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Abstract: To explore the effect of dents on the tribological behavior of the “washers-cage-rollers”
system of rolling element bearings (REBs), the friction and wear properties of dents textured thrust
cylindrical roller bearings (81107TN) with different diameters of dents (DAOD, 200, 250, 300 µm),
depth of dents (DPOD, 4, 8, 12 µm) as well as circumferential interval angle (CFIA, 1.5◦, 2.0◦, 2.5◦)
were researched under dry wear. The surface stresses of REBs and the influence mechanism of dents
were also compared and discussed. The results show that: due to the nylon film formed and left on
the raceways, the coefficients of friction (COFs) of dents textured bearings are all higher than the
average COF of smooth ones, while their wear losses may become higher or lower, depending on
the combination of pattern parameters. The influence of the DPOD on the tribological performance
of textured bearings is more significant than that of the DAOD. The results show that, when the
DAOD and DPOD are 250 and 8 µm, respectively, compared with the smooth ones, the mass losses of
bearings can be reduced by up to 49.22% under dry wear, which would be an important reference for
the optimal design of the “washers-cage-rollers” system of REBs.

Keywords: rollingelement bearing; tribological behavior; surface texturing; dents; dry wear

1. Introduction

Rolling element bearings (REBs) are mainly applied to the rotating machinery, e.g.,
internal combustion engines, turbines, aero-motors, electric motors, gearboxes, machine
tools (lathes, millers, borers, drillers, etc.), to support shafts or restrict their movements
in the axial direction. REB is budget, but its failure may be costly. Fatigue wear and
abrasive wear, usually caused by the contamination and deterioration of lubricating oil,
bad lubrication, poor fits, and misalignment s, are the final failure mode of REBs [1,2].
Based on the published data, more than 40% of the downtime of induction motors should
be attributed to bearing failure [3]. Therefore, it is meaningful to enhance the friction and
wear properties of REBs, and further improve their effective service lives.

Actually, the friction and wear properties of sliding/rolling surfaces are commonly
determined by their surface characteristics, (e.g., roughness, hardness), contact type, (i.e.,
point, line, and surface), lubrication regime, and the materials [4–6]. So, surface texture (ST)
is introduced and widely applied to fabricate different units, (e.g., dents, grooves, grids),
and has proved to be a cost-effective and fast means to control the tribological behavior of
mechanical components, e.g., sliding-bearing [7], journal-bearing [8,9], cylinder liner-piston
ring of internal combustion engines [10], under different lubrication regimes [11–17]. Dents
are the commonly used unit-types and they are usually distributed in a pattern on the
surface of materials, (e.g., metals [18,19], ceramics [20], polymers [21]).

Coatings 2022, 12, 684. https://doi.org/10.3390/coatings12050684 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings12050684
https://doi.org/10.3390/coatings12050684
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-5643-894X
https://doi.org/10.3390/coatings12050684
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12050684?type=check_update&version=2


