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Abstract: During the operation of the guide rail pair, the accuracy of the guide rail pair is decreased by
friction and wear, and the overall performance of the machine tool is directly affected. The influence
of surface micro-features of the slider raceway on the dynamic friction factor of the guide rail pair
is analyzed in this paper. The relationship between the geometric characteristics of the surface
micro-features and the dynamic friction factor is studied, and a prediction model of the dynamic
friction factor is established. Meanwhile, the correctness and rationality of the predicted model is
verified by the orthogonal experiments of the friction force. It is found that the dynamic friction
factor increases with the increase of the groove depth, the height of the peaks and peak-valleys on
the surface of the slider raceway. The above research provides a basis for the study of the friction
and wear characteristics of guide rail pairs and lays a foundation for improving its friction and
wear performance.

Keywords: dynamic friction factor; surface topography; slider raceway; surface microstructure

1. Introduction

During the operation of the guide rail pair, friction is the main mode of energy loss,
and its changes will affect the stability of the guide rail pair. In addition, its surface material
will gradually wear and tear off during the operation of the guide rail pair. At this time, the
adhesion mechanism or abrasive wear mechanism will cause wear, leading to a decrease
in the guiding accuracy and contact stiffness of the guide rail pair, affecting its accuracy
maintenance and reducing its functional reliability and service life. Therefore, the service
life and working stability of the linear guide pair are mainly determined by its friction
and wear characteristics. In addition to changing the material, another effective method to
improve the anti-friction and wear characteristics of the linear guide pair is to improve the
surface quality of the raceway. Therefore, it is urgent to conduct research on the influence
mechanism of the surface quality of raceways on their friction and wear characteristics.

At present, there is much research on the influence of surface micro-features on the
surface friction performance. The effects of dimples on a surface were first reported by
Etsion et al. [1-3], who investigated the effect of surface texturing and the optimal geometric
arrangement of the surface features. They found that surface texturing substantially
increased the load-carrying capacity of bearing surfaces. Menezes et al. [4] studied the
effects of surface roughness and textures on the coefficient of friction. It was observed that
the coefficient of friction depended primarily on the surface texture of hard surfaces but is
independent of the surface roughness of hard surfaces. However, they only examined the
effect of the existence of dimples and did not investigate their geometry. Kim et al. [5] used
a laser beam to create small pits of different sizes on the surface of gray cast iron, and their
effects on the friction behavior of automobile engine surface were studied. Their results
found that the aspect ratio of the dimples was the most significant factor, while the effect of
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the surface density of the dimples on the coefficient of friction was marginal. Costa et al. [6]
researched the influence of the surface topography of the workpiece sample and the steel
ball on the dynamics of wear particles in the micro-wear process. It was found that the
effect of the topography of the specimens on wear coefficients and mechanisms was much
less pronounced than that found for the ball topography. Wakuda et al. [7] verified the effect
of micro-dimples on the frictional properties of a silicon nitride ceramic combined with
hardened steel. Compared to a lapped smooth surface without texturing, some samples
successfully realized reductions in the friction coefficient from 0.12 to 0.10. It was found
that the tribological characteristics depended greatly on the size and density of the micro-
dimples and not the dimple shape. At the same time, Magnus et al. [8] studied the feasibility
of using a laser surface texture (LST) to improve the tribological properties of Ti3SiC2MAX
phase composites. The test results showed that both the line- and square-textured MAX
phase composite surface exhibited excellent wear performance as well as a reduction in
friction. Grabon et al. [9] studied the influence of cylinder liner surface morphology on
low temperature friction and wear of a cylinder liner ring system. It was found that two
process textures tested at the low temperature led to a smaller final coefficient of friction,
compared to one process surface; the opposite results were obtained at a high temperature.
Yang et al. [10] studied the influence mechanism of volcanic texture on the tribological
behavior of textured coating surface. The results showed a volcano-shaped texture with a
suitable diameters and area ratios which were conducive to lowering the friction coefficient
and reducing adhesive wear. The optimal texture diameter and area ratio were 310 pum and
25%, respectively. Wang et al. [11] analyzed the change of surface topography characteristics
of 2219 aluminum alloy under different wear conditions. The results showed that tool
wear led to the confusion of the weld texture profile and the appearance of the local burr.
Pei et al. [12] studied the evolution of the surface topography and friction coefficient during
sliding wear in a mixed-lubrication rolling—sliding contact based on the numerical approach
developed by Zhu et al. [13]. The results showed that the RMS roughness deceased slightly
at first, and then it increased gradually during the wear process. Saeidi et al. [14] researched
the influence of five geometrical texture parameters (feature depth, diameter, length, area
fraction and sliding direction) and their interactions on friction coefficient and workpiece
life. It was found that except for the main factors of diameter and area fraction, the main
interactions of geometrical parameters had a significant impact on the coefficient of friction.
Yu et al. [15] established an analysis model from the geometric shape and distribution of the
pits and evaluated the hydrodynamic effect of the pit mode and the antifriction effect under
high and low speed load conditions. The results suggested the shallow and small dimples
would have had a more obvious friction reduction effect for the case of low-speed and
high-load conditions. Braun et al. [16] studied the influence of dent diameter, dent edge and
dent size on surface friction under the condition of mixed lubrication. It was found that the
dimple diameters leading to the highest friction reduction significantly depend on the oil
temperature. Segu and Kim [17] analyzed the influence of the surface of steel with multiple
pits on the tribological properties and the optimization effect of different pit density on the
tribological properties. The results indicated that the surface with multi-dimple textured
patterns had better friction performance than the untextured and single-dimple textured
surfaces. Nakano et al. [18] investigated the relationship between texture geometry and
coefficients of friction by testing micro-textured surfaces prepared by shot blasting. The
results indicated that the surfaces with dimpled patterns had lower friction coefficients than
the flat surfaces and the dimpled pattern had a beneficial effect by decreasing the friction.
Ren et al. [19] conducted numerical analyses to determine the effect of the distribution
of shallow dimples on the tribological properties of a surface. The results indicated that
the textures generating the strongest hydrodynamic lifting are short grooves with a small
aspect ratio and sinusoidal waves of a small wavelength /amplitude ratio propagating in the
motion direction. Andersson et al. [20] studied the influence of a laser-textured tool surface
with a concave size and geometric shape on friction and wear. Wang et al. [21] studied the
influence of four morphologies of hemispherical, conical, ellipsoidal and wedge-shaped
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pits on the friction properties of CFRPEEK. From the experimental results, the ellipsoidal
pit CFRPEEK samples exhibited the best tribological properties and better wettability.

