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Abstract: In order to improve the starved lubrication condition of rolling bearings, three kinds of textures, 

namely dimple, groove texture, and gradient groove texture, were developed on the guiding surface of thrust 

ball bearings in this study. The results show that gradient groove texture has the one-way self-driving function 

of liquid droplets. The root mean square (RMS) value of vibration acceleration of gradient groove textured 

bearing (GGB) decreased by 49.1% and the kurtosis decreased by 24.6% compared with non-textured bearing 

(NB) due to the directional spreading effect of gradient groove textures on oil. The frequency domain analysis 

showed that the textures mainly suppressed the medium and high-frequency energy of bearing vibration, and 

the GGB was reduced the most with 65.3% and 48%, respectively. In addition, whether the grease is sufficiently 

sheared has a large impact on the oil guiding effect, and the friction torque of GGB could decrease by 10.5% 

compared with NB in the sufficiently sheared condition. Therefore, the gradient groove texture with oil 

self-driven effect on the guiding surface of rolling bearing can effectively improve the lubrication condition of 

the bearing and thus reduce the bearing vibration and friction torque, which has a promising application 

prospect. 
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1  Introduction 

Rolling bearings are the core components in the field 

of rotating machinery. According to statistics, about 

90% of rolling bearings are lubricated by grease [1]. 

Therefore, how to improve the friction, wear, and 

lubrication state of rolling bearings has always been a 

hot topic for many scholars to explore. The existing 

research shows that most of the grease lubricated 

rolling bearings are under starved conditions in the 

normal operation process. This is due to the fact that 

the grease in the bearing raceway will be squeezed out 

of the raceway area and accumulate on the guiding 

surface when the rolling body runs, so that only a 

very small amount of grease is really involved in the 

bearing lubrication. This makes grease lubricated 

bearings under extreme conditions (high speed and 

high load), more likely to face the problems caused by 

starvation lubrication (lack of grease lubrication) [2], 

such as a significant reduction in the thickness of 

oil film in the contact area [3, 4]. It leads to higher 

friction and wear, which greatly reduces the service 

life of the bearing.  

Since the 1960s, the effect of textures on contact 

surfaces has received increasing attention. In particular, 

the improvement of textures on friction, wear, and 
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lubrication by surface micro-texture has been deeply 

studied in both academia and industry [5–7]. The 

current applications of textures on bearings are mainly 

focused on sliding bearings. Vlădescu et al. [8] and 

Fowell et al. [9] evaluated the effects of textures on 

journal bearings and found that friction reduction 

could be achieved even under extreme wear conditions. 

Tala-Ighil et al. [10] investigated the effect of texture 

location on the performance of plain bearings and 

concluded that the presence of surface texture enhances 

the oil film thickness at local contact locations to 

reduce friction. Ye et al. [11] and Marian et al. [12] 

proved that the textures can enhance the maximum 

load of the journal bearing. 

However, the application of textures on rolling 

bearings is relatively rare. Bhardwaj et al. [13] tested 

the temperature rise, friction torque, and vibration 

performance of the thrust ball bearings having 

conventional and textured races. The results showed 

that the textures can reduce the friction torque of the 

bearings, and also the good grease retention effect in 

the textured area can improve the contact damping 

and reduce the bearing vibration. Vidyasagar et al. 

[14] used nanosecond pulsed laser to apply textures 

on the inner ring of deep groove ball bearings. The 

experiments showed that under light load, there was 

a significant reduction in friction torque and vibration, 

and the wear condition of the bearing raceway 

surface was improved. Hsu et al. [15] created a series 

of shallow (0.9/1.1 μm) periodic patterns on thrust 

rolling bearing raceways and proved that textured 

pockets could enhance the formation of anti-wear 

tribo-film. Their bearing fatigue lifetime evaluation 

results also shows that the texture has a positive effect 

on bearing life. The above research is to improve the 

rolling body/raceway rolling–sliding contact form by 

processing the microstructure in the bearing raceway, 

so as to improve the bearing performance. In the 

long-term operating of rolling bearings, the contact 

area is mostly under starved grease lubrication 

condition [2]. And a large amount of grease is 

squeezed and accumulated on the guiding surface  

by the rolling element, which do not participate in 

the lubrication of raceway contact area. If these 

grease or bleed oil can be guided into the raceway to 

participate in lubrication, the bearing performance 

will be greatly improved, which is also the starting 

point of this study. 