Coatings 2022, 12, 684 2 of 13

Over the past 60 years, most publications about REBs are focused on their rolling
contact fatigue (RCF), theoretical calculation, and fault diagnosis. Only a few works
investigated the tribological behavior of REBs [22]. On the wear behavior, El-Thalji I., etc.,
proposed a five-stage model to reveal the wear-interactions and evolution of bearings
over the whole lifetime, i.e., running-in stage, steady-state stage, defect-initiation stage,
defect-propagation stage, and damage-growth stage [23]. The wear mechanisms of the
five stages, the interaction among mechanisms, the surface-topology changes, and the key
factors in each stage were also illustrated. Winkler et al. reported a numerical procedure to
study the wear evolution of thrust cylindrical roller bearing (TCRB, 81212) in the mixed
elastohydrodynamically lubrication (EHL) through a three-dimensional EHL model based
on the finite element (FE) method, considering realistic geometry and locally varying
velocities [24]. Rosenkranz et al. processed some dot-like patterns (periodicity of 6.5 µm
and depth of 1 µm) on the raceways of 81,212 bearings. Compared with the average
wear loss of smooth ones, an 83% reduction in the mass loss of dots textured bearings
was finally obtained [25]. Vidyasagar et al. fabricated bionic patterns inspired by the
skin of Dendroaspispolylepis and micro-dimples on the raceways of inner races of deep
groove bearings and tested them at different rotational speeds (1.2–3.4 m/s) and loads
(20–60 N) [26,27]. Long et al. researched the tribological behavior of grooves/leaf-vein
textured TCRBs (81107TN) under dry wear or starved lubrication, with a fixed or periodical
varying axial load [28–32]. Considering the high amount of sliding (due to the kinematical
slip) at both ends of rollers, the functioning of surface textures in cam-tappet contacts with
high slip-rolling researched by Marian et al. is also of great reference value [33]. However,
the friction and wear properties of dents textured rolling element bearings and the influence
mechanism of dents on their tribological behavior are both not clear yet, especially under
dry wear.

Therefore, based on previous works [34,35], different dent patterns were textured on
the shaft washers of TCRBs, which are commonly used in machines/tools, (e.g., internal-
combustion engines, hydraulic impact equipment) to withstand huge axial loads, by laser-
marking equipment (PL100–30W, Shenyang Sepbase, China). Dry wear is the worst work
condition for all bearings. For example, when a jet fighter is doing tumbling, tail slide, or
Pugachev Cobra maneuver, the aviation rolling element bearings of the engine have to
work under starved lubrication or even dry wear for a while (<30 s). So, the tribological
performances of dents textured bearings under dry wear were researched in this work
to reveal the wear-resistance and friction reduction ability of the texture units. The static
surface stresses and the influence mechanism of dents on the friction and wear properties
of rolling element bearings were also studied and discussed, which would be an important
reference for the optimal design of their raceways.

2. Materials and Modeling

In this work, 81107TN bearings (YFB, Changzhou, China) were used [28–32]. Their
dimensions include: external diameter of washers (both the shaft and seat), 52 mm; internal
diameter of shaft washer, 35 mm; internal diameter of seat washer, 37 mm; diameter of
rollers, 5 mm; height of rollers, 5 mm; height of washers (both the shaft and seat), 5 mm.
The material of those metal parts (shaft washer, seat washer, and cylindrical rollers) is
GCr15 (SAE52100) with a surface hardness of HRC 62 ± 1. The cage is made of nylon
(PA66, black). Compared with the sheer rolling friction, the wear behavior of TCRBs, rolling
combined with sliding, is more complex, especially under dry wear.

Dents are only textured on the raceways of shaft-washers by fiber laser, with a power
of 30 W, a scanning-speed of 15 mm/s, and a frequency of 1000 kHz. The wavelength of
laser is 1064 µm. As displayed in Figure 1, there are three key parameters of one pattern:
the diameter of dents (DAOD, 200, 250, 300 µm), the depth of dents (DPOD, 4, 8, 12 µm)
as well as the circumferential interval angle (CFIA, 1.5◦, 2.0◦, 2.5◦). Through repeated
tests, the distance between two adjacent dents is set as a constant, 0.89 mm. Among three
parameters, DAOD and CFIA are the key ones to control the area-density of textured
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raceways. Based on the values of DAOD, CFIA, and DPOD, dents textured TCRB groups
are marked from T01 to T11 (see Table 1), and each group includes three bearings. A smooth
group is introduced to be a reference and coded as T12. Therefore, a total of 72 (12 × 3 × 2)
81107TN bearings were consumed in this work.

Figure 1. Texture pattern of the shaft washer of 81107TN bearing and the key parameters. (a) Top
view of dents textured raceway; (b) local magnification of the red circle.

Table 1. Parameters of 81107TN bearing groups.

Group
No.