Despite many scholars have conducted numerous studies on the influence of surface
micro-features on friction and wear characteristics, that research is mainly applied to sliding
friction but rarely applied to rolling friction especially in the study of rolling linear guide
pairs. At present, the research of roller linear guide pairs is mainly focused on stiffness, static
characteristics, dynamic characteristics, rated static load, rated dynamic load, etc. [22-25].
Some scholars have also studied the friction characteristics of rolling linear guide pairs. For
example, Oh et al. [26]. Established an explicit friction model for ball contact rolling linear
guide pairs from the material, geometric parameters, assembly and operating conditions
of the guide pairs. It was found that the magnitude of friction depends on factors such as
the size and contact angle of the ball. Cheng et al. [27] proposed an improved calculation
model for calculating friction force by considering the geometric parameters of rolling
elements, contact force and the changing in the viscosity of lubricating grease with pressure
and temperature. Zhang et al. [28] studied the variation of frictional force with normal
contact angle and preload based on Hertz theory and established a frictional force model
for rolling linear guide pairs considering elastohydrodynamic lubrication. Wang et al. [29]
proposed a mathematical model for the friction force and preload of the roller linear guide
pair, but only four different interference levels of the roller linear guide pair were measured
for friction force due to the lack of preload adjustment devices.

From this, it can be seen that there is very little research on the impact analysis of
the application of micro-feature information from the surface topography to the friction
characteristics of the roller linear guide pair. Most of the existing research on friction
characteristics of guide pairs is based on macro-parameter characteristics such as external
load, contact force and rolling element size. And most of the research mainly relies on the
overly simplified mechanical models or wear theories, which lack the study of basic theories.
Meanwhile, during the operation of the guide rail pair, the rolling friction between the
contact surfaces is caused by the mechanical deformation resistance and molecular adhesion
resistance. They are generated by the meshing, collision and elastic-plastic deformation
between the micro-convex bodies on the surface of the raceway. It is also accompanied by
phenomena such as plastic extrusion, adhesive wear and abrasive wear of the surface micro-
convex materials [30]. Surface micro-features exist in the three-dimensional (3D) surface
topography, similar to workpiece fingerprints, which are common but different. Compared
with the two-dimensional (2D) parameter roughness, the surface quality can be better
comprehensively characterized by the distribution and size of surface micro-features such
as convex peaks, pits and peak-valley structures obtained from the 3D surface topography.
The influence mechanism of the surface quality of the raceway on its friction factor can be
fundamentally analyzed from the perspective of surface micro-features in comparison to
traditional calculation methods of the friction factor. Therefore, the geometric characteristics
of the surface micro-features can be extracted from the surface topography of the slider
raceway. And the prediction model of dynamic friction factor is established by quantifying
the relationship between the geometric characteristics of groove, crest and valley and the
dynamic friction factor of the guide rail pair. And the influence of surface micro features
on the dynamic friction factor is analyzed.

2. Mathematical Model

The roller linear guide pair is generally not used alone in the working process. It is
usually four in a group or more and carries the reciprocating linear motion of the working
platform. In addition to the driving force, the guide rail pair will generally be loaded in
other directions, such as the worktable weight, the cutting force or grinding force in the
machining process of the workpieces and the inertia force in the high-speed movement
process. Meanwhile, it will also have a torque effect on the guide rail pair due to the uneven
stress of the working platform. In this paper, the mechanical model mainly corresponds
to the state of the guide rail pair on the friction and wear tester; that is, a single slider is
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installed on a single guide rail. Therefore, the force model of the guide rail pair can be
simplified by ignoring the torque, and the slider is only subjected to the positive pressure
load, as shown in Figure 1.

Figure 1. A simplified force model of the single guide rail pair with a single slider: (a) Without
preload; (b) With preload.

2.1. Friction Model of Guide Pair under Positive Pressure Load P

As shown in Figure 1a, only two rows of rollers 3 and 4 are stressed under the positive
pressure load P when there is no preload during the assembly of the slider. Assuming that
the pressure angle of the guide rail pair is & and there are # rollers in each row, the force on
the j-th roller in the i-th row is as follows:

Fj = P/(2ncosa) (i =1,2,3,4.j=1,2,...,n) @)

The friction force of the linear guide rail pair without preload during uniform motion
is as follows:

4 n
F = xZFij: E‘MO ()

where pg is the dynamic friction coefficient during roller rolling.

