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Abstract

Hydrodynamic bearing is becoming an indispensable component of high-accuracy devices such as high-speed machine tools.
Recently, the study of textured surface bearing has become one of the highly researched topics. Among the different types of
surface texture, partially textured bearing shows outstanding performances on anti-vibration. However, most of the research
focuses on the theoretical models of partial texture. In this paper, several bearings with no texture, full texture and partial
texture are fabricated for stability and stiffness tests. The result shows that the partially textured bearings with 60% of textured
ratio and 4.9% of area ratio exhibit the best properties, which could decrease the maximum amplitude by 45.8% at 9000 rpm.
In addition, the textured surface with the optimal textured ratio of 60% can reduce the static stiffness and improve the dynamic
stiffness. Therefore, partially textured bearings are particularly significant to the stability enhancement of the bearing system,

which can lead to the performance and security improvement of the sliding bearing in high-speed applications.

Keywords Partial texture - Hydrodynamic bearing - Vibration reduction - Stiffness test

1 Introduction

Current research on hydrodynamic bearing has attracted
much attention for its potential applications, including but
not limited to the spindle of high-speed machine tool, steam
turbine, and engine. A key element in these applications is
to decrease the clearance, which could be 20-30% lower
than that of the ordinary spindle, in order to increase the
rigidity and precision of the high-speed spindle. However,
the decrease of flow, because of the low clearance, could
cause temperature rise, turbulence, and cavitation, which
could lower the stability of the hydrodynamic bearing. This
prominent problem has limited the speed of dynamic and
static bearing. Therefore, structural innovation is needed for
the lubrication mode of hydrostatic bearing.
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Recent studies have shown that surface texture on the
external surface of a spindle or internal surface of a bear-
ing can change the distribution and mobility rule of lubri-
cation oil, which could regulate the thermodynamic lubri-
cation characteristics of hydrostatic bearings, effectively,
by modifying the parameters of surface textures. In the
study of the influence of surface texture on dynamic lubri-
cation, many researchers work on the theoretical analysis
of the surface texture influence on the performances of
a journal bearing [1-3]. The results may show that sur-
face texture can improve the load-carrying capacity and
reduce the friction coefficient with various types of sur-
face such as rectangle [4], groove [5], trapezoid [6], and
concave or convex micro-spherical [7] textures. Xie ZL
et al. [8] reveal the micro-interface lubrication regimes
of water-lubricated bearing, using fluid dynamic analysis.
Velocity vectors and pressure contours are obtained, while
micro-interface lubrication mechanisms are established.
The surface with micro-cavities shows better load-carry-
ing capacity and coefficient of friction than the smooth
surface. Meng FM et al. [9] show that the bearing with
dimple groove textures, depending on the size and posi-
tion of grooves, can decrease the acoustic power levels of
the noise. Moreover, compound groove texture can lower
the acoustic power level of the journal bearing, more
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effectively than the simple groove texture can. Teo WJ
et al. [10] show the dominance of the geometrical param-
eters of texture, combining theoretical analysis and actual
implementation, establishing the superior textured surface
performance in a hydrodynamic regime of lubrication.