In recent years, functional surface technologies 

have been developed in many fields, such as 

superhydrophobic surfaces [16], trapped light structured 

surfaces [17], antibacterial surfaces [18], and anti- 

corrosion surfaces [19], where the derived liquid 

self-driven technologies have gradually attracted great 

attention from related researchers. The wedge-patterned 

functional surface prepared by Deng et al. [20] enables 

the motion control of a single droplet. Li et al. [21] 

used a micro-sculpting method to prepare a topological 

liquid diode on a silicon wafer, which has a uniform 

arrangement of microstructures that allows the liquid 

to flow in one direction while the reverse of the 

motion is cut off. Liu et al. [22] designed silica surfaces 

with a wetting gradient to achieve the orientation 

and long-distance transport of water droplets. Chen 

et al. [23] achieved the high-speed unidirectional 

flow of water droplets by fabricating continuously 

adjustable gradient microstructures on Ti sample 

surface. Li et al. [24] prepared a functional surface 

composed of groove textures to achieve unidirectional 

spreading of oil and analyzed the self-transport 

mechanism of oil droplets. Liu et al. [25] prepared   

a periodic comb-tooth-shaped microstructures with 

unidirectional spreading guidance for oil droplets on 

steel and glass discs, respectively. The textured steel 

and glass discs were rotating in friction experiments 

and interferometry film thickness measurement 

tests (ball on disc model). The results show that the 

comb-tooth-shaped patterns can still maintain a good 

unidirectional replenishment of oil droplets to the 

contact area. The liquid self-driven technology is more 

widely applicable and less costly, and can be used to 

achieve unidirectional wetting of liquids on common 

metal surfaces.  

Based on the above research, we designed and 

processed gradient groove micro-structure on thrust 

ball bearing guiding surface, which can realize the 

directional self-driven flow of lubricating fluid to the 

raceway. Meanwhile, dimples textures (isotropic) and 

uniform groove textures were set as the control group. 

And the research was carried out from three aspects: 

Wetting performance of textured surface, bearing 

vibration test, and friction torque test. 
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2 Experimental 

2.1 Preparation of lithium complex grease 

Lithium complex grease (LCG) was adopted in this 

experiment, and the preparation process is as follows: 

First, poly-alpha-olefin (PAO40) base oil (290 g), 

12-hydroxystearic acid (45 g), and sebacic acid (15 g) 

were added into the reactor and heated to 90–100 °C 

for 30 min. Second, 100 g lithium hydroxide aqueous 

solution (12.5 g lithium hydroxide monohydrate  

and 87.5 g water) was added to make the material 

dehydrated and saponified. Then the reactor was 

gradually heated up to 200–210 °C. Third, PAO40 

(150 g) was poured into the kettle and cool the mixture 

to 100 °C. Finally, the LCG sample was obtained   

by grinding initial grease twice through the three-roll 

mill. The percentage of lithium complex soap as 

thickener in the prepared LCG is 12 wt%. The basic 

physical properties of LCG and PAO40 are shown in 

Tables 1 and 2. Figure 1 shows the scanning electron 

microscopy (SEM) morphology of the LCG thickener. 

It can be seen that the LCG thickener is composed of 

slender nano-sized fibers, and the soap fibers are 

coiled and twisted to form a natural micro-gap [26]. 

2.2 Preparation of textured bearing 

In order to ensure the consistency of the experiment, 

the same batch of NSK thrust ball bearings (NSK-51405) 

were purchased as the test bearings. According to 

ISO15242 (rolling bearings–measuring methods for 

vibration), four sets of NSK-51405 bearings were  

Table 1 Physical properties of LCG. 

Grease Thickener type Oil NLGI 
grade 

Penetration 
(0.1 mm) 

LCG Complex 
lithium soap 

PAO40 2 268 

Table 2 Physical properties of PAO40. 

  PAO40 Experimental 
method 

40 °C 386 Kinematic viscosity  
(mm2/s) 100 °C 40 

ASTM D445

Viscosity index — 147 ASTM D2207

Pour point (°C) — –40 ASTM D97 

Flash point (°C) — 295 ASTM D92 

 

Fig. 1 SEM image of LCG thickener. 

tested for bearing base vibration using PAO40 oil. 

The results show that the vibration of the four bearings 

remain consistent. As shown in Fig. 2, the test bearing 

consists of upper ring, lower ring, balls, and cage. 

The components of thrust ball bearings are easy to 

separate and assemble. In this way, repeated assembly 

in the process of texture machining and experiments 

will not cause damage to the bearing itself, thus 

avoiding the influence of bearing assembly/separation 

on the experimental results. 

