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ABSTRACT
The non-Newtonian fluid is one type of shear thickening fluid which applied to process the com-
plicated products. In this study, the new method of shear thickening fluid polishing (STFP) was
used to polish the alloy steel SCM435 gears and the principle and performance of polishing pro-
cess were also introduced. In the polishing process, the inclination angle of gears was believed
to be an important parameter that affects the pressure and surface quality at different position on
the tooth surfaces because it determines the contact between the polishing fluid and the tooth
surface of the gear. The influence of the inclination angles on the pressure distribution and char-
acteristics of fluid flow was performed by simulation process. The inclination angles of 0, 4, 8, 12,
16, 20 and 24 degrees were chosen in this study. As a result, the best inclination angle of gears is
about 16 degree in the machining process. The tooth surfaces of gear have been in contact with
the polishing fluid and the produced pressure reaches of 14.88 kPa. In addition, the influence of
polishing speed on pressure were carried out in this study when inclination angle was established
about 16 degree. The produced pressure on tooth surfaces increased with increasing the polishing
speed. The results indicated that the different polishing speed also greatly affects the surface qual-
ity and machining efficiency. Therefore, the suggested machining method can become a suitable
processing method for polishing the complicated products.
Key words: Non-Newtonian fluid, Gear surface, Surface roughness, Inclination angle, Pressre,
Polishing speed

INTRODUCTION
The gears have been widely used in the fields of me-
chanics, industrial machinery, and engines. It is used
for converting the power and speed of the machines.
They can transfer power from small to large, and low
to high speeds. The gear transmitters have a lot of
advantages, such as a stable gear ratio, quiet opera-
tion but not complicated construction, and small size.
Usually, the forming or the generating method were
used to fabricate the gears. In the forming method,
the machining process was carried out with a modu-
lar milling tool that matches with the gear module 1.
Besides, the gears can also be machined by hobs, gear
shaper tools, and rack-type generating tools in the
generating method 2–7.
For improving the machining performance of ma-
chining process, the end-mill was applied to cut the
gears using computer numerically controlled (CNC)
machine. The cutting tools movement were set up
and calculated with Computer Aided-Manufacturing
(CAM) program. Therefore, the machining period of
the gears will be reduced and the productivity will be
increased 8–11.
In order to increase the high load capacity, good
strength and high precision transmission of the gears,

the gear surfaces are often tempered and treated to
achieve the appropriate hardness12–14. However, the
surface quality of the gears has been reduced after the
heat treatment processing15–17. Therefore, the gear
surface after heat treatment processingwill be grinded
to improve the surface quality and the time-life of
the gear. The cutting process was performed simul-
taneously by many abrasive grains with different cut-
ting edges randomly distributed on the surface of the
grinding wheels. As a result, the surface roughness
of the gear was achieved about Ra of 1.0 – 0.2 µm
during grinding process18–20. However, the finished
grinding process of gear surfaces will be faced many
problems due to the complicated shape of the gear.
Consequently, this process requires not only complex
machining trajectory but also high machining condi-
tions. The result is a large machining time and high
cost for the grinding process.
In the working process of gears, the corrosion, fa-
tigue and wear resistance were depend on the surface
roughness of gear. It is an important indicator for
evaluating the quality of tooth surfaces of gear. There-
fore, in this study, the shear thickening fluid polishing
(STFP) method was carried out and used to improve
the surface roughness of gear. The suggested method
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is one type of the non-Newtonian fluids and applied
to polish the complicated shapes. In this method, the
fluid pressure is generated by shear thickening of the
polishing fluid when it is moved on the machining
process21,22. As the results, the surface quality of gear
and efficiency of the machining process were greatly
improved. The machining parameters such as incli-
nation angles and polishing speeds are simulated to
evaluate their influence on pressure distribution and
flow characteristics on the gear surface. According to
the simulation results, the suitable inclination angle
of workpiece and polishing speed values were deter-
mined for increasing the pressure area which gener-
ated on the tooth surface of the gear in polishing pro-
cess.

