Table 2) are designed and manufactured
in four regions (L1, Ly, L3, and L4) on the raceway surface of the textured workpiece,
as shown in Figure 21b. The design and manufacture of surface textures with different
geometric features on the circular raceway surface are beneficial for simulating different
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axial loads and rotation speeds of the ball screws, reducing the difficulty of manufacturing
surface textures on the raceway surface and improving the experimental efficiency. The
geometric model of the circular raceway is created to match the contact state and mechanical
properties between the ball and the textured raceway of the ball screws, as shown in
Figure 21c.

Texture

Figure 21. Structure and geometric model of the circular raceway of the textured workpiece;
(a) Textured workpiece; (b) The surface texture on the circular raceway; (c¢) Geometric model of
the circular raceway.

The OpXoYoZy is set as an inertial coordinate system, and the Zj axis coincides with
the central axis of the screw. The OXYZ is the rotating coordinate system of the circular
raceway. The coordinate directions of the X-axis and the Y-axis are determined by the base
angle 01, and the origin O and the Z-axis correspond to the origin Oy and the Z; axis of
the Oy X(Y9Z coordinate system, respectively. The cross-section of the circular raceway
is located in the YOZ coordinate system. r; is the nominal radius of the circular raceway.
7 is the section radius of the circular raceway; s is the same as the section radius of the
screw raceway, s = 3.215 mm. ¢ is the included angle between the positive direction of
the Y-axis and the raceway surface. f§ is the contact angle between the ball and the circular
raceway. According to the established geometric model of the circular raceway, the circular
raceway equation is written in vector form as follows:

r = {(r; +rscos @) cosby, (r1 +rgcos@q)sinby,rssin @} (34)
The partial derivatives of @1 and 61 in Equation (43) are obtained as follows:

Tp, = {—rs sin @1 cos 1, —ts sin @1 sin 61, s cos (pl} (35)

1o, = {—(rl + 15 cos ¢1) sin by, (r1 + 15 cos ¢1) cos 91,0} (36)

The partial derivatives of ¢; and 6; in Equations (44) and (45) are obtained as follows:

To,p1 = {—rs COs @1 cos 1, —1s Cos @1 sinfy, —rs sin <p1} (37)
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76,6, = 1—(r1 + 75 cos @1) cos 01, —(rq + s cos ¢1) sinfy,0} (38)
Tg,,6, = 17ssin @1 sin 61, —r; sin ¢1 cos 61,0} (39)

The first basis vector is expressed according to the principle of differential geometry
as follows:

E=rp11y1 = rg?, F = ro1:791 = 0,G = 191191 = (11 + 1508 ¢1)* (40)
The second base vector is denoted as follows:
L=rpg1n=rs,M=r4911n=0,N=rpg-n=(ry+75c08s@1)cos 41)
Substitute Equations (40) and (41) into the principal curvature equation as follows:
(EG - FZ)kZ — (LG — 2MF + NE)k + (LN - Mz) =0 (42)

The principal curvatures of the tangent direction and the normal direction at the
contact point of the circular raceway are obtained as follows:

ki =1/rs, ky = cos @1/ (r+ rscos ¢1) (43)

The principal curvature of the tangential direction and the normal direction between
the contact point of the ball and the raceway of the ball screws are substituted into
Equation (43), and the contact angle at the contact point is 3 = 37t/2-¢1. The nominal
radius of the circular raceway is calculated, r1 = 13.76 mm. The principal curvatures of the
circular raceway and the screw raceway are set to be the same to ensure that the contact
state and mechanical properties of the elliptical contact area of the circular raceway and the
screw raceway are consistent under different operating conditions.

