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Abstract: Traditional bonnet tool polishing (BTP) method is an efficient and controllable processing
technology for plane, spherical and aspherical surfaces, but this method cannot process the internal surface
of cylindrical workpiece. This paper proposes a novel cylindrical bonnet tool polishing (CBTP) method for
the internal surface of the bearing ring. The CBTP method uses a self-developed cylindrical bonnet tool
with small size, and abrasive slurry is used to polish the internal surface of the part. The characteristics of
the contact area is firstly analyzed through a finite element analysis (FEA) simulation. After that, a series of
single factor polishing experiments are conducted to investigate the effect on surface roughness and
material removal. The results show that combining rotation and reciprocating motions can improve surface
roughness and increase the amount of material removal simultaneously. Higher air pressure and proper tool
offset is conducive to improve surface roughness and polishing efficiency. Moreover, relatively high
material removal and better surface roughness can be obtained under longer polishing time and faster
rotation speed. The surface roughness can be achieved 0.0265μm by using the combination of 1μm SiC and
0.5μm CeO2 particles.

1 Introduction
Bearing is one of the most widely used elements in rotating machines, which plays an

important role in the modern manufacturing industry [1]. As a critical component of the
bearing, bearing ring need to undergo heat treatment, milling, grinding and hard turning
processing. Nevertheless, a high surface roughness value and fatigue cracks are inevitable due
to the nature of the manufacturing process [2-3]. These defects on the contact surface can
easily affect the formation of lubricating oil films and significantly influence the bearing
fatigue life performance [4]. At present, oilstone high-frequency oscillation is generally used
as the last step to finish the contact surface, which easily leads to micro scratches and limits
the improvement of surface quality [5]. Therefore, it is of great practical significance to find
an efficient manufacturing technique to finish the contact surface.

The contact surface that needs to be finished of a rolling bearing covers two aspects: (i)
outer contact surface of the internal bearing ring and (ii) internal contact surface of the outer
bearing ring. Currently, some polishing technologies have been successfully applied in
polishing the outer contact surface, including shearing-thickening polishing(STP) [6-8],
Floating abrasive polishing(FAP) [9] and electrochemical mechanical polishing(ECMP)
[10-11]. However, compared to the outer contact surface, polishing of the internal contact
surface is extremely challenging due to the geometric limitations of conventional machining
tools [12]. Mccarty [13] developed a technique in 1970s as known as abrasive flow
machining(AFM), which is capable of polishing internal surfaces by using a self-deforming
tool under the assistance of two hydraulically operated cylinders. Wu et al. [14] presented a



research on the precision polishing of the internal surface of a large size bearing ring by AFM,
which eventually reduce the surface roughness and change the surface microstructure and
texture. Brar et al. [15] used AFM to polish the internal surface of a hollow cylindrical
workpiece and found that the roundness increased by 46.83% and the surface roughness
reduced by 47.83%. However, in the process of AFM for the internal surfaces, there are some
limitations include abrasive agglomeration, nonuniform surface finishing due to machine
vibration and low efficiency [16]. Except for the above-mentioned processing methods,
magnetic field assist polishing (MFAP) is also considered to have great potential for internal
surface machining [17-18]. Zhen et al. [19] devised a novel magnetorheological
polishing(MRP) process to polish the internal surface of titanium alloy tubes. Song et al. [20]
also used MRP technology to achieve micro-level polishing of the internal surface of the
cylindrical workpiece. Chen et al. [21] investigated a new type of magnetic hot melt adhesive
particles(MHMA) for spiral polishing on the inner wall, however, the magnetorheological
media are complex and costly to prepare. Therefore, development of a new polishing
technique for the bearing ring internal surface should overcome the limitations such as low
efficiency, environmental unfriendly and inconsistent surface finish. Bonnet tool polishing
(BTP) was introduced by Walker for the first time, it used an inflated spherical membrane as
the polishing tool and is able to confirm with various local curvature [22]. Nowadays, this
technique has become more commonly used in recent years as a high efficiency and
controllability polishing technology for hard and brittle materials [23-28]. However,
traditional BTP is not suitable to polishing the complex internal surface.

In this paper, a novel cylindrical bonnet tool polishing (CBTP) method was developed to
polish the internal surface of a GCr15 steel ring by using a self-developed polishing machine.
Firstly, the working principle of the CBTP method was introduced. After that, a series of
simulation studies of contact area characteristics via finite element analysis (FEA) are
undertaken, and the range of values of key factors was also explored. Furthermore, single
factor experimental verifications were executed on evaluating the polishing performance of
the CBTP method, together with the discussions and conclusions of the paper.