Many resent studies show that partial texture produces
a better effect than full texture, provided appropriate
parameters and placements. Partial texture with optimum
diameter, depth, and density can substantially improve the
load-carrying capacity of a structure bearing, bringing its
performance up to the same level as that of sophisticated
bearings [11-14]. Compared to the fully textured bearing,
the partially textured journal bearing with the appropriate
textured area is favorable at slightly higher speed values
[15]. Furthermore, the optimized partial texture has a ben-
eficial effect on the bearing performance, when the jour-
nal is misaligning while under working conditions which
is contributed to the hydrodynamic lift [16]. Rao TVVLN
et al. [17, 18] verify the improvement in load capacity and
reduction in friction coefficient, for partially textured bear-
ings, based on an established mathematic model. Tauviqir-
rahman M et al. [19] proves that the improved hydrodynamic
pressure and the load are highlighted due to the boundary
slip effect, caused by textured surface of the bearing. The
boundary slip effect is mostly observed in partially textured
journal bearings. Rahmani R et al. [20] outline an approach
to obtain a set of global optimum parameters for partially
textured surfaces, which is suitable to use in a variety of
applications. The optimum depth for rectangular and tri-
angular textures can enhance load-carrying capacity and
reduce friction, while it is 80—-85% and 70-75% of the mini-
mum lubricant film thickness, respectively. Tomar AK et al.
[21, 22] study the behavior of spherical journal bearing, with
different arrangements of micro-textures, using finite ele-
ment method. The partially textured surface, including dim-
ple texture and groove texture, could enhance the stiffness
coefficient, which could improve the stability and decrease
the frictional loss more efficiently, compared to the fully
textured surface. The aforementioned research works show
that partially textured surface can effectively improve the
properties of sliding bearings. However, most of the results
are analyzed theoretically, using modeling methods. Obvi-
ously, detailed tests are needed for the further development
of partially textured bearings.

In this paper, in order to verify the excellent performance
of the partial texture, the untextured bearing, the fully tex-
tured bearing, and the partially textured bearing are all fab-
ricated for experimental purpose. Several groups of tests
on different micro-textured surface bearings are carried out,
using a hybrid bearing rotor system, to investigate the best
parameters of the partial texture, in order to enhance the
vibration characteristics and the stability of the bearing rotor
system.
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2 Materials and methods
2.1 Materials

The material of sliding bearings used in the test is tin bronze
(ZQSn6.5-0.1), which is widely used for sliding bearings
in the industry. The water-lubricated sliding bearing has
the structure of four chambers without the static pressure
chamber. The width, external diameter, and internal diam-
eter are 41.6 mm, 60.012 mm, and 50.023 mm, respectively.
Four inlet holes 1 mm in diameter are retained on the outlet
grooves. The depth of the outlet grooves is 0.8 mm and the
width is 2 mm. The unilateral clearance of the bearing and
the spindle is 30+ 1 pm. Structure and dimension parameters
of sliding bearings are shown in Fig. 1. The bearing capacity
and support stiffness are insufficient, because of the absence
of a static pressure chamber.

The micro-texture on the sliding bearings is created
with a new method called electrochemical micromachin-
ing (EMM), which is described in our another published
paper in detail [23]. The surface texture obtained by EMM
is shown in Fig. 2. The surface morphology of the texture is
measured by laser scanning confocal microscopy (Olympus
OLS4000, Japan).

2.2 Configurations

The test system includes bearing test platform and software
detection system. The high-speed spindle, as the major part
of the bearing test platform, is supported by two hybrid
bearings, which facilitates the disassembly and assembly
of the spindle. The bearings are installed in the shell, fixed
by bracket on the base of the shock absorber. The back end

4x ¢ Ilmm

41.6mm

Outlet Grooves

Fig.1 Schematic diagram of structure and dimension parameters of
sliding bearing
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Fig.2 a The textured bearing fabricated by EMM method. b The enlarged photo of the texture on the inner surface of the bearing. ¢ Surface
morphology of the texture as illustrated by laser scanning confocal microscopy [23]

(driving end) of the shaft is connected to a driving motor,
and the front end (working end) is reserved for loading and
installing sensors. Motor and rotor are connected with duct
tape, to reduce the misalignment between the test shaft and
the driving shaft. The speed of the motor is controlled by the
frequency converter of the air-bearing motor, which provides
different working frequency to the test shaft. The software
detection system, aiming to acquire the displacement data
rapidly and accurately, is divided into the front part (sensors
and transmitters) and the back part (acquisition card and
microcomputer). The acquisition system is a NI PXI-1042
case combined with an A/D acquisition card PXI-6255. Two
high-precision capacitive displacement sensors (Micro-Epsi-
lon capaNCDT 6100) are used to measure the vibration dis-
placement of the test bearing, in the horizontal and vertical
directions. Moreover, LabView is used to code the software
for data acquisition with a sampling frequency of 10000 Hz.