As shown in Figure 1b, each ball in the four rows of rollers is stressed when the preload
is set during the assembly of the slider; that is, each roller generates friction. Based on the
contact angle a between the roller and the raceway, the relationship between the normal
unilateral deformation 4, of the guide rail pair and the vertical deformation ¢ of the slider
is as follows:

0 =26, /cosx 3)

For the load range normally used in the metrology field, Norden, B. N. [31] Pro-
posed the best approximation to the compression obtained between a cylinder and flat
(Figure 2 [31]). Based on the finiterectangle approach, it is as follows:

F, L3
5= BN+ A1+ 4
1= i+A) "+ A2)EngR @)
1—01-2
A= <E, )

where Fyg is the measuring force, and it is equal to Fj;. L is the contact length between
cylinder and plane, and it is the height of the roller. R is the radius of roller. v; and E; are
the Poisson’s ratio and Young’s modulus of the roller or the guide rail, respectively.
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Figure 2. Schematic diagram of roller deformation.

Combined with Equations (1) and (3)—(5), the relationship between roller deformation
and force can be deduced:
_ P+ M)

6= 1+1
ncos?alL { i

L32ncosa
} ©)

(A1 +A2)RP

Equation (6) can be simplified into P = f(9).

The preload of the slider is realized by setting the interference size between the roller
and the raceway, and the vertical forces generated by the first and second rows of rollers and
the third and fourth rows of rollers are F; and F3, respectively, according to the simplified

formula of P: 5
cosa
B = £ (6, 52 ) %

F3:f(5n+‘5cgs‘")n ®)

Equation (7) is valid on the premise that the preload force must be greater than half
of the positive load of the slider; that is, the preload does not fail. Thus, the friction force
under external load and preload of slider can be obtained as follows:

P =2(F + F3)cosa )

F=2(F + F)uo (10)

According to the friction model in Equations (2)-(10), when there is no preload or
the positive load is more than twice of the preload (i.e., the preload fails), the friction
increases with the increase of slider’s positive load, and the dynamic friction factor remains
unchanged. However, this is not completely consistent with the actual measurement. The
friction force of the guide rail pairs assembled by sliders (S1-1~510-1) under the conditions
of no slider preload, the same external load (4630 N) and different operating speeds is
shown in Figure 3. These sliders are with different surface topographies and roughness
ground with different grinding depths, feeding speeds and linear speeds. It is obvious
that the friction force varies with different topographies of the slider raceway. The surface
roughness of each slider (51-1~510-1) in the legend of Figure 3 is 0.19 pm, 0.29 pm, 0.33 pm,
0.22 um, 0.28 um, 0.31 pm, 0.32 um, 0.29 um, 0.23 um and 0.25 um,. It can be seen that the
dynamic friction factor of the linear guide pair is not constant during operation, and its
size is closely related to the surface roughness of the raceway.

In addition to the influence of the external load on the friction force of guide rail pair,
the change of structural parameters such as roller diameter, interference of guide rail pair
and the deviation of horizontal or vertical installation of guide rail have different effects on
the friction force or dynamic friction factor of the guide rail pair. Therefore, it is assumed
that the roller diameter of the slider is unchanged, the interference of the guide pair is 0,
and the guide rail installation error is a constant value when the dynamic friction factor
prediction model of GZB45BA roller linear guide pair is established. The initial shape of
the contact surfaces is assumed to be ideal. The intermediate change in the shape of the
contacting surfaces is not take into account. And for determining the magnitude of pressure
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on the sections of the surface, local elastic deformations of the guide also are not taken into
account. Based on the above assumptions, the dynamic friction factor prediction model
of the guide rail is established. And the influence of the geometric characteristics and
distribution of the groove, crest and peak—valley microstructures in the surface topography
of the slider raceway on the dynamic friction factor of the guide rail pair is mainly studied
in this paper.
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Figure 3. Friction of sliders with different surface roughness under the same load.

2.2. Dynamic Friction Factor Prediction Model of the Guide Rail

The geometric characteristics of surface micro-features refer to the width, depth, height
and aspect ratio of pits, convex peaks and peak-valley structures in the surface topography
of the slider raceway. From the 3D surface topography of the slider raceway (Figure 6 in
Section 3.1), the surface roughness profile can be extracted. In addition, the characteristic
information of surface micro-feature such as groove and convex peak in the topography
can be obtained according to the surface roughness profile, as shown in Figure 4.

rough surface profile

0.25 1 1
0ol , _‘l A A I L
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Figure 4. Dimensional characteristics of grooves and convex peaks in surface micro-features.
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Assuming that the roughness profile has n convex peak structure and m groove
structure, respectively, then the geometric feature dimensions of the groove, convex peak
and peak-valley structures are calculated as follows:

Aé =min(yj—1,Yj+1) —yj =1,...,m)
AJW = Z(x]- - xmin(yj,l,y/Jrl)) (j=1,...,m)
AL, =AL/Al (G=1,...,m)
Th=yi—yi (i=1,...,n)
Tév:xi—xi,l (i=1,...,n

Thw =Th/Th (i=1,...,n

(11)
)
)

FGL, = T}'{—FA]; (i=1,...,min(n,m))

FG{N — T{N+A{N (i=1,...,min(n,m))

where Ag, Aw, Asw, Ty, Tw, Taw, FGp and FGy are the groove depth, width, depth to
width ratio, convex peak height, width, height to width ratio and the height and width of
the peak—valley structure, respectively, and the unit is pm.