Laser etching technology was used to create textures 

on bearing guiding surface. The laser marking 

machine (Han’s laser Technology Industry Group  

Co., Ltd.) was set up with an output power of 5 W,  

a repetition rate of 50 kHz, and an etching speed of 

500 mm/s. The minimum line width of this equipment 

is 0.05 mm, and the repeatability is ±0.3 μm. Because 

the lower ring of thrust ball bearing rotates with the 

spindle, the centrifugal force will affect the flow    

of the bleed oil on the guiding surface toward the 

raceway, which will weaken the effect of the textured 

surface on the base oil [13]. In order to eliminate   

the influence of centrifugal force and facilitate the 

comparison of experimental results, three types of 

textures (dimple, groove, and gradient groove) were 

set on the guiding surface of upper ring that stayed 

unrotated. The diameter of the dimples is 150 μm, 

while the center distance is 550 μm. The dimples are 

arranged crosswise. The uniformly distributed grooves 

have a center distance of 180 μm and width of 50 μm. 

The gradient groove textured region is divided into 

seven regions in the gradient direction with increasing 

texture density. The minimum center distance of  
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grooves is 120 μm, and the minimum length is 350 μm. 

In the two adjacent regions from high to low density, 

the groove center distance is increased by 20 μm and 

the length of grooves is increased by 30 μm. In 

addition, the depths of all textures are 30–40 μm. 

Overall, this paper would use non-textured bearing 

(NB), dimpled bearing (DB), grooved bearing (GB), 

and gradient grooved bearing (GGB) to conduct the 

experiments. The distribution and specific size of 

the texture on the guiding surface of the upper ring 

are shown in Fig. 2. Figure 3 shows SEM images of 

textured guiding surface. 

2.3 Experimental process 

2.3.1 Bearing vibration test 

In this study, the vibration performances of test 

bearings were evaluated by BVT-7 bearing vibration 

tester as shown in Fig. 4. The upper ring is mounted 

in the clamp to keep it fixed, and the lower ring is 

installed on a hydrostatic spindle which is driven by 

the belt connected to the servo motor. Since the 

hydrostatic spindle is supported by liquid, the radial 

vibration of the hydrostatic spindle is less than 1/80 

times that of the bearing vibration. Therefore, the  

 

Fig. 2 Distribution and specific size of the texture on the guiding surface of the upper ring. 

 

Fig. 3 SEM images of textured guiding surface: (a) DB, (b) GB, and (c) GGB 
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misalignment of the two raceway axes caused by the 

spindle vibration is very small, which avoids the 

vibration caused by the radial sloshing of the thrust 

ball bearing. The axial loading part is driven by   

the air pump and loaded on the upper ring in the 

downward direction. The acceleration sensor is 

installed on the outer surface of the upper ring, and 

the axial vibration of the bearing could be collected 

by the sensor. In this experiment, the data acquisition 

instrument (uT3408FRS-ICP) was used to acquire the 

sensor signals and analysis software (uTekAcquV2.0 

& uTekSsV2004) was applied to analyze the bearing 

acceleration signals. The sampling frequency was set 

to 10,240 Hz. 

Bearing vibration tests were carried out under the 

driving spindle speed of 1,800 r/min and axial load of 

220 N. The specific experimental procedures are as 

follows: 

1) The upper and lower ring, cages, and steel balls 

of the test bearings were cleaned by petroleum ether 

solution in ultrasonic waves for 10 min and then 

naturally dried at room temperature. 

2) To ensure the consistency of the experimental 

conditions, 2 mL grease (about 1/3 of inner free space 

of the bearing) was applied on the upper and lower 

rings uniformly by a syringe. 

3) The upper and lower rings were installed on the 

fixture and hydraulic spindle respectively according 

to Fig. 4, and 220 N axial load was applied to the 

bearing. 

4) Set the rotating speed to 1,800 r/min and start 

the test. In order to eliminate the influence of grease 

distribution in raceway on bearing vibration, the 

spindle runs for 5 min before data collection to make 

grease evenly distributed in the bearing. Until the 

vibration value of monitor tended to be stable, the 

bearing vibration acceleration data was collected 

every 1 min for 3 s, and a total of 8 sets of data were 

collected. 

5) The upper and lower rings were carefully removed 

to avoid damaging the distribution of grease in the 

raceway. The grease fingers (finger-shaped grease)  

in the raceway were photographed by the Keyence 

VHC-1000C microscope. 