Generally, the external load can be changed by the mag-
nitude and rotational speed of the eccentric mass. Hence,
the flange plate is fixed on the spindle to change the exter-
nal load by adjusting the bolts on the plate. In this paper, a
bolt of 1.040 g is installed at a radius of 40 mm. At a rota-
tional speed of 2400, 4800, 7200, and 9000 r/min, the calcu-
lated eccentric forces at the end of the spindle are 2.628 N,
10.511 N, 23.649 N, and 36.952 N, respectively. In order
to ensure the precision of the test result, each experimen-
tal condition should be tested at least 6 times. The bear-
ings were installed in water-cooling conditions, in order to
improve the accuracy of sleeve positioning and reduce the
influence of assembly error.

2.3 Data processing

The vibration signal may be disturbed by electromagnetic
signal, produced by other devices in the laboratory. Hence,
there is much high-frequency noise causing a lot of inter-
ference signals that confuse the axis trajectory, as provided

by the displacement sensor. In order to obtain a clear axis

trajectory map, to analyze vibration characteristics of the

system, the recorded vibration signals need to be filtered.
The signal obtained by the system can be calculated by

x(nAf) = Ag + X [A;sin (oAt + ;)] + F(nAn) (1)

y(nAD) =By + X | [B;sin(wnAt + ¢)| + F (A (2)

where x and y are the horizontal and vertical displacement
signals, respectively; A, and B, are the horizontal and verti-
cal signal offsets, respectively; w; is the working frequency;
A, and B; are the horizontal and vertical displacement com-
ponents, corresponding to the power frequency, respectively;
and F, and F, are the horizontal and vertical white noise
components, respectively.

In order to reduce the impact of errors, the trend line of
the signal is eliminated, and fast Fourier transformation is
used to transform the time domain signal into frequency
domain signal. Since the working frequency is related to
the vibration caused by rotor, the half frequency, whole
frequency, and double frequency are selected to reconstruct
the time domain signal. The reconstructed signal can be
described by the following formulas, and it can provide the
filtered axis trajectory:

X(nAr) = Alsin( %)nAt +é ) + Aysin(@nAt + ¢, ) + Aysin(onAr + ;)
3
Y(nAt) = B, sin(%nAt +¢)+ stin(wnAt + <}.’>2) + B3sinQQownAt + ¢3)
(€]

In addition, the maximum vibration displacement of the
rotor can be calculated as follows:

Upe = VX2 + 12 ()
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3 Results and discussion

Partial texture has two important parameters, which are illus-
trated in Fig. 3. One is the texture rate of texture 7, that is,
the proportion of the area with texture to the total area. The
area ratio can be calculated by the following formula:
/

Tp = Z (6)

where [ is the length of textured surface and L is the total
length of internal surface bearing.

The other parameter is the area ratio of texture S, that
is, the degree of dispersion. The area ratio of the partially
textured bearing represents the degree of dispersion of the
dimples. The area ratio can be calculated by the following
formula:

_nd?
i

(N

where S, is the area ratio of the textured bearing, d is the
diameter of the dimples, and ¢ is the period of the dimples
occurrence.

3.1 Effect of textured ratio on stability
of the bearing

In this experiment, the depth of the dimples is 10 pm, the
diameter of the dimples is 300 pm, and the area ratio of the
texture is 4.9%. The textured ratio of three textured bear-
ings Tp, with serial numbers PM0.3, PMO0.6, and PMO.8, is
30%, 60%, and 80%, respectively. Moreover, a full textured
bearing named M1 and an untextured bearing named SO are
used for comparison, as demonstrated in Fig. 4. The vibra-
tion characteristics of micro-texture on the bearing rotors
are studied, considering different area ratio values and speed
values of 2400 rpm, 4800 rpm, 7200 rpm, and 9000 rpm,
when the water supply pressure is 1.0 MPa. Stability tests
were carried out on different samples, while the statistical

Fig.3 The schematic diagram
and spreading diagram of a
partially textured bearing
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results of axis trajectory and amplitude were analyzed as
follows.