To facilitate the study of the influence mechanism of surface micro-feature characteris-
tics on the dynamic friction factor, statistical analysis is needed where As, Aw, Asw, Tx,
Tw, Tuw, FGy and FGy are the mean values of the groove depth, width, depth width
ratio, convex height, width, height width ratio and the average height and width of the
peak-valley structure of the three sliders in each group (um), respectively. The calculation
is as follows:

Ty = f (Yi —yi-1)/n (12)

To quantitatively analyze the influence of the surface topography on the dynamic
friction force of the guide rail pair, the 2D roughness and the geometric characteristics of
the grooves, peaks and valleys are extracted according to the 3D topography shown in
Figure 6 in Section 3.1. The results are shown in Table 1. ) is the average value of dynamic
friction factor obtained from five repeated test measurements. Ra is the mean value of the
2D roughness of each slider, and its unit is pm. And it is determined by the mean of the 2D
roughness values of the extracted roughness contour lines at five different positions in the
surface topography of the slider, as shown in Figure 5. And the roughness in all tables and
figures in the paper is linear roughness (Ra).
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Table 1. The 2D roughness, surface micro-feature geometry characteristics and dynamic friction
factor of slider S1 to S10 with different grinding process parameters.

. Test Predictive .
Slider Ra [um] AS Aw Asw Tu TW THW FGH FGW Value 1o Value to Residual
S1 0.189 0.214 0295 2740 0295 0295 1444 0.509 0.589 0.001932 0.001910 2.1652 x 107>
S10 0.250 0296 0294 3578 0377 0294 1848 0.672 0.588  0.005299 0.004881 4.1800 x 10~*
S2 0.293 0.377 0294 4312 0458 0294 2245 0.835 0.587 0.006472 0.006594 —1.2180 x 1074
S3 0.334 0.460 0293 5.119 0541 0293 2657 1.002 0.586 0.009554 0.009432 1.2180 x 104
S4 0.221 0239 0.295 2952 0319 0294 1564 0559 0.589  0.003060 0.003162 —1.0216 x 10~4
S10 0.251 0.296 0295 3596 0377 0294 1844 0.673 0.589 0.005299 0.005237 6.1534 x 107>
S5 0.285 0352 0294 4.083 0434 0294 2119 0.786 0.588  0.006659 0.006749 —8.9743 x 10~°
S6 0.316 0.408 0.293 4.637 0491 0294 2401 0.899 0.587  0.008409 0.008275 1.3363 x 1074
S7 0.326 0.436 0293 4.880 0520 0.294 2541 0955 0.587 0.009410 0.009427 —1.6539 x 107>
S8 0.293 0366 0.294 4269 0448 0294 2188 0.815 0.588  0.006875 0.007105 —2.3007 x 10~4
S10 0.252 0.296 0.295 3570 0377 0295 1842 0.673 0.589 0.005299 0.004674 6.2500 x 10~*
S9 0.231 0260 0.294 3205 0.341 0293 1.667 0.601 0.588  0.004248 0.004090 15772 x 10~*
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Figure 5. The average value of the 2D roughness of the slider S10 obtained from experimental
measurements.

Surface roughness refers to the smaller spacing and the unevenness of the small peaks
and valleys on the machined surface [32]. It is highly dependent on the size and distribution
of grooves and protrusions. When the material and operating conditions of the guide rail
are fixed, surface roughness plays a major role in the influencing factors of the dynamic
friction factor. Within the commonly used range of amplitude parameters related to surface
roughness evaluation, the arithmetic mean deviation (Ra) of the contour is preferred. Ra is
the arithmetic mean of the absolute values of the contour offset within the sampling length.
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According to the definition of Ra, it is a design for linear (2D) parameters. As it is a mean
calculation, it is difficult to reflect the different effects of micro-features such as grooves
and peaks on the friction coefficient.

To study the influence of surface quality on dynamic friction factor in more detail,
a prediction model for dynamic friction factor is established in this article from the per-
spective of surface micro-features. Therefore, to avoid repetition, it is not necessary to
consider Ra again when a prediction model for the dynamic friction factor is established by
considering the effects of the depth, height, width and aspect ratio of pits, convex peaks
and peak-valley structures on the dynamic friction factor.

The average values of groove depth Ag, width Ay, depth-to-width ratio Agy, convex
peak height Ty, width Ty, height-to-width ratio Ty, height-to-valley structure height
Fgh and width Fgy in Table 1 are independent variables, and the average of the dynamic
friction factors pg is used as the dependent variable, and the nlinfit fitting function in
Matlab is used for functional relationship solving. The fitting result is as follows:

7 = —0.2799 + 0.0489 A5 — 0.4854A,y — 4.5029 x 10~ *Agy + 0.1626T5; — 0.5620Tyy + 0.0065Tf1yy — 0.1024F Gy + 0.9785FGyy (13)

It can be seen from Equation (13) that the groove depth Ag, the height of the convex
peak Ty, the height-width ratio of the convex peak Ty and the width of the peak-valley
structure Fgw are positively correlated with the dynamic friction factor py. The groove
width Ay, the groove aspect ratio Agy, the peak width Ty and the height of the peak-
valley structure Fgy are negatively correlated with the kinetic friction factor py. Among
them, the width of the peak-valley structure Fgw has the greatest influence on the dynamic
friction factor yy, followed by the groove width Ay and the width of the peak structure
Tw, while the groove aspect ratio Agy and the peak height-width ratio Tyw have minimal
impact. Substituting the surface micro-feature geometric characteristics of each slider in
Table 1 into Equation (13), the residual between the estimated value and experimental
value of the kinetic friction factor is obtained. As shown in Table 1, the residual variance
is 2.2950 x 10~8. The groove aspect ratio Agy and the peak height-width ratio Tyw have
a non-independent relationship with the groove depth Ag, width Ay and the height of
the peak Ty and width Tw. The groove aspect ratio Agw and peak aspect ratio Tyw
in Equation (13) have little effect on the dynamic friction factor. In addition, it can be
found from Table 1 that the width of grooves, peaks and peak—valley structures on the
raceway surface almost does not change with the surface roughness. Therefore, their
mean values of 0.294, 0.294 and 0.588 can be substituted into Equation (13) to simplify the
model. At the same time, taking only the height and width of grooves, convex peaks and
peak—valley structures as independent variables, the simplified dynamic friction factor
prediction model obtained by using the nlinfit fitting function is shown in Equation (14).
Similarly, the geometric characteristics of the surface micro-features of each slider in Table 1
are substituted into Equation (14), and the residual variance between the estimated value
and the experimental value of dynamic friction factor are 2.3268 x 1078.