2 Methodology

2.1 The CBTP tool and polishing principle

In order to process the cylindrical internal surface, miniaturization of the bonnet tool
should be carried out and retaining the adaptability of the traditional bonnet tool. There are
two main issues that need to be considered in the miniaturization process, which are the
design of the CBTP tool and the renewal of the polishing principle. The concept of the novel
bonnet polishing tool is shown in Fig.1(a)-(c). A small cylindrical bonnet of rubber material
with 20mm outer diameter and 25mm length is used as the polishing tool. The tool surface is
attached with polyurethane polishing pad by the glue and fixed on the polishing handle by a
nut, as shown in Fig.1(b). During processing, the polishing tool is filled with gas and it can
expand appropriately under the action of internal air pressure. For the purpose of dissipating
heat and transporting the polishing slurry, the surface of the polishing pad was provided with
a cross-shaped groove of a certain width. When the slurry was released onto the tool surface,
abrasives contained in the slurry will embedded on the polishing pad due to its pore-shaped



surface texture and the abrasives on the polishing pad were checked by a digital microscope
(VHX-6000). Sharp edges of abrasives on the tool surface were observed in Fig.1(c). In this
way, the CBTP tool can use the sharp edges of abrasives to process the internal surfaces.
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Fig.1 (a) Rubber material CBTP tool. (b) Installed CBTP tool. (c) Schematic diagram of the proposed
CBTP tool. (d) Schematic diagram of the CBTP polishing principle.

Regarding to the BTP method, the rotation-axis of the tool inclined to the surface’s local
normal at an angle of 10-15 degrees. Then, the tool axis forms a ‘Precession’ movement
around the local normal to the surface of the flat or aspherical parts [29]. Compared to the
traditional BTP technology, Fig.1(d) depicted the schematic diagram of the CBTP polishing
principle. The proposed CBTP tool is insert into the workpiece, air with a certain pressure is
charged into the tool by compressor through the polishing handle and make it fully contact
with the internal surface. When contact occurs, the force acting on the abrasives exert
polishing force on the internal surface, and the inner air pressure and the tool offset can be
adjusted to change the polishing force. Under the polishing force, the sharp edges of abrasive
particles will scratch the workpiece. Subsequently, the tool makes a high-speed rotational
movement in reverse with the workpiece driven by the spindle, and then, in order to obtain a
homogeneous internal surface, a reciprocating linear motion of the workpiece within a certain
interval is also added at the same time. Under the coupling of the above three motions, the
polishing tool forms a machining path similar to honing, the whole internal cylinder surface
can be polished.

2.2 Concept of the experimental setup

The experimental setup is designed to explore the methods and devices for the CBTP
process on the cylindrical internal surfaces, which can provide both automated processing
process and flexible process selection. The developed experimental setup is a four-axis



polishing machine, which contains two linear slide table and two rotary axes, as shown in
Fig.2. The polishing spindle is installed on the Y direction linear slide table and the polishing
tool is installed on the polishing spindle by means of a precision collet. The polishing spindle
is driven by a servo motor with a maximum speed of 8000rpm. The workpiece is fixed by the
fixture and driven by a servo motor. A three-dimensional force sensor is mounted under the
fixture base to measure the polishing force in normal and tangential directions. In addition, all
the servo motors in the polishing machine are all driven by the drivers through PLC
(SIEMENS S7-1200) to precisely control the rotational speed. The slurry circulation system
consists of a pump, a mixer and a nozzle. Since the polishing slurry is a mixed medium,
consists of deionized (DI) water and abrasive particles. To ensure the uniformity of abrasive
particles in the polishing slurry, the mixer needs to keep rotating during polishing process.
The diaphragm pump uses the internal pressure difference to transport the polishing slurry to
the nozzle and spray onto the surface of the polishing tool. On the other hand, a recycling
container is fixed under the workpiece, and the polishing slurry is recycled into the storage
tank to achieve green circulation.
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Fig.2 Schematic diagram of the novel CBTP machine