The amplitude and axis trajectory at the different speed
values are shown in Figs. 5 and 6.

It is obvious that the samples with texture exhibit better
performance than the sample without texture, which illus-
trates the role of texture in vibration reduction. In partially
textured bearings, there is little difference between the differ-
ent samples at 2500 rpm and 5000 rpm. However, compared
to the non-textured bearing SO, the vibration of the partially
textured bearings can be effectively reduced at medium and
high rpm values. In this experiment, the texture value of 60%
proved optimal. Compared to the sample SO at 9000 rpm,
the relative vibration of sample PM0.6 decreases by 32.3%.

In the experiment, although M1 shows better performance
in the low and medium speed range, partially textured bear-
ings produce better effect on the vibration suppression than
full textured bearings, especially at a high rotational speed. It
can be seen that the relative vibration of PMO.6 in the partial
texture bearing is 12.5% lower than that in the full textured
bearing M1 at 9000 rpm.

Previous researches show that partial texture has the “col-
lective effect,” when hydrodynamic pressure of lubrication
film is generated, so it can reduce the lubrication and fric-
tion more effectively than full texture [12, 13, 24, 25]. It is
found that the dynamic pressure action of dimples, in the full
texture case, produces an individual effect, which can only
improve the bearing capacity within limits. Partial textures
show an accumulation effect similar to the step or wedge
clearance, which can increase the bearing capacity more
than the full texture.

3.2 Effect of area ratio on stability of the bearing
In this experiment, the parameters of the dimple remain
the same as in the previous section, and the period of

the textured bearings is 600 pm, 900 pm, and 1200 pm,
respectively. The corresponding area ratio Sp of the textured

Fluid Cavity  Orifice
/

Spread g Q |

~
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Fig.4 Photos of samples with different textured ratio. a PMO0.6, 60%; b PMO0.8, 80%; ¢ M1, 100%; d SO, 100%

bearings PM1, PM2, and PM3 is 19.6%, 8.7%, and 4.9%,
respectively. Accordingly, the untextured bearing SO is used
for comparison. The texture rate is selected as 80% in this
experiment. The test parameters are the same as those in the
previous section. Stability tests were carried out on different
samples, while the statistical results of axis trajectory and
amplitude were analyzed as follows.

The axis amplitude and trajectory at the different speed
values are shown in Figs. 7 and 8. The illustrations show that
the axis trajectory remains almost the same across different
area ratios at low speed. However, at the speed of 9000 rpm,
sample PM3 shows the smallest axis trajectory and PM1
the largest. Obviously, in the case of partial texture, the area
ratio of micro-texture has a large influence on the stability
of the system, under the condition of medium and low den-
sity, but less influence under the condition of high density.
This occurs possibly because high density can improve the
value of the equivalent film thickness, which can reduce
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Fig.5 The rotor amplitude of bearing rotor systems at different rota-
tional speed values with SO, PMO0.3, PM 0.6, PM0.8, and M1 samples

the stiffness of the system, leading to the decrease of the
carrying capacity and stability of the system. However, the
partial texture improves the carrying capacity and stiffness
of the system. The two sides interact with each other to pro-
duce a slight decrease in amplitude. However, the texture
has little effect on the equivalent film thickness at medium
and low densities, which can improve vibration elimination
effectively.