7ig = —0.011 + 0.0633A5 + 0.1715T; — 0.1004F Gy (14)

Therefore, Equation (14) can be used as the prediction model of the dynamic friction
factor, and the model can be verified experimentally.

3. Experimental Research
3.1. Materials

In this paper, the slider in the O-type roller heavy load linear guide pair GZB45BA
is selected as the research object, as shown in Figure 6, and the corresponding dimension
parameters are shown in Table 2. The O-type roller linear guide pair is mainly composed
of the slider, guide rail, roller, deflector, cage, etc. The contact angle between the roller
of the guide pair and the raceway is 45°, which makes the roller linear guide pair have
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the characteristics of equal load in the upper, lower, left and right directions, and the four
directions have ultra-high bearing capacity and rigidity.

GZB45BA rail pair - :
- Ti ‘
-] \
; k
___ ,H - (k)
L ¥ Narrow-high H
B type slider 3

Figure 6. Dimension of roller linear guide pair and type of slider width.

Table 2. Dimension of roller heavy-duty linear guide pair GZB45BA (mm).

Slider Racewa Max. Rated
H W; Slider K W T H [0 o thy B E  Lengthof Dynamic
& 8 Single Piece Load (kN)
guide 205 62 8 15 8 153 106 guide 5 49 6000 92.6
rail pair rail

The roller linear guide pair is mainly composed of slider, guide rails, rollers, deflectors,
retainers, etc. It has the advantages of simple structure, low dynamic and static friction
coefficient, high positioning accuracy and good accuracy retention. It is mainly used in
heavy-duty combination machine tools such as machining centers, Computer Numerical
Control (CNC) composite machining machines, high-precision electric discharge cutting
machines, grinders, gantry machining centers, etc. It is especially suitable for high-end
machine tools with high rigidity, high precision and overweight loads [22]. And its friction
force is only 1/50 to 1/100 of that of the sliding guide rail. It reduces energy consumption
and improves the positioning accuracy and mechanical device follow-up performance [33].
Compared to the point contact of ball type guide rail pairs, the straight and long line contact
of roller linear guide rail pairs only forms small elastic deformation when the rollers bear
high loads, making them have advantages such as high bearing capacity, high stiffness, low
rolling friction, low wear and long service life.

3.2. Experiments

To research the effect of the surface micro-features on the dynamic friction factor of
the guided rail pair, the grinding experiments of the slider raceway surface and the friction
measurement experiments are conducted, respectively.

Firstly, the surface grinding experiment of the slider raceway is carried out on the slider
grinder PLANMATHA408 through the single factor test method. The specific experimental
scheme is shown in Table 3. The Vw, Vs and ap in Table 3 are the grinding process
parameters used to process the surface of the slider raceway, where Vw is the feed speed of
the workpiece, Vs is the linear speed of the grinding wheel and ap is the grinding depth.
The type of slider is GZB45BA, and its material is GCr15. The type of the grinding wheel is
1A46X25X13-SA100K35, and its material is alumina. The grinding fluid used during the
slider grinding process is fully synthetic water-soluble cutting fluid. During the experiment,
four identical sliders are ground at the same time to reduce experimental errors, which
can also be as the repeated experiment. The surface topography of the slider raceway is
measured by the Rtec dual focus 3D topography instrument (US and UP). The size of the
testing area is 5 mm on the x-axis and 2.5 mm on the y-axis. The resolution of the x-axis and
y-axis is 0.1 um, and the resolution of the z-axis is 0.01 um. During the surface topography
testing process of each slider, there are more than seven different areas that are selected for
measurement. When the roughness of the measurement area is repeated more than five
times with the roughness of other areas, it can be used as a representative area for analysis.
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The results are shown in Figure 7 in Section 4. From this, the geometric characteristics of
surface micro-features such as peaks, pits and peak-valleys can be extracted to be used for
the model establishment of the dynamic fraction factor.

Table 3. Specific grinding process parameters, experimental samples and devices.

No. Vw [m/min] Vs [m/s] ap [um] Experimental Samples and Devices
S1 25 32 1 o .
s 25 3 3 Grinding workpiece GZB45BA
S3 25 32 4 Workpiece material GCr15
1A46X25X13-

S4 25 28 2 Wheel type SA100K35
S5 25 30 2 Wheel material alumina
S6 25 34 2 Grinder PLANMATHP408
57 26 32 2 Fully synthetic
S8 27 32 2 L .

Grinding fluid water-soluble
9 2 32 2 cutting fluid
S10 25 32 2 5
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manual loading
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linear rail
pair

linear rail
pair

test stand
base

Figure 7. Rolling guide sub-precision retention test bench.