3 Analysis of contact area through FEA simulation

3.1 Simulation modeling

With the development of the FEA (Finite Element Analysis) simulation, it has become
an effective approach for the contact simulation. In this paper, due to the elasticity of the
polishing tool, the nonlinear contact status will occur when the tool contacting with the
workpiece, which affects the controllability of the polishing results. Therefore, it is important
to analyze the influence of key factors on the features of the contact area through FEA
simulation. Here, the features of the contact area consist of the shape and pressure distribution
of the contact area. The simulation was conducted between bearing steel (GCr15) and rubber
material, which are hard and nonlinear material respectively. Fig.3(a) shows the CBTP
geometric model in ANSYS 19.0 software, which was meshed with high-resolution
hexahedral mesh and only half of the workpiece is displayed for the convenience of
observation. Moreover, because the contact occurs on the workpiece surface, the mesh must



be refined in the internal target surface to enhance the computational precision. The total
number of meshes was 161682. The outer diameter of the workpiece is 45mm, the inner
diameter is 40mm and width is 17mm, tool size is as described in Section 2. Furthermore, key
selection factors include inner air pressure(p) and tool offset(h), the values of which are set
from 0.05MPa to 0.3MPa and changes from 0.05mm to 0.3mm. Fig.3(b) shows the total
deformation and contact status of the simulation model.
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Fig.3 The simulation model and contact status in ANSYS software

3.2 Simulation results and analysis

Fig.4 and Fig.5 shows the simulation results of the contact model in the contacting area.
Fig.4(a) shows the changes of the shape of the contact area under different tool offset h. It is
interesting to find that the shape and area of the contacting area become irregular and larger
with the increase of the tool offset h. When the tool offset h≤0.15mm, the contact area is oval
shape and regular; but when the h＞0.15mm, the contact area gradually becomes a rectangle
and the center obviously become concave. The concave in the contact area will affects the
contact between abrasives and workpiece surface. On the other hand, the changes in
maximum value and average value of the contact pressure under different tool offset h is
shown in Fig.4(b) with lines. The graph shows that there has been a steady increase of the
average value from 0.0002MPa to 0.05MPa, but in contrast, the maximum pressure value has
a steep rise from 0.04MPa to 0.25MPa. Fig.4(c) shows the contact pressure distribution
extracted along the red section line in Fig.3(b). It is also found that when h≤0.15mm, the
pressure distribution is regular, symmetric and Gaussian-like, and when h＞ 0.15mm, the
pressure distribution become irregular. To sum up, tool offset h will impact the area and shape
of the contact area, the value and distribution of the contact pressure. These analyses further
inferred that to ensure a stable and adequate contact between the polishing tool and workpiece,
the tool offset h should be selected under 0.15mm.
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Fig.4 Simulation results of the contact model in the contacting area: (a) changes of the shape of the contact
area under different tool offset h, (b) contact pressure value under different tool offset h, (c) contact
pressure distribution under different tool offset h.

To find how the inner air pressure p impacts the features of the polishing footprint, the
inner air pressure p is set to be 0.05MPa, 0.1MPa, 0.15MPa, 0.2MPa and 0.3MPa respectively,
then the tool offset h is set to be 0.15mm. The simulated results are shown in Fig.5. When the
inner air pressure p≤0.15MPa, the shape of the contact area is irregular and rectangle. This is
due to the fact that the internal pressure is too low, so that the rubber material cannot expand
uniformly. When contact occurs, the two sides of the cylindrical tool are deformed first, and
the center of the tool is dented. As can also be seen from Fig.5(b), the average contact
pressure remained stable across all inner air pressure p, but the maximum decreased from
0.71598 MPa to a low of 0.20763MPa. When the p-value exceeded 0.15MPa, the maximum
pressure gradually increased. The pressure distribution is also extracted and lined in Fig.5(c).
As shown in Fig.5(c), the pressure distribution is irregular and non-Gaussian-like when the air
pressure less than or equal to 0.15MPa. However, when p-value greater than 0.15MPa, stress
distribution become regular, symmetric and Gaussian-like because of the polishing tool
properly inflated under the action of inner air pressure.

Based on the above simulation results and analysis, the tool offset h and inner air
pressure p are key factors affecting the shape of the contact area, the symmetry of the pressure



distribution and the pressure value, which are closely related to the polishing experiments
below. In subsequent studies, the value range will set to be 0.1mm＜h＜0.15mm, and p＞
0.2MPa.
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Fig.5 Simulation results of the contact model in the contacting area: (a) changes of the shape of the contact
area under different inner air pressure p, (b) contact pressure value under different inner air pressure p, (c)
contact pressure distribution under different inner air pressure p.

4 Experimental setup and conditions
Corresponding to the concept in Sec.2, the experiments were conducted on a

self-developed CBTP polishing machine. The overall and zoom-in details of the polishing
machine are shown in Fig.5. The tested workpiece was a ring with 45mm outer diameter,
40mm inner diameter and 17mm width. Furthermore, the intelligent control system was
shown in the upper part of Fig.5(b), the internal air pressure of the CBTP tool and the power
of the slurry circulation system in Fig.5(c) were both provided by the compressor in the lower
part of Fig.5(b).



Fig.5 (a) the experimental setup, (b) the intelligent control system (upper) and compressor (lower), (c)
the polishing slurry circulation system.