DAOD
(µm)

DPOD
(µm)

CFIA
(◦)

Area
Density (%) τ

T01 200 4 2.0 3.17 0.50
T02 200 8 2.0 3.17 1.00
T03 200 12 2.0 3.17 1.50
T04 250 4 2.0 4.95 0.78
T05 250 8 2.0 4.95 1.56
T06 250 12 2.0 4.95 2.34
T07 300 4 2.0 7.12 1.13
T08 300 8 2.0 7.12 2.25
T09 300 12 2.0 7.12 3.38
T10 300 8 1.5 9.49 3.00
T11 300 8 2.5 5.70 1.80
T12 — — — — —

Furthermore, to reflect the debris-collection capacity of dents textured bearings, the
effective volume coefficient of dents (EVCD) is also introduced and defined as follows [31]:

τ =
2 × DAOD2 × DPOD

CFIA × 0.22 × 8
=

DAOD2 × DPOD
CFIA × 0.22 × 4

(1)

All bearings are handled according to the following steps prior to wear tests: first,
remove the antirust oil of bearings; second, process dents on the raceways of the shaft
washers of T01-T11 bearings; third, polish the textured surfaces with metallographic
sandpapers; finally, wash them in an ultrasonic tank and dry them by a hot blower. A
wear tester (MMW-1A, Huaxing, Jinan, China) was chosen to obtain the friction and
wear properties of dents textured TCRBs under dry wear with a vertical loading force of
2950 ± 100 N and a rotating speed of 250 RPM (revolutions per minute), using a customized
tribo-pair for 81,107 bearings [28–30]. The duration of each test is 18,000 s, which is restricted
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by the number of samplingpoints as well as the longest continuous test time of bearings in
this condition. Each group (T01-T12) was tested three times using three bearings. When one
test is finished, a high-precision electronic analyticalbalance (EX225D, Ohaus, Parsippany,
NJ, USA, 0.1 mg/120 g) is used to measure the mass loss of sample, (i.e., the original mass of
shaft washer minus its mass after test), and a 3D non-contact surface microscope (VK-1050,
Keyence, Osaka, Japan, laser/white-light) is used to observe the worn surface.

In addition, a three-dimensional FE model of 81107TN bearings was created through
ANSYS Workbench [31]. Static-structural simulations were conducted under the same
axial load, i.e., 2950 N. The bottom of the seat washer was constrained in three directions.
To further analyze the difference insurface stresses among the textured groups, a radial
path was set on the raceway of the shaft washer. The angle between the path and the
horizontal line is 0.4◦ to ensure that the path exists for all bearings (T01–T11) but does not
pass through any dent [31].

3. Experimental and Simulation Results
3.1. COFs

Figure 2 shows the COF curves of T01-T12 under dry wear. Note that: The COF
curve of each group is the mean curve of three tests. To better compare the COF difference
of bearings, the curve and the average-COF line of the smooth group are both added as
references. The label “TXX: XXX-X” in the figure means “Group code: DAOD-DPOD”.
As shown in the figure, the COFs of T01-T11 are all higher than that of T12 (smooth).
Specifically, compared with the coefficients of T01 and T02, when the DAOD is 200 µm, the
COF of T03 is the lowest (see Figure 2a). When the DAOD is 250 µm, the COF of T05 is
lower than those of T04 and T06 (see Figure 2c). As the DAOD is 300 µm, the curves of T07,
T08, and T09 are disordered and almost mix together first (see Figure 3e, 0–11,000s), but
the COF of T08 becomes much smaller than those of T07 and T09 in their latter periods
(11,000–18,000 s). Likewise, when the DPOD is 4 µm, the curves of T01, T04, and T07 are
almost the same (see Figure 2b). When the DPOD is 8 µm, the COF of T05 is lower than
those of T02 and T08 (see Figure 2d). When the DPOD is 12 µm, the COF of T03 is the
lowest among T03, T06, and T09 (see Figure 2f).