Secondly, the friction testing experiments on linear guide pairs with different surface
topographies of slider raceways are conducted on the roller guide rail precision retention
test bench (provided by Nanjing Process Equipment Co., Ltd.), as shown in Figure 7. The
experimental conditions are that the guide rail pair has no slider preload, the same external
load and different operating speeds (1 m/min, 3 m/min, 5 m/min, 7 m/min, 9 m/min,
11 m/min and 13 m/min). The principle of friction testing is shown in Figure 8. The N-type
loading device of the test bench is divided into the left and right loading systems. The right
side is manually loaded with a handwheel. When the load is too large, manual loading
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is difficult, so 5% of the rated dynamic load (92.6 KN) is selected as the applied load. It is
4630 N, and the left side is automatically loaded with software parameter settings. To avoid
left and right deviation of the N-type loading device, the tested workpiece is generally
installed in the left automatic loading system. At the same time, the workpiece of the
same model as the tested workpiece is installed in the right manual loading system for
accompanying operation. The N-type loading device is connected to the base of the test
bench through linear guide rails installed on both sides and achieves reciprocating linear
motion driven by the gear rack transmission system. Among them, the tested rolling linear
guide rail pair is installed on the vertical fixture structure in the middle of the test bench.
The N-type loading device is connected to the tested slider through the slider fixture to
ensure that the tested slider is always in a loading state during the reciprocating linear
motion process; that is, the N-type loading device and the tested slider achieve synchronous
motion. During the friction testing process of the guide rail pair, the S-type force sensor is
connected to the transmission system and the slider fixture to measure the friction force of
the guide rail pair under external load conditions.

.| tested GZB45BA
4 guide rail g rail pair
vertical tooling li derﬁ tooling
N o .| software auto- ||| Type-S force
» linear rail pair loading < sensor —» Force
A
left
r————— | left-automatic
test Type-N lubrication device

stand loading

base gear and rack device right-automatic
|  drive system . .
—————— lubrication device
right

K [TypesTorce =
L . .| Hand wheel | || Type-S force |
> linear rail pair = 1, a1 loading | __ sensor_ _H[ Eorc_e ]

cuide rail slider] | tooling
K vertical tooling .| accompany running P

A

GZB45BA rail pair |

Figure 8. Schematic diagram of the tribological test principle of the guide rail pair.

To avoid the influence of roller diameter and guide rail interference on the dynamic
friction factor, rollers of the same diameter are used during the slider assembly process.
And the same guide rail is used in the friction testing process of the slider raceway surface
obtained with different grinding process parameters. Therefore, only three new guide rail
replacements are required during the entire experimental process (grinding depth, feed
speed and grinding wheel linear speed), and there is no need to repeatedly install the
guide rail, which can avoid the impact of guide rail installation deviation on the dynamic
friction factor. At the same time, in order to avoid the impact of lubrication conditions on
the dynamic friction factor, the entire guide rail is manually lubricated before the friction
test. During the testing process, the automatic lubrication system of the rolling guide rail
precision maintenance test bench is set to operate every one minute. As shown in Figure 7,
there are two symmetrical automatic lubrication devices installed on the test bench. In
addition, due to the material GCr15 of the GZB45BA roller linear guide pair, which has
high hardness and good wear resistance, its rated dynamic load is 92.6 kN, and the contact
and elastic deformation of the guide rail can be ignored during the friction test with a load
of 4630 N. Meanwhile, to focus on the influence of the surface morphology of the slider
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raceway on the wear amount, guide rails produced using the same grinding process are
used in the experimental process. Moreover, the three new rail replacements during the
experimental process can greatly reduce the friction loss on the rail surface. Therefore, the
impact of rail deviation caused by wear during the experimental process on friction testing
can be ignored in this study.

In the running-in stage of the linear guide rail pair, due to the non-uniformity of the
surface of the slider and guide rail raceway, especially when the local area of the surface
has large structural dimensions such as convex peaks, the local pressure will be many times
higher than the average pressure level in contact, resulting in slight wear on the surface of
the guide rail pair raceway. To avoid the impact of the running-in period on the accuracy of
dynamic friction factor modeling, friction experiments on a linear guide pair after a 0.6 km
running-in stroke under a load of 500 N are conducted in this paper.

In order to reduce the experimental error and repeat the experiment, three sliders in
each group of the grinding tests in Table 3 are selected for friction force test. During the
experiment, the reciprocating linear motion speed of the guide rail pair (running in speed
of the guide rail pair) is set to 1 m/min, 3 m/min, 5 m/min, 7 m/min, 9 m/min, 11 m/min
and 13 m/min, respectively. To improve the reliability of the test data, the friction test
of each slider is repeated five times at different running speeds. At the same time, the
inaccurate friction data in the acceleration and deceleration processes are eliminated by
using threshold filtering.

Thirdly, to verify the correctness and effectiveness of the prediction model of the
dynamic friction factor of the guideway pair, friction force tests are conducted. Experiments
are performed on the roller guide rail precision retention test bench (Figure 7) after the
three-factor and four-level orthogonal experiment on surface grinding of the slider raceway.
The specific experimental parameters are shown in Table 4, where three sliders are used in
each group of experiments as the repeated test.

Table 4. Orthogonal experimental design table for grinding of sliders with different surface topographies.

Number of Trials Ap [pm] Vw [m/min] Vs [m/s] Number of Sliders
1 2 25 28 3
2 2 28 30 3
3 2 31 32 3
4 2 34 34 3
5 3 25 30 3
6 3 28 28 3
7 3 31 34 3
8 3 34 32 3
9 4 25 32 3
10 4 28 34 3
11 4 31 28 3
12 4 34 30 3
13 5 25 34 3
14 5 28 32 3
15 5 31 30 3
16 5 34 28 3

4. Results and Discussion

Based on the slider raceway obtained from single factor grinding experiments (Table 3),
the surface topography of the slider raceway obtained by the Rtec dual focus 3D topography
instrument (US, UP) is shown in Figure 9. At the same time, the friction measurement
results of each group of experiments are shown in Figures 10-12, respectively.
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“3 -Vw=25m/min
Ra=0326um

ENS S “Vw=27m/min
My~ Ra=0.252um

Figure 9. The 3D surface topography of the slider raceway: (a—d) Vw =25 m/min and Vs =32 m/s;
(e-h) Vw =25m/min and ap = 2 um; (i-1) Vs =32 m/s and ap = 2 pm.
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Figure 10. Friction force test results of three sets of guide rail pairs assembled by sliders obtained
from different grinding depths: (a—c) are repeated experiments of the friction force test of guide rail
pairs under the same conditions, respectively.
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Figure 11. Friction force test results of three sets of guide rail pairs assembled by sliders obtained
from different feeding speeds: (a—c) are repeated experiments of the friction force test of guide rail
pairs under the same conditions, respectively.