MODELING OF STFP PROCESS
STFP process
The STFP method is based on the pressure of pol-
ishing fluid that contact with the workpiece surfaces
to remove the material. The behavior of this polish-
ing fluid has the properties as a non-Newtonian flu-
ids. Therefore, the viscosity of the polishing fluid is
changed duringmachining process. This viscositywill
increase with increasing of the shear rate under the
appropriate value of shear rate23.
In recent years, the STFP method has been studied
and applied in the polishing process of complicated
products 24–28. Thismachiningmethod has been used
in various industrial fields including human body ar-
mor29, smart structures, shock absorbing devices 30,
and fine polishing31,32. This indicates that the STFP
offers high advantageous and efficiency in the manu-
facturing process.
The characteristics of machining process of gear
which using the STFP method are presented in Fig-
ure 1. In this process, the polishing slurry consists
of abrasive particles, polymers and dispersants which
distributed in the mixture liquid. The shear thick-
ening area is produced when the relative velocity be-
tween the polishing fluid and workpiece is changed.
The high shear rate can be achieved under suitable
relative velocity conditions. Therefore, it will create
a higher cutting force in the shear thickening area.
At higher shear rate, the particles in the polishing
fluid will contacted together in suspension form. So,
the polishing fluid will be like a cutting tool with
high elasticity and flexibility. The abrasives covered
in polymer particles are considered as a micro-cutters
that creeps and rubs with the gear surface in the pol-
ishing process. As a result, the scratches on the gear
surface are removed by the abrasive particles. The

fluid flow andmaterial removalmechanismof thema-
chining process are found by investigating the rheo-
logical behavior of the STFP.

Figure 1: Characteristics of the STFP process

In the STFP method, a good surface quality is
achieved when the polshing fluid touches and covers
all the workpiece surfaces. In addition, the hydrody-
namic force generated in the machining process must
be reach a sufficiently value. Therefore, the advantage
of the STFP method is that the complicated surfaces
can be polished by a simple processing with high effi-
ciency.

FE simulationmodel

According to the STFPprocess, the finite element (FE)
simulation for gear was modeled as indicated in Fig-
ure 2. From the previous studies, the simulation con-
ditions were selected in accordance with the experi-
mental conditions, which could be applied in future
works. The radius and speed of polishing tank are
300 mm and 1.85 m/s respectively. The gear diame-
ter used in the simulation model is chosen of 81 mm.
During the FE simulation, the initial parameters in-
clude the inlet, the outlet, the polishing tank values,
inclination angle and the gear diameter were set as
presented in Figure 2. The polishing fluid character-
istic is chosen of the non-Newtonian power law with
consistency index of K = 0.62 and viscosity index of n
= 1.5 22. The simulation of fluid flow is established by
using the ANSYS workbench. No slip boundary con-
dition was obligated all the remaining walls and the
pressure value was set to be constant at the outlet.
The simulation model is meshed with a total of 30370
nodes and 154976 elements, as shown in Figure 3.
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Figure 2: The conditions of FE simulation model

Figure 3: Element meshing model

FEA RESULTS ANDDISCUSSIONS

Prediction of pressures with different incli-
nation angles (IA)

In this section, the finite element analysis (FEA) of
pressure distribution on the gear surface during ma-
chining with varying inclination angles (IA) is per-
formed and discussed.
- IA of 0 degree
First, the gear was set to be stationary and perpendic-
ular to the polishing fluid. When the polishing fluid
is moved, the gears would be touch with the abrasives.
As a result, the pressurewas generated on the gear sur-
faces, as presented in Figure 4.
From the FEA results in Figure 4, the generated pres-
sure is only distributed at the front of the gear. The
largest pressure value is 13.91 kPa. However, the gen-
erated pressure on the rear of the gear is quite small.
This shows that the back of the gear is unreachable
with the abrasive particles of the polishing fluid.
The streamline and velocity of the machining fluid
flow were shown in Figure 5.
- IA of 4 degree

Figure4: FEA results ofdistributedpressure area (00)

Figure 5: Streamline and velocity of STFP (00)

The IA of gears was chosen about 40 in this section.
The generated pressure on the tooths were indicated
in Figure 6.

Figure 6: FEA results of distributed pressure area
(40)

From the Figure 6, the generated pressures were still
mainly concentrated in the front of the tooths. The
highest pressure value is 13.95 kPa in this case. Com-
pared with inclination angle of 0 degree, the pressure
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value at the back of the workpieces was greater. This
indicates that the contact area between the workpiece
and the polishing fluid tends to increase with increas-
ing the IA of the workpiece.
The streamline and velocity of the machining fluid
flow were presented in Figure 7.

Figure 7: Streamline and velocity of STFP (40)

- IA of 8 degree
For this section, the IA of gears was set to be 8 degree.
The change of the generated pressure on the work-
piece surfaces was indicated in Figure 8.

Figure 8: FEA results of distributed pressure area
(80)

As shown in Figure 8, the pressure zone was extend
along the surface of the gear with the maximum pres-
sure value of 14.41 kPa. The rear part of the gear sur-
faces weremore touch with the slurry duringmachin-
ing process. As a result, the pressure value at the back
of the tooth was significantly improved.
The streamline and velocity of the machining fluid
flow were demonstrated in Figure 9.
- IA of 12 degree
The IA of the gears was modified to 120 during the
simulation process. The change of the generated pres-
sure on the workpiece surfaces was presented in Fig-
ure 10. The pressure zone was increased on the sur-
face of tooths with the largest pressure value of 14.65

Figure 9: Streamline and velocity of STFP (80)

kPa. The pressure values at the back of the workpiece
surfaces tend to increase steadily. The gear surfaces
weremore touchwith the abrasive slurry and pressure
value was 5.94 kPa.