The COF curves of bearings (T10, T08, and T11) with different CFIAs (1.5◦, 2◦, 2.5◦)
under dry wear are shown in Figure 2g. Three groups have the same DAOD (300 µm) and
DPOD (8 µm). As shown in the figure, among T10, T08, and T11, the average-COF of T11
is the lowest, while that of T08 is the highest. However, the difference betweenthe three
curves is quite small.

3.2. Worn Surfaces and Mass Losses

The ultrasonic washed worn surfaces of T01-T12 under dry wear are shown in Figure 3.
Owing to the huge friction-induced heat, there are high-temperature marks on the worn
surfaces of all groups. Figure 4 shows the average mass losses (shaft washers) and average-
COFs of T01-T12. Note that the wear loss of each group is also the average of three tests. As
shown in the figure, the wear loss of T08 is the lowest in all groups, whether the textured
or smooth. This is the reason forthe parameter selection of T10 and T11. The mass losses of
T02, T05, and T09 are also much lower than those of other bearings.

3.3. Equivalent Stresses of Dents Textured “Washers-Cage-Rollers” System

Figure 5 shows the equivalent stress curves along the paths of T01-T12. Apparently,
due to the “edge crushing” of both ends of cylindrical rollers, there are two equivalent stress
peaks onboth sides of the raceways and the right peak (outer side) ismuch higher than the
left one (inner side). The stresses in the contact region between cylindrical rollers and the
raceway are much greater than those in other areas. Compared with the smooth group, the
equivalent stresses of textured bearings are 4~5 times larger and their peakstresses can be
even up to 53.37 MPa. This is because the effective contact area between the raceway and
rollers of dents textured bearing is significantly reduced.
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Figure 2. COFcurves of T01–T12 (a) bearings with a fixed DAOD of 200 µm, (b) bearings with a fixed
DPOD of 4 µm, (c) bearings with a fixed DAOD of 250 µm, (d) bearings with a fixed DPOD of 8 µm,
(e) bearings with a fixed DAOD of 300 µm, (f) bearings with a fixed DPOD of 12 µm, (g) bearings
with different CFIAs.

Specifically, when the DAOD is fixed, with the increase inthe DPOD, the equivalent stresses
increase and the difference between curves becomes more significant (see Figure 5a,c,e). The
peak values onboth sides of raceways increase obviously, and the difference becomes more and
more significant too. This is because when the DPOD becomes bigger, the dents will further
deteriorate the integrity of the raceway of textured bearing. With the rolling of rollers, the
adjacent region around the dents will be prone to generating large deformations, which then
leads to high surface stresses, especially along the edges of dents.
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Figure 3. Cleaned worn surfaces of the shaft washers of T01–T12.

Figure 4. Mass losses (shaft washers) and average-COFs of T1–T12.
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Figure 5. Equivalent stress curves along the paths of T01–T12 (a) bearings with a fixed DAOD
of 200 µm, (b) bearings with a fixed DPOD of 4 µm, (c) bearings with a fixed DAOD of 250 µm,
(d) bearings with a fixed DPOD of 8 µm, (e) bearings with a fixed DAOD of 300 µm, (f) bearings with
a fixed DPOD of 12 µm, (g) bearings with different CFIAs.

Similarly, when the DPOD is fixed (4, 8, or 12 µm), the equivalent stresses along the
paths become bigger slowly, as the DAOD increases from 200 to 300 µm (see Figure 5b,d,f).
This is because when the DPOD is constant, the effective contact area between the raceway
and rollers becomes smaller with the increase in the DAOD, which will lead to high contact
stresses on the textured raceway. The difference in curves is quite small, especially in
the two peaks, indicating the weak effect of the DAOD on the surface stresses of the
“washers-cage-rollers” system.