To explore the effect of the CBTP parameters on the surface roughness and material
removal amount of the workpiece, five groups of single-factor experiments were designed.
The single-factors and different experimental details for each group were summarized in
Table1. As for group 3, the total polishing time is 15mins and after every 3mins interval, the
workpiece was cleaned and evaluated. Moreover, five combinations of abrasives were
prepared for group 6, which are 1μm SiC, 1μm CeO2, 0.5μm and 1μm SiC, 0.5μm and 1μm
CeO2, 0.5μm CeO2 and 1μm SiC respectively. It is worth noting that, the last three sets of
experiments in group 6 were performed with segmented polishing consisting of different sizes
of abrasives. The rotation speed for each phase was 1500 and 500rpm respectively. Other
experimental parameters were shown in Table 2.

Table 1 Grouping of the CBTP single-factor experiments

Group Factors Details

1 Motion modes 0.2Mpa, 0.15mm,1500rpm and polished 3mins

2 Air pressure and tool offset
0.15mm at different air pressures, 0.2Mpa at different

tool offset and polished 3mins
3 Polishing time 0.2Mpa, 0.15mm,1500rpm
4 Tool rotation speed 0.2Mpa, 0.15mm,1500rpm and polished 3mins
5 Abrasive types and size 0.2Mpa, 0.15mm and polished 12mins

Table 2 Experimental conditions

Polishing parameters (unit) Value

Motion modes Rotation, Rotation and reciprocating
Tool air pressure (MPa) 0.05, 0.1, 0.15, 0.2, 0.3
Tool Offset (mm) 0.05, 0.1, 0.15, 0.2, 0.3
Polishing time (min) 3~15
Tool rotational Speed (rpm) 500, 1000, 1500, 2000
Abrasive types SiC, CeO2

Abrasive size (μm) 0.5, 1
Slurry concentration (%) 5



After each group of experiments were finished, the workpiece was cleaned with ethanol
in an ultrasonic cleaner and dried by hot air. After that, the workpieces were average cutting
by wire EDM, and the polished surface was evaluated using a profilometer (Form Talysurf
200) and a confocal microscope (usurf explorer). The material removal amount was weighted
by an electronic balance (resolution 0.01mg). Moreover, in order to ensure adequate statistical
accuracy, each group of experiments was repeated 3 times.

5 Results and discussion

5.1 Surface topography and roughness

The results of the surface roughness under different motion modes were summarized in
Fig.6. As shown in Fig.6(a), the surface roughness under rotation motion was improved from
0.725μm Ra to about 0.373μm Ra, reduced by 48.5%. Nevertheless, as seen in Fig.6(d), the
roughness under combining rotation and reciprocating motions was improved to about
0.074μm Ra in 3mins, reduced by about 90%.

Fig.6(b) and (e) present the profile of the polished area under rotation motion and
combining rotation and reciprocating motion by using a profilometer respectively (Form
Talysurf 200). As the rotation motion is unique in the circumferential direction, the abrasive
particles are only to polish along the original scratches. On the other hand, when reciprocation
is added to the rotation motion, the abrasive particles are able to polish the surface in the
direction along and perpendicular to the scratch simultaneously, which significantly improve
the depth of material removal. Fig.6(c) and Fig.6(f) show the surface morphology transition
between rotation motion and combining rotation and reciprocating motion under a confocal
microscope (usurf explorer). It can be seen that there were a few dense scratches on the
polished surface under rotation motion and it still preserves high asperities and low valleys. In
contrast, when using a combination of rotation and reciprocating motion, the polished surface
quality is more uniform and the number of scratches is also obviously reduced.
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Fig.6 Comparison of polishing results under different motion modes: (a) surface roughness under
rotation motion, (b) polished profile under rotation motion, (c) surface microscope view under rotation
motion, (d) surface roughness under combining rotation and reciprocating motion, (e) polished profile
under combining rotation and reciprocating motion and (f) surface microscope view under combining
rotation and reciprocating motion.