Laser processing technology has the advantages of high machining precision, con-
trollable machining processes, high surface hardness, and no environmental pollution.
It has also been widely used in the machining of surface texture. Laser processing tech-
nology is used to machine the texture with different geometric features on the circular
raceway surface. The textured workpieces with texture diameters of 20 um, 40 um, and
60 um are selected for measurement. The three-dimensional geometric morphology and
two-dimensional profile are shown in Figure 22. The textured raceway workpieces are
manufactured according to the geometric feature parameters of the texture in Table 2, and
the four machining areas of the workpiece correspond to the different geometric feature
parameters of the texture.

-15.8 pm

119

(a) (b) (0

Figure 22. Cont.



Appl. Sci. 2025, 15, 3343

26 of 34

Stationary disc

Textured
workpiece

5 5 5
0 0
g £ g0
2.5 -5 1 =
[N N ]
-10 -10 1 -
-15 -15 -10
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
x/pm x/pm x/pm

(d) (e) ()
Figure 22. The three-dimensional geometric topography and two-dimensional profile of textured
raceway; (a)Texture topography d; = 60 um, Iy = 10 um, p; = 10%; (b) Texture topography d; = 40 um,
hy =10 um, p; = 10%; (c) Texture topography d; = 20 um, h; =5 um, p¢ = 10%; (d) Texture topography
dy = 60 um, iy = 10 um, p; = 10%; (e) Texture topography d; = 40 um, /iy = 10 um, p; = 10%; (f) Texture
topography d; = 20 um, ki =5 um, p; = 10%.

5.2. Experimental Principle and Scheme

The textured workpiece of the ball/raceway friction and wear test bench rotates stably
to detect and collect the friction torque between the ball and the textured workpiece. The
ball screw is mainly subjected to axial load, and the loading method of the axial load of
the ball /raceway friction and wear test bench is shown in Figure 23. The force application
mechanism applies a stable and adjustable axial load to the stationary disc, maintaining
the consistency of the contact state and mechanical properties of the ball in the textured
workpiece and ball screw.

Applied axial
load

() (b)

Figure 23. The force application system of the ball/raceway friction and wear test bench; (a) The
loading mode of the axial loads; (b) The force application mechanism.

The dynamic system is the core of the ball/raceway friction and wear test bench,
as shown in Figure 24. The power of the servo motor is transmitted to the working
disc through the reducer, coupling, and torque sensor. The textured workpiece is fixedly
installed on the working disc for stable rotation. The signal acquisition system of the
ball/raceway friction and wear test bench is shown in Figure 25. The torque sensor is
installed between the reducer and the textured workpiece to measure the friction torque
between a single working ball and the circular raceway of the textured workpiece. The mea-
sured friction torque signal is collected by the acquisition card and stored in the computer.

The servo motor drives the ball/raceway friction and wear test bench, and the speed of
the servo motor is controlled by the motor driver. The force sensor measures the axial force
of the ball in the textured workpiece in real time. The photoelectric sensor records the phase
of the rotation of the textured workpiece in real time to ensure the accuracy of the signals in
different regions of the textured raceway. The anti-friction performance experiment of the
textured raceway is designed to study the friction reduction performance of the textured
raceway of the ball screws under complex operating conditions. The textured workpiece
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was installed in the ball/raceway friction and wear test bench, as shown in Figure 20. The
surface texture with different geometric features was machined on the circular raceway
surface of the textured workpieces using laser machining technology, as shown in Figure 22.
An oil pump is installed on the experimental device to ensure that the contact surface
remains in a lubricated state throughout the experiment.

R Textured |

Figure 24. Dynamical system of the ball/raceway friction and wear test bench.
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Figure 25. Signal acquisition system of the ball/raceway friction and wear test bench.