Figures 5g and 6 show the equivalent stress curves and contours of bearings (T10, T08,
T11) with different CFIAs (1.5◦, 2◦, 2.5◦), respectively. As shown in the figures, when the
CFIAs are 1.5◦ and 2.0◦, there is almost no apparent difference between the two curves or
contours. When the CFIA is 2.5◦, the equivalent stress of T11 is much higher than those of
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T10 and T08 (see Figure 6c). Compared with the smooth group, the existence of CFIA means
the reduced effective contact area of the “washers-cage-rollers” system, which will increase
the surface stress of dents textured raceways. This is the reason for the high equivalent
stress of T11. However, when the CFIA becomestoo small, the toughness of the textured
surface will be weakened, and the contact stress will decrease instead. This is the reason
for the low equivalent contact stresses of T10 and T08. So, there is a turning point in this
work, 2◦.

Figure 6. Equivalent stress contours of (a) T10, (b) T08, (c) T11, (d) T12.

4. Discussions
4.1. Effect of Pattern Parameters of Dents on the Tribological Behavior
4.1.1. DAODs and DPODs

As shown in Figure 2, when bearings are tested under dry wear, the difference of
COF curves of bearings with fixed DAODs is gradually reduced with the increase inthe
DPOD, while the difference of those curves with fixed DPODs becomes significant when
the DAOD increases from 200 to 300 µm. Especially, when the DAOD is 200 µm, the
fluctuation, and amplitude of the curves of T01, T02, and T03 aremuch different and they
can be distinguished easily. When the DAOD is 300 µm, three curves are mixed and it is
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very difficult to distinguish them, indicating the unapparent effect of the DPOD on the
COFs in this condition. Likewise, as the DPOD is 4 µm, the DAOD has little influence on the
fluctuation and amplitude of friction coefficients, and the three curves mix together. While
the DPOD is 12 µm, the influence of the DAOD on the friction coefficient is significant,
and three curves can be distinguished easily. Therefore, when the DAOD is small and the
DPOD is big, the influence of pattern parameters on the curves is great. This is the reason
for the relatively low average COFs of T03 and T05. On the contrary, when the DAOD is
big and the DPOD is low, the influence of pattern parameters on the friction coefficients is
unapparent. This is the reason for the relatively high average-COFs of T04 and T07. Among
all textured bearings, the average-COF of T08 is moderate.

As for the peak delay phenomena, compared with the smooth group, the peak-times
of dent COF curves of textured bearings all lag behind under dry wear (see Figure 2), due
to the debris collection of dents. Among all dents textured bearings, the COF peaks of
T06, T08, and T09 are delayed by about 500 s, and the peak-time of T11 lagsby about 800
s. Specifically, when the DAOD is fixed, the peak-time delays of bearings become much
bigger when the DPOD changes from 4 to 12 µm. While the DPOD remainsfixed, the
peak-time delays of groups are hard to be distinguished with the increase in DAOD. So,
the influence of the DAOD on the peak-time delays of curves is strong, while that of the
DPOD is not clear.

In the end, the wear losses of most dents textured bearings are smaller than that of the
non-textured group (see Figure 4), except for T01 and T03. Specifically, when the DAOD
remainsfixed, i.e., T01–T03, T04–T06, or T07–T09, with the variation of the DPOD, the
mass losses of bearings are reduced first and then increase. The variation range is huge.
Obviously, there is an inflection point of the DPOD. As the DPOD is fixed, like {T01, T04
and T07}, {T02, T05 and T08} or {T03, T06 and T09}, the losses of dents textured bearings
decrease with the increase inthe DAOD, and the change is slow. Therefore, the DPOD has a
great influence on the wear loss in this condition, while the effect of the DAOD on the wear
volume is relatively small.

4.1.2. CFIAs

As shown in Figure 2g, the COF curves of T10, T08, and T11 are somewhat mixed, and
their mass losses are all smaller than that of the non-textured group. As shown in Figure 4,
the wear loss first decreases and then increases with the increase inthe CFIA, i.e., there is
an inflection point. Among three CFIAs, the peak-time delay of T11 is the shortest and that
of T08 is the longest; the average-COF of T11 is the lowest and that of T10 is the highest;
the wear loss of T08 is the smallest, and that of T11 is the biggest.