Figure 10: FEA results of distributed pressure area
(120)

The streamline and velocity of the machining fluid
flow were shown in Figure 11.

Figure 11: Streamline and velocity of STFP (120)

- IA of 16 degree
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For this FE simulation, the IA of gear was set to be
160. The expansion of the generated pressure on the
gear surfaces was shown in Figure 12.

Figure 12: FEA results of distributed pressure area
(160)

From the FEA results, the largest pressure value can be
reduced when the IA of workpiece exceeds the appro-
priate value. The largest pressure at the ahead of the
gear surfaces was 14.88 kPa. The rear area of the gear
surfaces was in full touchwith the abrasives slurry and
the pressure value was still increasing steadily.
The streamline and velocity of the machining fluid
flow were presented in Figure 13.

Figure 13: Streamline and velocity of STFP (160)

- IA of 20 degree
From this section, the IA of gear was changed to 200.
The expansion of the generated pressure on the gear
surfaces was presented in Figure 14.
The expansion of the generated pressure on the gear
surfaces has a small change as compared with FEA re-
sults of IA of 160. The highest pressure value can be
reached about 15.1 kPa. However, the pressure value
in the rear part of workpiece surfaces was decreased.
The streamline and velocity of the machining fluid
flow were illustrated in Figure 15.
- IA of 24 degree

Figure 14: FEA results of distributed pressure area
(200)

Figure 15: Streamline and velocity of STFP (200)

The IA of the gear was changed to 240 in this section.
The generated pressure on the tooth surfaces were in-
dicated in Figure 16.

Figure 16: FEA results of distributed pressure area
(240)

The pressure value on the gear surface was almost un-
changed. The largest pressure can be reached about
15.25 kPa. In addition, the pressure zone at the rear
of the workpiece was similar to that of the IA of 200.
The streamline and velocity of the machining fluid
flow were presented in Figure 17.
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Figure 17: Streamline and velocity of STFP (240)

Figure 18 presents the measuring position on the one
tooth surfaces. The 7 specific points on the tooth sur-
face of the gears were set to be A, B, C, D, E, F and G,
respectively.

Figure18: Themeasuringposition on theone tooth
surfaces

The simulation results of pressure distribution on the
tooth surface in the case of inclination angles includ-
ing 0, 4, 8, 12, 16, 20 and 24 degrees were shown in
Figure 19.

Figure 19: Pressure values at measuring position of
tooth surface

As shown in Figure 19, the generated pressure appears
only on the front of the gear surface when the IA of
workpiece is changed from 0 to 8 degrees. Therefore,

the abrasives slurry will not touch with the full thick-
ness of the gear surface.
In order to improve the surface quality of the work-
piece during polishing process, the IA of the gear
needs to be increased. When the IA was set to be 16
degrees, the generated pressure will be applied on the
entire gear surface. However, the pressure value is al-
most unchangedwhen the IA of workpiece exceeds 16
degree. In addition, the pressure value will be reduce
in the posterior region of the tooth surface. From the
FEA results, the suitable IA of workpieces should be
set to 16 degrees in STFP process.

Prediction of pressures with different pol-
ishing speeds
The generated pressure and the machining efficiency
are dependent on the cutting speed values. For FE
simulation, the polishing speeds were set to be 1.0,
1.25, 1.5, 1.75, 2.0, 2.25, 2.5 and 2.75m/s, respectively.
In addition, the IA of workpieces was chosen of 16 de-
gree in this step. The generated pressure of workpieces
with changing of polishing speed were shown in Fig-
ure 20.
As shown in Figure 20, the generated pressure on
the workpiece surfaces increased with increasing of
polishing speed. When the polishing speed was in-
creased, the hydrodynamic pressure was produced
and transferred to the abrasives. As a result, the ap-
plied force will be improved on the surface of the
workpiece surfaces. Therefore, the surface roughness
and machining efficiency were greatly improved. The
generated pressure on different positions of the gear
surfaces were illustrated in Figure 21.