Among them, S1-1, S1-2 and S1-3 are the three same sliders of the S1 group experiment,
and the naming method of S1-510 is consistent. Therefore, a, b and c in Figures 10-12 are
repeated experiments of the friction force test of guide rail pairs under the same conditions,
respectively. The unsteadiness of the movement of a roller in the raceway and the deflector
easily has a greater impact on the friction when the speed of the guide rail pair is low. The
measured value of friction force in each group of experiments fluctuates in varying degrees
within the operating speed range of 1~5 m/min. In order to ensure the accuracy of the
friction measurement results, only the statistical analysis on the friction measured within
the running in speed of 7~13 m/min is conducted in this paper. The experimental results
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are shown in Figures 10-12, respectively. And the corresponding relationship between
the dynamic friction factor and the roughness is shown in Figure 13. It can be seen that
the dynamic friction factor g increases with increasing Ra when the grinding depth is in
the range of [1, 4 um] (S1~53). Within the range of feed speed [25, 28 m/min] (S4~56), 1
first decreases and then increases with the Ra, whereas |y decreases with the increase of
grinding wheel linear speed as the Ra is in a downward trend when the grinding wheel
linear speed is in [28, 34 m/min] (57~59).

60
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Figure 12. Friction force test results of three sets of guide rail pair assembled by sliders obtained from
different linear speeds: (a—c) are repeated experiments of the friction force test of guide rail pairs
under the same conditions, respectively.
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Figure 13. The relationship between the dynamic friction factor and the 2D roughness.

To verify the correctness and effectiveness of the prediction model in Equation (14),
the friction force tests are conducted on the roller guide rail precision retention test bench
(Figure 3).

Firstly, the surface of the slider raceway is ground through the three-factor, four-level
orthogonal experiment (Table 4), and the geometric characteristics of the surface micro
features are extracted from the 3D surface topographies of the slider raceway, as shown in
Table 5. The predictive values of the dynamic friction factor are obtained by substituting
the average values of groove depth, convex peak and peak-valley structure height of each
slider surface in Table 5 into Equation (14). Secondly, the friction force test experiments
of guide rail pairs for the sliders obtained from Table 4 are carried out, and the statistical
analysis results of the dynamic friction factor are shown in Table 5. The experimental value
is compared with the predictive value of dynamic friction factor, and its relative error is
calculated. The results are shown in Figure 14.



Lubricants 2023, 11, 321

16 of 19

Table 5. Comparison of the experimental value of the dynamic friction factor with the predicted
value obtained by the simplified model of Equation (14).

Experimental  Predictive

Slider Ra [pum] Ag Aw Ty Tw Fgu Fow Value o Value o Residual Relative Error
S1 0.2142 0.226 0294 0307 0.294 0.534 0.588 0.002408 0.002343 6.53 x 107> 0.0271
S2 0.2232 0.243 0.293 0.325 0.293 0.568 0.586 0.002927 0.003092 —1.65 x 10~* 0.0564
S3 0.2200 0.238 0294  0.319 0.294 0.556 0.588 0.002718 0.002952 —233 x 1074 0.0859
S4 0.2189 0.235 0294 0317 0.2% 0.551 0.588 0.002978 0.002921 5.74 x 107> 0.0193
S5 0.2411 0.282 0.295 0.363 0.294 0.644 0.589 0.004668 0.004448 221 x 107* 0.0472
S6 0.3213 0.436 0.293 0.519 0.294 0.955 0.587 0.009087 0.009725 —6.38 x 10°* 0.0702
S7 0.2521 0.303 0.293 0.384 0.294 0.686 0.587 0.004473 0.005162 —6.89 x 10~* 0.1539
S8 0.3070 0.408 0294 0491 0.294 0.899 0.589 0.009685 0.008773 9.12 x 10~* 0.0941
S9 0.2437 0287 0294 0368 0.294 0.655 0.588 0.004537 0.004517 1.99 x 1075 0.0044
S10 0.2609 0.321 0294  0.402 0.294 0.723 0.588 0.005473 0.005673 —2.00 x 1074 0.0366
S11 0.4930 0.774 0294  0.859 0.294 1.633 0.588 0.020916 0.021360 —4.44 x 1074 0.0212
S12 0.4816 0.752 0.293 0.837 0293 1.589 0.586 0.019904 0.020612 —7.08 x 10~* 0.0356
S13 0.2450 0.291 0294 0371 0.294 0.662 0.588 0.004360 0.004582 222 x10°* 0.0509
S14 0.3309 0.460 0294  0.541 0.294 1.001 0.587 0.009357 0.010399 —1.04 x 1073 0.1114
S15 0.5006 0.793 0.293 0.877  0.294 1.669 0.587 0.020889 0.022035 —1.15 x 1073 0.0549
S16 0.7276 1.239 0.294 1.326 0.294 2.565 0.588 0.032362 0.037312 —495 % 1073 0.1530
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Figure 14. Comparison between the experimental and predicted values of the dynamic friction factor
obtained from the orthogonal test.