Rotational

Sample

Speed
(rpm) PMO0.3 PMO0.6 PMO.8
w| O O O
4800 Q Q Q
7200 (\

O QO
-l 00 C

Fig.6 The axis trajectory of bearing rotor at 7200 rpm and 9000 rpm
under different textured ratios
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Fig.7 The amplitude of bearing rotor at different speed values with
S0, PM1, PM2, and PM3 samples

3.3 Stiffness tests and analysis
3.3.1 Static stiffness analysis

The static stiffness of a bearing system refers to the ratio
of load and displacement along a certain loading direction
when the spindle is in static suspension state. When the spin-
dle is stationary, the static stiffness is mainly related to the
structural geometric parameters, working conditions, and
loading direction of the bearing. In the static stiffness test,
the oil supply pressure values are 1, 1.5, 2, 2.5, and 3 MPa.
The disk weights of the test are 1.35, 2.37, and 3.39 kg,

Rotational Sample
Speed
(tpm) PM1 PM2 PM3
2400 () \ ) <:::>

N— —

4800 ’ )
7200 <::::::> <::::::> \ ‘
- )OO

Fig.8 The axis trajectory of bearing rotor at different speed values
under different area ratios
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which means the loading forces on the front bearing are
23.05 N, 40.47 N, and 57.88 N, along the vertical loading
direction, respectively.

The test results of different partially textured bearing
systems, when the loading force is 23.05 N, are shown in
Fig. 9. It can be seen that the static stiffness increases as
the water pressure rises, whereas the growth rate becomes
slower when the water pressure reaches higher than 2 MPa.
The textured surface could reduce the static stiffness of the
system under constant loading force and water pressure.
Moreover, the greater the textured ratio, the faster the static
stiffness becomes lower. Due to the increase of oil supply
pressure, the lubricant in the bearing spreads out faster
within the clearance space, which is conducive to the for-
mation of lubricating oil film. Because of the dimples on
the surface, the equivalent bearing clearance and the film
thickness appear increased. Higher area ratio means higher
film thickness, so the static stiffness is lower.

When the water supply pressure is 3 MPa and the load-
ing forces are 23.05 N, 40.47 N, and 57.88 N, the respective
rotor static stiffness values of partially textured bearings
are listed in Table 1. The static stiffness of the spindle ini-
tially increases, followed by a decrease as the loading force
increases. This occurs mainly due to the increasing displace-
ment of the spindle along the loading direction, when the
loading force rises. The degree of eccentricity could deviate
from the condition of the linear hypothesis of small eccen-
tricity in the calculation of the static stiffness of the spindle.

3.3.2 Dynamic stiffness analysis

Dynamic stiffness of a bearing rotor system, that is, the com-
prehensive stiffness of rotation, refers to the ratio of load
and corresponding displacement along a certain loading
direction, under a constant spindle speed. At high spindle
rotational speed values, the bearing works within the com-
prehensive action of dynamic and static pressure. In addi-
tion to the structural parameters and loading direction of the

17.5 7 —— SO
2 | —e—PM1
= —A— PM2
§ 154 —— PM3
8 _
£
A 12.5 1
Q
£ |
w2

10

T T T

T T
1 1.5 2 2.5 3
Hydraulic Pressure(Mpa)

Fig.9 The relationship between hydraulic pressure and static stiffness
of SO, PM1, PM2, and PM3 samples
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Table 1 The rotor static stiffness of bearing samples

Loading SO M1 PMO0.3 PMO0.6 PMO.8
force (N)

23.05 17.04 16.16 15.81 16.05 16.16
40.47 24.59 23.69 21.67 24.17 23.69
57.88 14.14 13.45 11.70 13.02 13.45

bearing, the influence of surface morphology on the dynamic
pressure of the bearing is also highlighted. In the dynamic
stiffness test, the water supply pressure is 1 MPa, the loading
force is 12.51 N, and the frequency is 40-150 Hz, adjusted
to increase by 10 Hz at each iteration (rotational speed =fre-
quency multiplied by 60), while the loading direction is ver-
tical. In order to compare the effects of non-textured, full
textured, and partial textured samples on the dynamic stift-
ness, non-textured samples SO, full textured samples M1,
and samples with three different textural ratios are selected
for statistical purpose. The results are shown in Fig. 10.