In the polishing process, the points of A, B and C will
be in more favorable touch with the abrasives slurry
because they are located at the top of the gear. There-
fore, these points have the maximum pressure value.
However, the polishing fluid will be difficult to reach
the points of D, E, F and G due to the gap of the
tooths. As a result, the pressure at these points will
be smaller. In order to increase the polishing fluid
touch with these points which located on the rear of
the workpiece surfaces, the polishing speed must be
reached the appropriate value. The generated pres-
sure at the points of D, E, F and G will be significantly
improved with increasing the polishing speed. When
the polishing speed exceeds the permissible limit, the
polishing liquid will be released out of the polishing
tank due to the influence of centrifugal force. As a re-
sult, the abrasive slurry will be dry out and not touch
with the workpiece surface during polishing process.
Hence, the surface roughness of workpiece will not be
improved.
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Figure 20: The pressure on gear with different pol-
ishing speed

Figure 21: The generated pressure on different po-
sitions of gear.

CONCLUSIONS
In this work, the effects of the inclination angle and
polishing speed on the generated pressure on the
workpiece surfaces are proposed. The pressure dis-
tribution with variable of IA is first analyzed by FEA.
When the IA of workpiece was set to be from0 to 8 de-
grees, the generated pressure appears only on the front
of the gear surfaces. Therefore, the abrasives slurry
will not touch with the full thickness of the gear sur-
face. In order to improve the surface quality of the
workpiece, the IA of the gear should be increased in
machining process. The generated pressurewill be ap-
plied on the entire gear surfaces with IA of 16 degree.
The highest pressure can be reach about 14.88 kPa.
However, the pressure value is almost unchanged and
tends to decrease in the posterior region of the tooth
surface when the IA of workpiece exceeds 16 degree.
The results showed that the best surface roughness of
workpiece can be reach with IA of 160.
Furthermore, the generated pressure on the work-
piece surfaces is greatly improved with increasing the
cutting speed. The abrasive slurry have a greater pres-
sure in the case of the polishing speed reaching the
appropriate value. However, the polishing speed ex-
ceeds the allowable limit, the polishing fluidwill be re-
leased out of the polishing tank due to the influence of
centrifugal force. The results indicated that the abra-
sive slurry will not touch with the workpiece surfaces
during polishing process. Therefore, the surface qual-
ity of workpiece can be decreased.
It is necessary to increase the polishing speed and in-
clination angle for improving the touch area of the
polishing fluid with all positions of workpiece. As a
result, the best surface roughness and machining ef-
ficiency can be reached. This suggests that the STFP
method is a suitable method for polishing the compli-
cated products.
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TÓM TẮT
Chất lỏng phi Newton là một loại chất lỏng biến tính được sử dụng để gia công các chi tiết có hình
dạng phức tạp. Trong nghiên cứu này, phương pháp mới này được áp dụng để gia công bánh
răng bằng thép hợp kim SCM435. Nguyên lý và hiệu quả của phương pháp gia công bằng chất
lỏng phi newton đã được giới thiệu. Trong quá trình mài bóng, góc nghiêng của bánh răng là một
trong những thông số ảnh hưởng lớn đến áp suất và chất lượng bề mặt tại các vị trí khác nhau
trên bề mặt răng. Nó quyết định đến sự tiếp xúc giữa chất lỏng đánh bóng và bề mặt răng của
bánh răng. Ảnh hưởng của góc nghiêng đến quá trình gia công được thực hiện bằng quá trình
mô phỏng. Góc nghiêng của bánh răng như 0, 4, 8, 12, 16, 20 và 24 độ được sử dụng trong quá
trình mô phỏng. Áp suất phấn bố trên bề mặt bánh răng và đặc tính dòng chất lỏng đánh bóng
sẽ được trình bày và phân tích. Kết quả mô phỏng cho thấy góc nghiêng tốt nhất của bánh răng
là khoảng 16 độ trong quá trình gia công. Vùng áp suất được phân phối trên hầu hết bề mặt răng
của bánh răng và giá trị áp suất tối đa đạt được khoảng 14,88 kPa. Ngoài ra, ảnh hưởng của tốc độ
dòng chất lỏng mài bóng đến áp suất phân bố trên bề mặt bánh răng cũng được thực hiện trong
nghiên cứu này khi góc nghiêng được thiết lập là 16 độ. Áp suất tác dụng lên phôi sẽ tăng lên khi
tốc độ mài bóng được tăng lên. Khi tốc độ mài bóng tăng lên, áp suất tác động lên các hạt mài
làm cho nó tác động đến bề mặt phôi. Do đó, chất lượng bề mặt và hiệu quả gia công đạt được
tốt hơn. Theo kết quả mô phỏng, phương pháp gia công này hứa hẹn và khả thi trong việc mài
bóng bánh răng với hình dạng phức tạp.
Từ khoá: Chất lỏng phi Newton, Bề mặt bánh răng, Độ nhám bề mặt, Góc nghiêng, Áp suất, Tốc
độ mài
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