In Figure 14, it is shown that the experimental values of dynamic friction factors
obtained from other groups of experiments are highly consistent with the predicted values
except for the 16th group of orthogonal experiments. When the dynamic friction factors are
within the range of (0.002 0.0210], the residual error between the experimental values and
the predicted values is very small, and the relative error is basically within 10%, whereas
when the dynamic friction factor exceeds 0.03, the difference between the experimental
value and the predicted value of dynamic friction factor is large, and the experimental
value is smaller than the predicted value. And at this time, the surface roughness is higher
than 0.7 um, and the height of surface micro-feature groove and crest exceeds 1 um.

The reason for this is that for the prediction model, the influence weight of the geomet-
ric characteristics of each micro-feature on the dynamic friction factor remains unchanged,
which results in that the dynamic friction factor increases with the increase of the surface
micro-feature size, and there is no limit on the scope.

However, in the actual process, the experimental value of the dynamic friction factor
will change with the changing rate of the surface micro-feature when the surface roughness
exceeds a certain range. Therefore, the prediction model of dynamic friction factor has
a certain scope of application; that is, the dynamic friction factor is within the range of
(0.002 0.0210], or the surface roughness of the slider is not greater than 0.5 pm, or the depth
of the surface micro feature groove and the height of the crest shall not exceed 1 um. For
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the surface roughness of GZB45BA roller linear guide pair slider, the factory standard of
Nanjing Process Equipment Co., Ltd. is not greater than 0.4 um. Therefore, the simplified
prediction model of dynamic friction factor in Equation (14) can be verified to be correct
and effective through the orthogonal experiment.

At the same time, it is found from Figure 15 that the dynamic friction factor is not only
positively related to the raceway surface roughness but also is increased with the depth of
the groove and the height of the peak and the peak—valley. Among them, the height of the
convex peak TH has the greatest influence on the dynamic friction factor o, followed by
the height of the peak—valley structure, while the groove depth has minimal impact. As the
micro-geometric features composed of small spacing and valleys on the machined surface
of the workpiece are called surface roughness, the size of Ra is determined by the size
and distribution of grooves and protrusions. Thus, the rougher the raceway surface is, the
more obvious the geometric dimension characteristics of the micro-feature in the surface
topography are. And this can be clearly seen from Figure 15. Therefore, the dynamic
friction factor increases with the increase of the surface roughness value, which is mainly
affected by the groove depth, the height of the peaks and peak-valleys on the surface
of the slider raceway. In addition, according to the removal mechanism of the surface
material of the slider raceway, the generation of chips and the process of material removal
mainly depend on the size of the interaction force between the abrasive particles and the
workpiece, the duration of the force and the properties of the surrounding environment
(grinding fluid and chips) when the essential characteristics (shape, strength, size, etc.)
of the abrasive particles and the properties of the workpiece (hardness, elastic modulus,
fracture toughness, etc.) are fixed. The interaction between the abrasive particles and the
workpiece is mainly determined by the motion between the grinding wheel and the slider,
including the rotational motion of the grinding wheel, radial feed motion and feed motion of
the working platform. Therefore, surface roughness is closely related to the linear speed of
the grinding wheel, the feed speed of the workpiece and the grinding depth. Therefore, the
dynamic friction factor is not only influenced by the geometric characteristics of the surface
micro-feature but is also closely related to the friction conditions and workpiece material.
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Figure 15. Influence of the micro-feature and 2D roughness of the slider raceway on the dynamic
friction factor.

5. Conclusions

The prediction model for the dynamic friction factor of the guide rail pair is established
in this paper. It takes into account the influence mechanism of the micro-features of the
slider raceway surface with different surface topographies on its dynamic friction factor
during the operation of the guide rail pair. According to the removal mechanism of
the surface material of the slider raceway, the generation of chips and the process of
material removal mainly depend on the size of the interaction force between the abrasive
particles and the workpiece, the duration of the force and the properties of the surrounding
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environment (grinding fluid and chips). However, the interaction between the abrasive
particles and the workpiece is mainly determined by the motion between the grinding
wheel and the slider, including the rotational motion of the grinding wheel, radial feed
motion and feed motion of the working platform. Therefore, the surface of the slider
raceway obtained through single factor grinding experiments and orthogonal grinding
experiments has different surface topographies. The surface roughness profile extracted
from the 3D surface topography of the slider raceway has indicated that Ra increases with
increasing grinding depth when the grinding depth is in the range of [1, 4 um]. Within the
range of feed speed [25, 28 m/min], Ra first decreases and then increases with the increase
of feed speed, whereas Ra decreases with the increase of grinding wheel linear speed when
the grinding wheel linear speed is [28, 34 m/s].

Meanwhile, according to the definition and calculation formula of surface roughness
mentioned above, the size of Ra is determined by the size and distribution of grooves
and protrusions. When the material and operating conditions of the guide rail are fixed,
surface roughness plays a major role in the influencing factors of the dynamic friction factor.
From the analysis data of friction testing experiments, it can be seen that the dynamic
friction factor not only increases with the increase of the surface roughness value but also
is increased with the depth of the groove and the height of the peak and the peak—valley.
And the height of the convex peak TH has the greatest influence on the dynamic friction
factor i, followed by the height of the peak-valley structure, while the groove depth AS
minimal impact. In addition, the prediction model of dynamic friction factor has a certain
scope of application; that is, the dynamic friction factor is within the range of (0.002 0.0210],
or the surface roughness of the slider is not greater than 0.5 um, or the depth of the surface
micro-feature groove and the height of the crest shall not exceed 1 um.

The dynamic friction factor is not only influenced by the geometric characteristics of
the surface micro-feature but is also closely related to the friction conditions and workpiece
material. In order to make the application of dynamic friction factor prediction models
more widespread, the dynamic friction factor prediction model with different materials
and friction conditions will be established in future research.
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