The circular raceway of the textured workpiece is divided into four regions, and the
surface texture corresponding to the geometric features of Table 2 is manufactured in each
region. To measure the friction torque between the ball and the textured raceway with
different geometric features under different rotation speeds and axial loads of the ball
screws in real time, a torque sensor with high sampling frequency and high measurement
accuracy is used to collect the friction torque during the operation. The friction torque is
measured for 60 s under the steady-state conditions of the ball /raceway friction and wear
test bench to reduce the measurement error of the friction torque between the ball and the
textured raceway and to accurately investigate the friction reduction characteristics of the
textured raceway under various working conditions.
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5.3. Analysis of Experimental Results

The torque sensor measures the frictional torque of the ball, and the textured raceway
under the condition of entrainment speed us = 167.5 mm/s and normal contact force
Qa =37.1N, and the collected frictional torque is parameterized as follows:

Mg = M1+ My + M3 (44)

Mi = utQaLla, My = NpupQpLp, Mz = ay sin(apx) + by cos(bax) + ¢ (45)

where MF represents the friction torque measured in the experiment. M; and M are the
friction torques of the ball and bearing, respectively. M3 denotes the friction torque due
to the coaxial error of the textured workpiece. yr and pp are the friction coefficients at
the contact points of the circular raceway and bearing raceway, respectively. Q4 and Qp
are the normal contact forces of the balls in the circular raceway and the bearing raceway,
respectively. L4 is the distance from the contact point between the ball and the circular
raceway to the rotation axis of the textured workpiece. Lp is the distance between the
contact point of the ball and the bearing raceway and the rotation axis of the textured
workpiece. Np is the number of balls in the bearing raceway. a1, a3, by, by, and c are the
coaxial error parameters of the textured workpiece.

The photoelectric sensor collects the optical pulse signal to obtain the friction torque
signal of the circular raceway of the textured workpiece in a rotation cycle. The collected
friction torque is further analyzed, and the coaxial error of the circular raceway of the
textured workpiece under the condition of us; = 167.5 mm/s Q4 = 37.1 N is obtained, as
shown in Figure 26a. The collected friction torque signals remove the friction torque caused
by the coaxial error of the textured workpiece and the friction torque generated by the
bearing rotation to obtain the friction torque between the single working ball and the
circular raceway, as shown in Figure 26b. The simulated friction torque of the EHL of the
textured raceway of the ball screw is compared with the friction torque measured on the
ball/raceway friction and wear test bench under the condition of u; = 167.5 mm/s QA =
37.1 N, and the results are shown in Figure 27.
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Figure 26. Analysis of friction torque between the ball and textured workpiece; (a) Friction torque
including coaxial error; (b) Friction torque of the single working ball.

It can be seen from Figure 27 that the friction torque of the textured workpieces
with different structural parameters is smaller than that of the untextured workpiece.
The circular raceways of the textured workpieces provide anti-friction effects, and the
variation trend between the measured friction torque and the geometric features of the
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texture is in good agreement with the theoretical simulation. The friction torque measured
in the experiment is slightly higher than that simulated. The maximum and minimum
relative errors of friction torque between the experiment and simulation are 6.2% and
1.3%, respectively, possibly due to raceway machining and workpiece assembly errors. In
addition, the actual working conditions of the textured workpiece are more sophisticated
than the simulation, and there is a deviation between the geometric feature parameters
of the texture with the best friction reduction effect and the simulation results because
the machining quality of the textured workpiece is unstable. The friction torque of the
experiment is in agreement with the overall trend of the simulation, the correctness of the
EHL model, and the effectiveness of the friction reduction of the textured raceway of the
ball screws are confirmed.
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Figure 27. Comparison of experimentally measured and simulated friction torques; (a) Change
texture diameter; (b) Change texture depth; (c) Change areal density of the texture.

6. Conclusions

The anti-friction performance of the textured raceway is theoretically analyzed and
experimentally studied, considering the impact of the grinding surface of the ball screws
on the EHL interaction between the ball and the textured raceway. The main conclusions of
the paper are as follows:

e  Theoretical simulation and experimental measurement of the ground surface topogra-
phy of the screw raceways are conducted based on the formation mechanism of the
grinding surface and the geometric model of the screw raceway. The actual measure-
ment and theoretical simulation of the surface roughness of the screw raceway are
0.2128 um and 0.2072 pum, respectively, and the relative error is only 2.63% to verify
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the correctness of the forming mechanism of the grinding surface topography of the
screw raceway.