2.3.2 Friction torque test  

The friction torque test of thrust ball bearings was 

performed in the equipment shown in Fig. 5. The 

lower ring rotates with the hydraulic main shaft, and 

the upper ring matches the load block. When the 

bearing is running, the upper ring is dragged by the 

balls and drives the load to apply pressure to the 

force sensor. The computer calculates the collected 

force data as a torque value and stores them, with a 

data sampling frequency of 1 Hz. The data acquisition 

time of each experiment is 10 min. 

2.3.3 General test process 

The self-driving effect of bleed oil depends on two 

basic factors, one is the textured surface with 

self-driving function and the other is the presence of 

base oil. Therefore, wettability test of oil on GCr15 

steel texture surface was designed first. Second, 

bearing vibration tests are carried out on four 

bearings prepared in Section 2.2. In this experiment, 

a relatively large axial load and a higher bearing  

 

Fig. 4 Schematic diagram of BVT-7 bearing vibration tester. 
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speed were set as the test conditions, which caused the 

grease to be fully sheared in the bearing operation, 

and the thickener fibers were broken, thus precipitating 

more bleed oil. Meanwhile, the friction generated 

more heat, which intensified the precipitation process. 

All these make the bearing guide surface contain 

sufficient bleeding oil, so that the microstructure 

with self-driving effect can play the effect of drainage 

and aggregation. 

After that, bearing friction torque tests in low load 

condition were conducted twice on the bearings that 

have completed the vibration test. The first friction 

torque test was started directly without cleaning.  

At this point, the grease was sheared sufficiently 

and a large amount of base oil was precipitated. The 

friction torque of the test bearing was obtained under 

the drainage effect of self-driving textured guiding 

surface. Then the four sets of bearings were cleaned 

with petroleum ether and refilled with fresh greases. 

After a 2 min homogenizing grease process, the second 

friction torque test was carried out. In this test, the 

lubricating grease was not fully shear, the amount of 

base oil precipitation was less. And the friction torques 

of the bearings were measured under the condition 

that the micro-structure of the guiding surface existed 

but the self-driving effect of oil was not played. 

Figure 6 shows a complete experimental procedure 

of this study, which was conducted three times    

to ensure the reliability of the results. After the 

experiments, the upper ring was cut by wire cutting, 

and the wear condition of the raceway was observed 

by SEM. 

3 Results and discussion 

3.1 Wetting performance of textured surface 

During the operation of grease lubricated ball bearings, 

the grease in the raceway is squeezed to both sides of 

the raceway by balls, and a large amount of grease  

is accumulated between the guiding surface and the 

surface of the cage. However, there is very little 

lubricant involved in lubrication at the bottom of the 

raceway, namely the roller/raceway contact area. 

Most grease lubricated rolling bearings will enter the 

starved condition after a period of operation. The 

existing research [27, 28] shows that the bleed oil is 

separated from the grease on both sides of the raceway 

by the extrusion of the balls to form a “lubricant 

reservoir” beside the contact area, which is an important 

component of bearing lubrication. The study of 

Scarlett [29] showed that the bearing life is greatly 

reduced when the grease is removed from the guiding 

surface on both sides of the raceway during the 

bearing operation. Therefore, we designed an oil 

droplet self-driven textured surface (Fig. 2(d)), which 

was set on the guiding surface of the bearing. It aimed 

to increase the backflow of bleed oil, thus suppressing 

the vibration and friction torque of the bearing. 

Meanwhile, two other types of textures as dimples  

 

Fig. 5 Friction torque tester. 
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and grooves were designed as comparison, as in  

Figs. 2(b) and 2(c). 

In this part, we evaluated the spreading performance 

of PAO40 base oil on non-textured and three types of 

textured steel plates (GCr15) respectively. 

As shown in Fig. 7, oil droplets almost do not diffuse 

on the non-textured steel plate, and the spreading  

of oil droplets from 1 s to 5 min did not change 

significantly. 

The diffusion of oil droplets on dimple textured 

surface is also not obvious. However, due to the 

adsorption of the dimples on the oil droplets, the 

further spread of the oil is hindered, which makes the 

oil droplets form a hexagonal shape on the dimple 

textured surface. 