Obviously, at low speed, the dynamic stiffness of the
different surface system shows little difference. However,
the dynamic stiffness of all three textured samples is higher
than the non-textured surface SO, when the speed reaches
the medium value level of 4200 rpm. At a rotating speed
higher than 6000 rpm, the dynamic stiffness of all partially
textured samples is higher than that of the fully textured
surface, whereas the optimal textural ratio proves to be
60% (PMO0.6). At 9000 rpm, compared to SO and M1, the
increase in dynamic stiffness of the sample PMO0.6 is 22.1%
and 10.3%, respectively.

At low velocity, the bearing with full texture or high tex-
tured ratio shows better performance, because static pressure
is dominant compared to dynamic pressure. As the rotational
speed rises, dynamic pressure has a growing influence on the
system. Moreover, the existence of dimples is equivalent to
higher film thickness. There is a competitive relationship
between the decrease of bearing capacity, caused by the
increase of film thickness and the increase of dynamic pres-
sure caused by the micro-texture. Therefore, compared to
the fully textured surface, the dynamic stiffness and stability
of partial texture bearing rotor system enhance at high rota-
tional speed, which is also consistent with axis trajectory test
results. In this experiment, the optimal textured ratio is 60%.

4 Conclusions

In this work, considering smooth surface and fully textured
surface, the outstanding performance of sliding bearings
with partially textured surface is verified by testing on the
bearing test platform. Based on the experimental results
and theoretical analysis, conclusions can be summarized as
follows:

Rpm 4200 Rpm 6000
Sample DS(N/pm) ;i Sample DS(N/um)
PM 0.6 13.87 PM 0.6 17.66
MI 14.79 PM 0.3 16.82
PM 0.8 14.68 i PM 0.8 16.72
PM 0.3 14.34 MI 16.43
SO 13.87 SO 14.54
i A
22.5
R | —=— S0
g 5o T® PMO3
Z | —«— PMO.6 |
3 1 =¥ PMO0.8 |
S 1754 —¢ Ml .
a |
£ 151 .
[ | 1
5, | | | |
Q125 - . ! | ,
i i | ——
2400 4200 6000 7800 9000

Rotational Speed(rpm)

Fig. 10 Dynamic stiffness at different rotational speed values with SO,
PMO0.3, PM0.6, PM0.8, and M1 samples and comparison results for
dynamic stiffness at 4200 and 6000 rpm

(1) The two important parameters, textured ratio and area
ratio, have enormous influence on the properties of the
partially textured bearing. The appropriate partial tex-
ture can play a greater role, at high-speed operation,
where it shows better vibration suppression effect than
the full texture. The optimal textured ratio 7, and area
ratio S, prove to be 60% and 4.9% respectively, signifi-
cantly lowering the maximum amplitude by 45.8% at
9000 rpm.

(2) Partial texture with appropriate parameter could reduce
the static stiffness and improve the dynamic stiffness
of the bearing system. In partially textured samples,
the area ratio appears to have little effect to static stift-
ness, whereas 60% is considered as the optimal textured
ratio. Regarding dynamic stiffness, the maximum incre-
ment is 22.1%.

(3) The experimental results show that the reasonable
choice of texture can significantly reduce the vibration
amplitude of the bearing rotor system enhance the sta-
bility of the system, and increase the stiffness of the
lubrication film.

Future work will move forward to consider the actual
structure of the bearing and the pressure distribution during
the working process, combined with surface/interface phys-
ics, physical and chemical properties of materials, and other
basic theories especially at high-speed and ultra-high-speed
values. Further theoretical and experimental research is
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needed to perfect the layout of the texture zone on the inner
surface of the bearing. In addition, an appropriate method
should be established to measure the friction force on the
surface of the bearing, during operation, directly or indi-
rectly. These studies are expected to further improve bearing
performance, thus expanding the application spectrum into
microfluidics, aviation, navigation, and other domains.
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