e  The influence of geometric features of the textures on the anti-friction effect under dif-
ferent rotation speeds and axial loads of the ball screws is investigated and discussed.
The textured raceway of the ball screws provides a micro-hydrodynamic pressure
perturbation effect that reduces the friction coefficient of the contact system of the
ball screws by 15.2% at a normal contact force of 60.23 N, an entrainment speed of
167.5 m/s, a texture diameter of 40 pum, a texture depth of 10 um, and a texture areal
density of 10%.

o  The results of the experiments show that the variation trend of the friction-reducing
property with the change in the geometric features of the manufactured textures is
well in accordance with the theoretical simulation, and the maximum and minimum
relative errors are 6.2% and 1.3%, respectively. The correctness of the EHL model of
the textured raceway of the ball screws and the effectiveness of the friction reduction
effect of the surface texture technology of the ball screws are verified.
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Notation

a the grinding depth of the wheel

ay, ap the coaxial error parameters of the textured workpiece
o the spiral angle of the ball screws

by, by the coaxial error parameters of the textured workpiece
c coaxial error parameters of the textured workpiece
dave the average diameter of the abrasive particles

de the equivalent diameter of the grinding wheel

ds, du. the diameters of the grinding wheel and the screw

fo the shear friction coefficient of the oil film

Fpre the preload force

Fs the friction force between the ball and the raceway

Fsa, Fsp  the friction force between the ball and the screw raceway and the nut raceway
the surface of the workpiece is uniformly discretized into grids, and all grid points

8min form a matrix

2(m, ) the height of the point (m,1) on the surface of the workpiece relative to the global
coordinate system

h the oil film thickness distribution in the contact area

hi; the height of the cutting edge of the abrasive grains on the wheel surface

— the maximum height of the cutting edge of the abrasive grain
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Nyin the minimum oil film thickness
ht the maximum depth of the texture
hy the oil film thickness in the center of the elliptical contact area.
hi; all grid points on the surface of the grinding wheel are characterized by a matrix
h(i, j) the height of the cutting edge of the abrasive grain at the point (i, j)
oy oy the oil film thickness distribution in the non-textured area and textured area on the
raceway surface of the ball screws
ij the position of the abrasive grain in the circumferential and radial directions on the
surface of the grinding wheel
L the lead of the ball screw
La, Lp the friction arms of the screw and the nut raceway
Lp the distance between the contact point of the ball and the bearing raceway and the
rotation axis of the textured workpiece
L;j the arc length of the rotational movement of the abrasive cutting edge
M the grit number
M;i, M,  the friction torques of the ball and bearing
M3 the friction torque due to the coaxial error of the textured workpiece
Ms the friction torque of the ball screws
Mg the friction torque measured in the experiment
ny the number of working balls in a nut
n the rotation speed of the grinding wheel
Np the number of balls in the bearing raceway
p the bearing capacity of the oil film
Pa, Pf the bearing stress distribution of the asperity and the oil film in the elliptical contact area
Pe the cavitation pressure of the oil film
pH the parameter expression of the cross-sectional arc of the screw raceway at contact
AS point A
Pi S the parameter equation of the screw raceway in the coordinate system OXYZ
Q the total normal contact force of the ball
Qa the normal force of the asperity contact
Qa0Qp the normal contact forces of the balls in the circular raceway and the bearing raceway
p the radius of the ball
T the radius of the texture
ts the radius of gyration of the cutting edge of the abrasive grain
Tij the radial distance from the abrasive grain G;; to the center of the grinding wheel
Ry, Ry the equivalent curvature radius in the x and y directions of the contact area
R(x, y) the rough surface of the grinding raceway
R, the root mean square of the roughness of the screw raceway
t the time taken for the grain G; to rotate an angle 6
TH the coordinate transformation matrix from the coordinate system OXYZ to the
S Frenet-Serret coordinate system Optnb of the helical trajectory of the ball center
TA the coordinate transformation matrix from the Frenet-Serret coordinate system
H Ogtnb to the contact coordinate system AX7Y4Z4
the linear velocities of the ball and raceway along the tangent direction of the spiral
2 trajectory of the ball center
Us the entrainment speed of the oil film
Vs, Uy the speeds of the grinding wheel and the screw
Uy, Us the feed speed of the workpiece and the circumferential speed of the grinding wheel