When the oil droplet contacted uniform groove 

textured surface, it could spread rapidly along the 

direction of grooves. As can be seen from Fig. 7 that the 

left (groove-L) and right (groove-R) spreading distance 

of the oil droplet were close to the same until the oil 

reached the edge of the textured area. In addition, the 

width of the droplet in the vertical groove direction 

hardly changed during this period. Subsequently, due 

to the overflow from the textures, the oil then began 

to diffuse slowly in the direction perpendicular to the 

groove, and the width of oil droplet increased from 

3.72 mm in 20 s to 4.65 mm in 5 min. Many studies 

have shown that the grooved texture can create a 

priority direction (parallel to the groove) for the 

diffusion of liquid [30], which limits the spreading 

of droplets in the vertical direction of the groove. 

When oil droplet was placed on the gradient grooved 

surface, it rapidly diffused along the gradient 

direction without any external influence. In the 

opposite direction of the gradient, the edge of the oil 

droplet was pinned when it reached a larger spacing 

position. Furthermore, the spreading distances on 

the left (gradient groove-L) and right (gradient 

groove-R) sides of the droplet gradually different. 

The oil droplet spread continuously to the area with 

high texture density, while it was pinned to stop 

spreading at 5 mm on the side of area with low 

texture density. 

The wettability gradient could be obtained when 

textures are gradient changeable. The motion behavior 

of the droplet on the wetting gradient surface is 

mainly determined by the driving force Fd caused by 

the difference of free energy between the two sides of 

the droplet, the hysteresis force Fh caused by the 

contact angle hysteresis and the adhesion resistance 

Fŋ caused by the relative motion between the solid 

and liquid. Because the magnitude of adhesion 

resistance Fŋ is far less than the driving force and the 

lag force [31, 32], the influence of Fŋ would be 

ignored in the following analysis. In the spreading of 

oil droplets, Fd makes oil droplets tend to a more 

lipophilic area on the textured surface [23, 33], which 

can be expressed as 

2 2 2

d lv lv lv

dcos dcos d
π π π sin

d d d
F R R R k

y y

     


     

(1) 

 

Fig. 6 Overview of experimental process. 
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where R is the contact radius in the direction 

perpendicular to the gradient, γlv is the surface tension 

of the oil,   is the sessile contact angle of oil droplets 

along the wettable gradient direction (y direction), dy 

is the integrating variable along y direction, k is equal 

to –dθ/dy. According to Eq. (1), for a given R, it can 

be inferred that an increasing k or θ leads to a larger Fd. 

It is well known that due to the hysteresis of contact 

angle, the hysteresis force Fh is always opposite to the 

motion direction, as described in Ref. [34]: 

h lv ao ro
2 (cos cos )F R               (2) 

where θao and θro correspond to the advancing and 

receding contact angles on the different area of gradient 

groove textured surface. 

From the above analysis, the length of the grooves 

designed in this study is gradually shortened in the 

gradient direction, which makes k and FW gradually 

increase. In addition, the higher the density of textures 

on the steel plate is, the larger Fd at the corresponding 

position is. When Fd is bigger than Fh, the oil droplet 

can spread in the gradient direction. In the lower 

density region, oil droplet is pinned when Fd is less 

than Fh.  

 

Fig. 7 Oil droplet spreading pattern. 
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Figures 8 and 9 show the wettability of four surfaces 

for PAO40 and their contact angle along with time, 

respectively. The contact angles of the oil droplets on 

the plain steel plate and the dimple textured surface 

quickly entered the equilibrium state, and their contact 

angles decreased from 58.1° to 35.6° and from 57.4° to 

30.1° within 1 s, respectively. The contact angle of the 

oil droplets on the groove textured surface always 

kept a decreasing trend in 3 s (as shown in Fig. 9(c)), 

from 42.9° to 14°. At 30 s, the oil droplets spread 

completely, and the contact angle tends to 0°. 

On the gradient grooved surface, the contact angle 

of the oil droplets also kept a decreasing trend in 3 s 

(as shown in Fig. 9(d)). And the dynamic contact 

angles θa (left side of the droplet) and θb (right side of 

the droplet) of the oil droplets always kept a difference 

of about 4° during the spreading process, with θa 

decreasing from 30.9° to 13.46° and θb decreasing 

from 22.7° to 9.3°. Due to the wettability gradient, the 

oil droplets spread faster towards a dense textured 

region, which is manifested macroscopically as a 

spontaneous unidirectional flow of oil droplets. 

The experiments show that the isotropic non-textured 

steel plate and dimpled steel surface have large 

contact angles, while the anisotropic grooved and 

gradient grooved surfaces have smaller wetting angles 

in the groove direction, i.e., better spreading effects. 