This is because thesmall CFIA means big EVCD, i.e., large debris capacity of dents
textured raceway. This is helpful to postpone the peak-times and further lower the COFs
and wear losses of bearings. However, the minimum value of CFIA is determined by the
DAOD and the texture area ratio to be obtained. When the CFIA becomestoo small, the
toughness of the textured surface will be weakened, and the contact stress will decrease
instead (see Figure 5). The effective contact area of the “washers-cage-rollers” system is
also reduced. As a result, the wear loss of bearing will increase, especially under dry wear.
On the contrary, when the CFIA becomesbigger, the effective contact area of the system, as
well as the whole contact stress, increases significantly. This is a disadvantage to controlling
the wear performance of dents textured bearing, and also the reason forthe high wear loss
of T11. In this work, 2.0◦ is the turning point of the CFIA.

4.1.3. Summary

When bearings run under dry wear, the average-COFs of dents textured groups are all
higher than that of non-textured one, their anti-wear properties may be becoming better or
worse, which mainly depended on the combination of pattern parameters. Compared with
the tribological data of the smooth group, the anti-wear properties of T02, T05, T08, and
T09 are significantly improved (see Figures 3 and 4). The wear properties of T01 and T03
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becomeworse. The wear loss of T08 is the lowest (2.21 mg). As shown in Figure 3, the wear
marks mainly concentrate in the middle as well as the outsides of the worn raceways of
bearings, whether the textured or smooth. Based on the worn surfaces, it can be found that
fatigue pitting is the main wear mode of all groups, accompanied by slight abrasive wear.

Therefore, according to the above tribological data, the effect of pattern parameters on
the tribological behavior of rolling element bearings under dry wear can be summarized
and listed inthe following three situations: (1) As the DPOD is 4 µm, the debris collection
capacity of dents is limited, and there istoo much nylon debris left in the “washers-cage-
rollers” system, leading to the thickness increase inthe nylon film (see Figure 7e), which has
been identified through the Fourier transform infrared spectroscopy (FTIR, IS10, Thermo
Fisher Scientific, Waltham, MA, USA). The typical infrared characteristic spectrum of nylon
can be observed [31,32]. The COF of nylon-to-GCr15 is greater than that of steel-to-steel, so
the COFs of T01-T03 are all higher than that of the smooth group. Their wear losses are
similar to the loss of T12 and even slightly higher. Their system temperatures rise rapidly
and their final stabilized temperatures are very high, resulting in the test failure many times.
(2) When the DAOD is 250 or 300 µm and the DPOD is 8 µm, the debris-collection ability
of dents is moderate. The nylonpowder left in the system is few and the nylon film is quite
thin and more uniform. Although their COFs (T05 and T08) are still higher than that of the
non-textured group, their mass losses are much lower than that of T12. Correspondingly,
their system temperatures rise slowly and their final stabilized temperatures are relatively
lower than those of T01-T03. (3) As the DAOD is 250 or 300 µm, the DPOD is 12 µm, and
the debris collection capacity of dents is greater than the nylon powder generated in the
system. The nylon film becomes extremely thin and uneven. The COFs of bearings slightly
increase compared with those of T05 and T08, and their mass losses are also slightly smaller
than that of the smooth group. Their system temperatures rise fast and their final stabilized
temperatures are much higher than those of T05 and T08.

Figure 7. Worn surfaces of T03, T05, T08, T09, T11, and T12. (a) Worn surfaces of T12; (b) magnification
of the red rectangle in (a); (c) worn surfaces of T09; (d) section curve of the crushed dent of (c);
(e) nylon film of T03, T05, T08, T09, T11 and T12.
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4.2. Influence Mechanism of Dents on the Tribological Properties under Dry Wear

There are sliding phenomena between the rollers and washers of TCRBs, so the
maximum shear-stresses are inclined to the raceway of the washer. This will speed upthe
initiation of surface fatigue cracks and accelerate the growth [36]. Therefore, the local
material fatigue-pitting is the main metal debris source of the “washers-cage-rollers” system
of rolling element bearings, both textured and smooth. In the meantime, owing to the high
surface contact stresses, serious “edge collapse” phenomena occur along the edges of dents
(see Figure 7d), resulting in an increase inwear debris, especially when the DPOD is 12 µm,
which is another debris source of the textured bearings.