Use, Vwe  the equivalent speeds of the grinding wheel and the screw

Vg the density of the wheel

Vi, y) the elastic contact deformation in the elliptical contact area between the ball and
the screw raceway

Xins Yin the coordinates at the entrance of the contact area between the ball and the raceway

Xout, Yout ~ the coordinates at the exit of the contact area between the ball and the raceway
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S the wheel structure number
the friction coefficient and friction force between the ball and the raceway
M1 the mean value of the normal distribution
Ha the static friction coefficient of the raceway surface
UT, UD the friction coefficients at the contact points of circular raceway and bearing raceway
0 the rotation angle of the abrasive grain
o the variance of the normal distribution
Ba the contact angle between the ball and the screw raceway
Bas the central angle corresponding to the cross-sectional arc of the screw raceway
Bao the range of the central angle of the screw raceway

s HpH
Pys =TsPys =

Ax, Ay the grid spacing
the distances between the abrasive grains in the circumferential and axial directions

Axs, A]/s ..
of the grinding wheel
AO;; the offset distance of the local coordinate system in the x-direction is equal to the
’ movement distance of the workpiece
AZ; the translation distance of the local coordinate system relative to the global coordinate
4 system in the z-direction
0,1 the density and viscosity of the lubricating oil
00, 1o the environmental density and environmental viscosity of lubricating oil
ot the areal density of the texture on the screw raceway surface
(@) the elliptical contact area between the ball and the screw raceway
0o, O, the oil film-bearing area of the non-textured and textured in the elliptical contact area
¥ the shear strain rate of the lubricating oil film
T, T the shear stress and the characteristic shear stress of the lubricating oil film
A the film thickness ratio
Ti,j the shear force distribution of the oil film

Appendix A. The Expression of the Transformation Matrixes

0
rscosﬁAg—(rs—rb)cosﬁA
P = . . Ba—PBao < Pas < Pa+Bao (A1)
457 | rgsin Bag — (rs —1p) sin fa Pa—F P Path
1

where 75 and r;, are the cross-sectional arc radius of the screw raceway and the ball radius,
respectively. B4 is the contact angle between the ball and the screw raceway. 45 is the
central angle corresponding to the cross-sectional arc of the screw raceway in the screw
raceway area. Bag is the range of the central angle of the screw raceway. The parameter
equation of the screw raceway in the coordinate system OXYZ is expressed as follows:

rcos b — cosB[rgcos Pas — (rs — 1) cos Pl + sinasinBrgsin fas — (rs — rp) sin B 4]
rsin® —sinB[rgcos Pas — (rs — 1) cos Pa] —sinwcosO[rgsinfas — (rs — rp,) sin B 4]

A2
cosargsinPas — (rs —ry)sinfu] +rftanw (A2)

1

where TH denotes the coordinate transformation matrix from the coordinate system OXYZ
to the Frenet-Serret coordinate system Opytnb of the helical trajectory of the ball center

as follows:
—cosasinf —cosf  sinasin® rcos 6
TH _ cosacosf —sinf —sinwcosf rsinf (A3)
s sina 0 cosa 76 tan o

0 0 0 1
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The coordinate transformation matrix from the Frenet-Serret coordinate system OHtnb
to the contact coordinate system AX4Y 4Z4 is expressed as follows:

1 0 0 0

A — 0 —sinfy —c9s,8A rhc9sﬁA (Ad)
0 cosps —sinfy rpsinfy
0 0 0 1
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