So the grooves on the guiding surface as described in 

Section 2.2 enables the oil droplets to spread more 

easily in the radial direction of the bearing. Further, 

the unidirectional spreading guide effect of the gradient 

grooved surface can gather the oil droplets to the edge 

of the raceway and improve the raceway’s ability to 

obtain bleed oil. 

 

Fig. 8 Wettability of four surfaces for PAO40. (a) NB, (b) DB, (c) GB, and (d) GGB. 

Fig. 9 Contact angle of four surfaces. (a) NB, (b) DB, (c) GB, and (d) GGB. 
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3.2 Bearing vibration performance 

In order to analyze the effect of different types of 

textures on the vibration of the thrust ball bearings, 

the root mean square (RMS) and Kurtosis curves of 

the axial acceleration signals of the four bearings 

along with time were evaluated, as shown in Fig. 10. 

The RMS values characterize the overall vibration 

energy in the signals, while the kurtosis is a response 

to the shock characteristics. 

As shown in Fig. 10(a), the RMS of NB is the largest 

and tends to decrease gradually during the whole 

experiment. This is because the bleed oil is slowly 

released by the shear extrusion of the grease in the 

raceway and the bearing lubrication is improved. 

The RMS value of GB ranked second. The RMS 

decreased by 16.9% at the end of the test compared 

with NB. And the RMS curve almost stabilized after  

7 min. According to Section 3.1, the spreading of base 

oil on uniform groove textured surface is bi-directional, 

as the direction of grooves on the guiding surface is 

the radial direction of the bearing, part of the oil can 

flow to the raceway, while the other part is spread 

and lost away from the raceway. 

The RMS values of DB and GGB ranked third and 

fourth, respectively. Their trends are quite different 

from those of NB and GB. Within 10 min, the curves 

basically present a stable state without any obvious 

decline. It can be speculated that the texture on the 

guiding surface promotes the replenishment of the 

oil to the raceway, which makes the contact area fully 

supplied with oil and the bearings quickly enter the 

lubrication equilibrium state. In addition, the RMS 

values of DB and GGB decreased by 33.1% and 49.1%  

compared with NB at the end of the test. Section 3.1 

shows that the dimpled texture can adsorb the oil to 

prevent it from spreading, which hinders the loss 

of bleed oil from the guiding surface of DB, thus 

improving the probability of the raceway getting oil. 

The best vibration performance of GGB is because 

there are more grooves on the GGB guiding surface 

near the two sides of the raceway and fewer grooves 

on the outer side. Thus, more bleed oil is attracted to 

the edge of the raceway and enters the raceway under 

the effect of the wetting gradient to improve the 

lubrication condition. 

Kurtosis is the response to the impact characteristics 

of vibration signals [35], and the kurtosis of the 

normal distribution is equal to 3. When the kurtosis 

of bearing vibration deviates from 3, it indicates that 

the mechanical impact between the rolling body and 

the raceway is large. As shown in Fig. 10(b), the 

kurtosis value of NB is about 4 at the end of the 

experiment. And that of GB only slightly decreased 

compared with NB in the whole experiment process. 

The kurtosis values of DB and GGB are relatively 

close, and about 3. They are decreased by 26.8%  

and 24.6% compared with NB, respectively. It can be 

deduced that there is more bleed oil in those two 

bearing raceways, which plays a buffer and isolation 

role in the collision and friction vibration of the rolling 

body/raceway, thereby reducing the impact of the 

bearing vibration. 

In the frequency domain, Fig. 11 shows the power 

spectral density (PSD) of four test bearings’ vibration 

acceleration signals at the end of the test. In this 

experiment, the bearing acceleration signal shows typical 

broadband excitation. According to ISO15242-1:2015,  

 

Fig. 10 RMS value and kurtosis of vibration acceleration of four bearings. 
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the bearing acceleration vibration signal is divided 

into low-frequency band (50–300 Hz), medium- 

frequency band (300–1,800 Hz), and high-frequency 

band (1,800–10,000 Hz). 

The power distribution of the four bearings in 

the low-frequency band is pretty low. In the middle- 

frequency band, NB and GB have two high power 

peaks at about 530 and 1,050 Hz, respectively. However, 

the vibration power of DB and GGB is significantly 

suppressed here. To further explore the energy 

distribution of vibration signals in each frequency 

band, RMS values of four bearings in three frequency 

bands were calculated. As shown in Fig. 12, the 

vibration signal of GB is lower than that of NB in the 

middle-frequency band as well as the high-frequency 

band. DB has a more significant reduction than that 

of GB. The RMS of GGB decreased most in the middle 

and high frequency bands, 65.3% and 48%, respectively. 