When 81107TN bearing runs under dry wear, the cylindrical rollers will contact
directly with the pockets, whether textured or smooth. As a result, the serious wear of
the nylon cage happens and abundant nylon powder is generated and left in the system.
With the ongoing test, the system temperature rises gradually under the action of huge
friction-induced heat. The nylon powder melts under local high temperatures, and an
uneven nylon film gradually forms on the raceways of washers (both the shaft washer
and seat washer), leading to a sharp increase inthe COF [29,32]. As the temperature of the
“washers-cage-rollers” system rises, the pockets of the cage become much smoother than
before, and the nylon film also becomes even and smooth. Finally, the system becomes
balanced and the COF decreases very fast and becomes stable gradually (see Figure 2).

The influence mechanism of dents on the friction and wear properties of TCRBs under
dry wear can be summarized as the following: compared with the smooth bearings, due
to the “capture and collection of nylon powder” of dents, the nylon film on the textured
raceway is more uniform (see Figure 7e). The metal debris from the “edge collapse” and
fatigue spalling drop into the “washers-cage- rollers” system or melt into the nylon film [37].
Owing to the well mechanical properties, wear-resistance, and self-lubricity of nylon, the
film can effectively isolate and protect the raceways. This will increase the COFs of bearings
and decrease their mass losses. In addition, the raceway material can be seen as numerous
micro-cantilever-beams [28,29]. The increase inthe DPOD means the increase inthe length
of those micro-cantilever-beams. Based on the theoretical mechanics and the frictional
characteristics of the TCRBs, rolling combined with sliding, will significantly increase the
shear stress of the surface material, especially along the edges of dents. This is the reason
forthe serious “edge collapse” phenomena when the DPOD is 12 µm (see Figure 7c,d). The
EVCD is a key parameter to determine the values of the COFs of dents textured bearings,
but the effect of EVCD on the tribological performance of dents textured bearings lacks
regularity in this condition.

5. Conclusions

Based on the above data under dry wear, the following conclusions could be drawn:

1. The average-COFs of dents textured bearings are all higher than that of the non-
textured group. Their wear losses are bigger or smaller than that of smooth, depending
on the combination of the DAOD and DPOD. The DPOD has a great influence on the
COFs and the wear losses of TCRBs. The influence of the DAOD on the COFs as well
as the wear losses is relatively small. When the DAOD is small and the DPOD is high,
their effect on the COF is strong.

2. The existence of nylon film can significantly increase the COF of the “washers-cage-
rollers” system, protect the textured surfaces, and further reduce the wear loss of
bearings. Fatigue pitting is the main wear mode of bearings, accompanied by slight
abrasive wear.

3. Small CFIA is helpful to postpone the peak-time under dry wear and further lower
the COFs and wear losses of dents textured TCRBs. However, when the CFIA is too
small, the toughness of the textured surface will be weakened. In this work, 2.0◦ is
the turning point of the CFIA.

4. Compared with the smooth group, the equivalent stresses of textured bearings are
4~5 times larger and their peak stresses can be even up to 53.37 MPa. So, the friction
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and wear properties of dents textured TCRBs are determined by the following factors:
surface stress distribution, nylon film characteristics (thickness and flatness), “local
quenching” effect, “edge collapse”, loads, etc. In this work, when the DAOD and the
DPOD are 250 and 8 µm, respectively, compared with the non-textured group, the
wear loss of dents textured TCRBs could be reduced by up to 49.22% under dry wear.

This work will be an important reference for the optimal design of the raceways
of REBs.
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