5.2 Effect of air pressure p and tool offset h

Fig.7 demonstrates the influence of the air pressure p and tool offset h on the polishing
results. In Fig.7(a), when the air pressure changed from 0.05MPa to 0.3MPa, the surface
roughness improved from 0.097μm to 0.046μm, however, the material removal increased
from 2.88mm3 to 11.17 mm3. Based on the simulation results, we infer that the likely reason
is that with the increase of the air pressure, as well as increasing the force exerted by
abrasives on the workpiece surface, and the scratch-removal capability becomes stronger and
the amount of material removal increases. In the case of variable tool offset experiment, the
surface roughness improved from 0.079μm to about 0.055μm and surface roughness did not



change significantly after 0.1mm. Furthermore, material removal results also show a large
increase after 0.1mm, this trend is hypothesized to be due to the increase in contact area
caused by the increase of tool offset, which rises the amount of abrasives involved in the
polishing in the contact area and the increase in polishing force of a single abrasive particle,
which is consistent with the simulation results.
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Fig.7 Effect of (a) Air Pressure and (b) Tool Offset on surface roughness and material removal

5.3 Effect of polishing time

The effect of polishing time on surface roughness and material removal was
quantitatively evaluated and the results were summarized in Fig.8. It was observed that the
surface roughness was not reduced any further beyond the polishing time of 12mins. The
reason behind the increase in surface roughness after 12mins was due to the abrasive size,
approximately 1μm, which is unable to continue to eliminate scratches. In Fig.8(b), the
material removal increases with time progression, but not in linear relationship. This may be
attribute to the fact that over polishing time, SiC particles continue to scratch the surface of
the bearing steel, causing the wear of abrasives and was thusly represented in material
removal.
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Fig.8 Effect of polishing time on surface roughness and material removal



5.4 Effect of rotation speed

The results of the surface roughness and material removal against different rotation
speeds were concluded in Fig.9. As shown in Fig.9(a), the surface roughness decreases
rapidly with the change of rotation speed and gradually increases after 1500rpm. On the other
hand, the material removal increased with rotation speed, in Fig.9(b). The results indicated
that low rotation speed generated a rough surface roughness and a low material removal while
high rotation speed resulted in a high material removal. However, low rotation speed can also
be adopted in fine polishing because of the low material removal.
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Fig.9 Effect of rotation speed on surface roughness and material removal

5.5 Effect of abrasives

The effect of abrasives on surface roughness and material removal was quantitatively
evaluated by different combination of abrasives shown in Table.1. The results were
summarized in Fig.10. For different abrasive combinations, it can be observed that the surface
roughness drops rapidly in 12 mins polishing time. And the lowest roughness was achieved at
the 1μm SiC+0.5μm CeO2 combination conditions, about 0.0265μm in Fig.11. The reason
behind better surface roughness was due to the high-speed scratching of the workpiece surface
by the high-hardness SiC particles (HM9.2) within the first 6 mins, the majority of scratches
were removed, and the fine polishing at low-speed by the lower hardness CeO2 (HM6)
particles in the second six minutes to improve the quality of the surface.

On the other hand, the material removal results are not in linear relationship. This is due
to the different particle hardness and particle size. When using the same size particles, SiC
particles lead to higher material removal compared to CeO2 particles. In the process of
combination polishing, the material removal for the combination of 1μm SiC and 0.5μm CeO2

particles is lower than that pure SiC particles, while the material removal of pure CeO2

particles is lowest.
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Fig.10 Effect of abrasive types on surface roughness and material removal
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Fig.11 Surface roughness under 1μm SiC+0.5μm CeO2 combination conditions
Fig.12 shows the three-dimensional surface images of the initial surface of the workpiece

and the surface after 12mins polishing by using the 1μm SiC and 0.5μm CeO2 abrasives.
Fig.12(a) show that the scratches of the initial surface were highly apparent, and the surface
was microscopically concave and convex. After 12mins of polishing using CBTP method, the
scratches and asperities on the workpiece surface were no longer visible.
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Fig.12 Three-dimensional surface topography: (a) Before polishing; (b) After polishing

6 Conclusion
In this paper, a novel CBTP method and its tool are proposed, which attempt to process

the internal surface of bearing ring. The mechanism analysis demonstrate that this method can



polish the internal surface of cylindrical workpiece. Simulation experiments prove that proper
inner air pressure and tool offset will be helpful in enhancing the stability of pressure
distribution in the contact area. Moreover, single factor experiments have been conducted to
investigate the processing capability for improving surface quality. Experimental results show
that the combining rotation and reciprocating motion modes can improve surface roughness
while eliminating scratches simultaneously. Higher air pressure (0.3MPa) and proper tool
offset (0.1mm) is conducive to improve surface roughness and polishing efficiency, which is
consistent with simulation results. In addition, a longer polishing time and a faster rotation
speed can largely improve the polishing efficiency and the better surface roughness can be
achieved at 1500rpm. On the other hand, the surface roughness can be achieved 0.0265μm by
using 1μm SiC and 0.5μm CeO2 particles. Hence, the CBTP method is becoming a promising
and controllable method to polishing the internal surface of cylindrical workpieces. In
addition, it can also be used for polishing the external surfaces.
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