According to previous study [36], the low-frequency, 

medium-frequency, and high-frequency vibration of 

the bearing is mainly determined by the geometrical 

morphology, the waviness and the surface roughness 

of the raceway, respectively. Serrato et al. [37] reported 

that the changes in lubrication condition of a rolling 

bearing mainly affect its vibration in 600–10,000 Hz, 

and the reduction of oil film could cause the small 

impact among metallic surface irregularities (roughness/ 

waviness), which increase the bearing vibration, 

 

Fig. 11 PSD of vibration acceleration of four bearings. 

 

Fig. 12 RMS value of bearing vibration in different frequency band. 
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especially in medium and high frequency bands. This 

is consistent with our experimental results. 

The grease distribution on the bearing raceway and 

the guiding surface after the test was photographed. 

As shown in Fig. 13(a), the grease on the guiding 

surface without texture is unevenly distributed  

and has less retention, which is owing to the weak 

adhesion of the metal surface to the grease. From a 

larger view, the grease in the NB raceway was almost 

exhausted after the experiment. The grease fingers 

were very thin, and only the light main finger could 

be seen. In comparison, the DB and GB’s guiding 

surfaces have more grease residues, covering most  

of the guiding surface. At the same time, there are 

obvious grease fingers in the bearing raceway. In 

addition to the main grease finger, the slender fibrous 

bifurcation begins to appear (Figs. 13(b) and 13(c)). For 

GGB (Fig. 13(d)), there is a large amount of residual 

grease on the guiding surface, showing a relatively 

obvious accumulation, and there are a large number 

of stout and abundant grease fingers on the bearing 

raceway surface, which can effectively improve the 

lubrication state of the contact area [28].  

Usually, a large amount of grease in the bearing 

raceway would be extruded by the rolling body to the 

guiding surface. Scarlett's research [29] shows that 

the grease on the guiding surface could reduce the 

escape of lubricant from the bearing raceway, and 

provide less base oil to the raceway. In this study, on 

one hand, the micro-structure on the guiding surface  

can increase the adhesion of grease, which can restrain 

the loss of lubricant compared with non-textured 

guiding surface. Experimental results also show that 

the vibration of three textured bearings is reduced. On 

the other hand, the wetting performance of textured 

surface in Section 3.1 shows that compared with DB 

and GB, the gradient grooved guiding surface of GGB 

has a self-driven effect on oil, and the high-density 

textured area near the edge of the raceway is more 

likely to accumulate base oil and thus enhance the 

bearing raceway’s ability to obtain lubricant. 

Combining bearing vibration and grease distribution, 

it can be indicated that the textured guiding surface 

could improve the content of bleeding oil in the 

raceway, increase the oil film thickness in the contact 

area, and reduce the collision probability of the metal 

surface, thus restraining the medium and high 

frequency vibration caused by waviness and roughness 

of raceway. 

3.3 Friction torque performance 

Friction torque is another important index of rolling 

bearing. Low friction torque can reduce the wear of 

bearing and prolong the service life of bearing. The 

friction torque of rolling bearing is directly related to 

the lubrication state of the contact area. Therefore, 

the improvement of contact supplement and contact 

starvation [38] of the lubricant between the rolling 

body and the raceway can reduce the friction torque 

of the bearing. This paper focuses on the influence of 

Fig. 13 Distribution of grease on guiding surface and raceway. (a) Non-textured, (b) dimple, (c) groove, and (d) gradient groove. 
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the textured guiding surface on the oil supply of 

rolling bearings, so the rotating speed and load are 

used as fixed parameters at a load of 30 N and a 

speed of 1,200 r/min. 

Figure 14(a) shows the friction torque of bearings 

after the vibration test. At this time, the grease in the 

bearing had been sufficiently sheared, and the test 

results show that the ranking of each bearing friction 

torque is the same as the RMS of vibration signal 

ranking. Compared with NB, GGB has the largest 

reduction in friction torque of 10.5%. DB and GB also 

have a reduction of 7.9% and 4%, respectively. Thus, 

the texture on the guiding surface also has a positive 

effect on the bearing friction torque, increasing the 

amount of grease on the guiding surface and making 

it easier for the bleed oil precipitated from this part of 

the grease to flow back and replenish the bearing 

raceway. Especially for GGB, the driving force caused 

by the gradient grooves makes the bleed oil flow 

back towards the bearing raceway, which reduces 

the friction torque substantially. Relevant studies show 

that grease-lubricated bearings exhibit high friction 

torques under boundary lubrication or starvation 

mixed lubrication [39]. When the lubricant supply   

is sufficient, the bearings could be in mild mixed 

lubrication state, enabling the friction torque to be 

greatly reduced. This conclusion is consistent with 

the experimental results of this study. 

Figure 14(b) shows the friction torque of the same 

group of bearings after cleaning and re-greasing. The 

friction torque differs less among the bearings, and 

only the GGB friction torque has a small reduction 

compared to the NB. Because the axial load was only 

30 N and the vibration test had not been operated 

under the large load of 220 N, the grease is not 

sufficiently sheared, which leads to the oil precipitation 

is far less than the first test conditions. Therefore, the 

effect of textured guiding surface on the reduction of 

bearing friction torque is not obvious. It is proved 

from another aspect that the reduction of friction 

torque in the first test is caused by the backflow of 

bleed oil. 

Figure 15 shows the SEM images of the four tested 

bearing raceway after the test and that of the pre-test 

bearing raceway. It can be seen that after three times 

of bearing vibration test and three times of friction 

torque test, the raceway surface of NB has deep 

scratches and obvious pits (Fig. 15(a)). Compared 

with the pre-tested bearing (Fig. 15(e)), the scratch of 

the raceway surface is significantly rougher and deeper. 

It can be inferred that the bearing was in a poor 

lubrication condition during the whole experiment, 

and the adhesive wear between the steel ball and 

raceway caused fatigue and thermal damage to the 

metal surface, which would significantly reduce the 

bearing service life. As shown in Fig. 15(b), DB has 

less corrosions/burns on the raceway surface, but deep 

grooves still exist. Compared with Fig. 15(a), the 

scratches on the raceway surface are relatively shallow. 

It can be seen from Fig. 15(c) that there are many 

pitting corrosions on the surface of GB raceway. The 

surface quality is similar to NB, indicating that grooved 

textured guiding surface has little improvement on 

bearing raceway surface damage. Figure 15(d) shows 

that GGB has the best raceway surface quality, with 

fine and shallow scratches, and no obvious burns, 

which proves that the bearing was adequately 

lubricated, allowing sufficient base oil to effectively 

isolate the contact area, delaying metal fatigue and 

reducing surface scratches. 

 

Fig. 14 Friction torque. (a) Bearings after the vibration test and (b) bearings after cleaning and re-greasing. 
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4 Conclusions 

In this paper, the improvement of lubrication condition 

by textured guiding z of the thrust ball bearing is 

investigated. Taking the non-textured thrust ball 

bearing as a comparison, the vibration and friction 

torque of the bearing with dimples, uniform groove, 

and gradient groove textured guiding surface are 

tested, respectively. The following conclusions were 

obtained. 

1) The wettability gradient could be obtained when 

textures are gradient changeable. Thus, the gradient 

groove textured surface has a unidirectional guiding 

effect on oil droplets, which is macroscopically 

manifested as directional self-driving of oil droplets. 

The uniform groove textured surface enables the oil 

droplets to spread rapidly and over long distances 

along the groove direction, but does not provide 

one-way guidance. The dispersed dimples have 

adsorption effect on oil droplets, which can enhance 

the adhesion ability of oil droplets on the textured 

surface, but the spreading range of droplets is small. 

2) The textures on the guiding surface can enhance 

the oil content in the bearing raceway, which provides 

good damping in the contact area and can effectively 

reduce bearing vibration. Among the three types of 

textured bearing, the gradient grooved bearing (GGB) 

has the best damping effect. The vibration acceleration 

root mean square (RMS) of GGB is reduced by 49.1% 

and the kurtosis is reduced by 24.6% compared with 

the non-textured bearing (NB). In addition, frequency 

domain analysis shows that the backflow of separated 

oil mainly inhibits the vibration energy of thrust ball 

bearings in middle and high frequency bands. GGB’s 

RMS in the middle and high band decreased the most, 

reaching 65.3% and 48% respectively. 

3) When the grease is fully sheared, the gradient 

groove textured surface has obvious effect on the oil 

drainage, which can effectively improve the bearing 

lubricated condition and reduce the bearing friction 

torque. Compared with NB, the GGB friction torque 

is reduced by 10.5%. In addition, the enhancement of 

bearing lubrication by gradient groove textures can 

significantly delay metal fatigue and reduce raceway 

surface scratches. 
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