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Skew rolling (SR) is a special metal-forming technique for producing spherical components. In order to analyze the forming
mechanism for bearing steel balls (BSBs), an FE simulation of warm SR was conducted using commercial FEM software
(Deform-3D) to predict the distribution of plastic strain, strain rate, temperature and stress for BSBs with a diameter of �30 mm.
A warm-SR experiment was performed to validate the FE simulation. In this work, SR process parameters were designed to
form BSBs with a diameter of � 30 mm. The experimental results show that warm SR allows the production of spherical BSBs
with a high manufacturing quality. Comparing the experimental and predicted results, we found that the predicted BSBs were
consistent with the experimental BSBs. Based on the experimental investigation and numerical simulation, the BSB formation
mechanism during the warm-SR process was revealed.
Keywords: steel ball bearings, skew rolling, forming simulation, experimental investigation

Tehnolo{ki postopek po{evnega valjanja je posebna tehnika oblikovanja za izdelavo kovinskih komponent krogli~nih oblik. Da
bi analizirali mehanizme oblikovanja jeklenih le`ajnih krogel, so avtorji ~lanka izvajali simulacije po{evnega toplega valjanja na
osnovi metode kon~nih elementov (FEM), s komercialnim programskim orodjem Deform-3D. Tako so lahko napovedali
porazdelitev plasti~nih deformacij, hitrosti deformacije, temperature in napetosti v jeklenih le`ajnih kroglah premera �30 mm.
Zato, da bi ovrednotili FEM-simulacije, so izvedli tudi prakti~ne preizkuse toplega po{evnega valjanja. V tej raziskavi so
dizajnirali procesne parametre izbranega postopka za oblikovanje jeklenih le`ajnih krogel premera �30 mm. Rezultati
eksperimenta so pokazali, da je s toplim po{evnim valjanjem mo`no izdelati visokokvalitetne jeklene le`ajne krogle. Primerjava
rezultatov eksperimenta in rezultatov FEM-simulacij je pokazala njihovo dobro ujemanje. Na osnovi eksperimentov in
FEM simulacij, so avtorji lahko tudi odkrili mehanizme nastajanja jeklenih le`ajnih krogel med po{evnim toplim valjanjem.
Klju~ne besede: jeklene le`ajne krogle, po{evno valjanje, simulacija oblikovanja, eksperimentalna raziskava

1 INTRODUCTION

As one kind of basic parts in the machinery-equip-
ment industry, bearings have been widely used in many
fields, such as mechanical manufacturing, railway
transportation, aerospace and automotive manufacturing,
etc.1 Microcracks are usually formed within an BSB
under the alternating load, which requires high-cycle
fatigue strength. A breakage is the main reason for a
failure of a bearing.2 Therefore, researchers are espe-
cially interested in finding the way of producing high-
performance BSBs.

The performance of BSBs depends on the deforma-
tion process. The traditional manufacturing methods
include cold forging, hot forging, cutting and casting.3

Cold forging is suitable to form BSBs whose diameter is
less than 20 mm. Steel balls whose diameter is larger
than 20 mm are formed with hot forging.4 Cutting and
casting are often adapted to form specially large steel

balls. Traditionally, cold forging and hot forging are
more often selected to form BSBs.

SR is a manufacturing method whose working
principle is shown in Figure 1.5 The SR system includes
the top and bottom plates, a workpiece and two rollers
with a spiral groove. In the feeding direction, the height
and width of the raised edges on both sides of the spiral
groove vary from low and narrow to high and broad. In
addition, the axis of the two rollers intersect each other
vertically to keep the given roller angle. In the process of
SR, two rollers rotate simultaneously in the same
direction. Under the influence of friction and squeezing,
the workpiece rotates against the rotary direction of the
rollers. The local radial compression and axial extension
take place within the workpiece. Such local accumulative
deformation leads to the formation of BSBs within the
spiral groove. One BSB can be formed after one revo-
lution of the two rollers.6 Compared with traditional
forging and casting, the SR technique has significant
advantages, including a high production efficiency,
savings of the materials and energy, low costs, a lower
working load, a long roller life, a good working environ-
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ment, etc.7 SR has thus become an interested SBB-manu-
facturing method for the researchers.

Many publications reported on the steel-ball
formation using SR. Z. Pater8,9 discussed multi-wedge
helical rolling processes for producing steel balls and
predicted the distribution of effective strain, temperature
and effective stress of steel balls with a diameter of 50
mm. S. C. Yang11 developed a mathematical model to
design and manufacture a skew roller for producing steel
balls. Z. Hu.6 carried out a series of SR experiments to
study the formation mechanism for steel balls based on
an experimental investigation and FE simulation. Q. Cao
et al.12 designed the helical groove for producing steel
balls with cold SR and conducted an FE simulation to
predict the forming process, evolution and distribution
laws for strain, stress and damage, using the SIMUFACT
software. However, few researchers focused on the
formation of BSBs with a diameter of �30 mm under the
warm-SR conditions and predicted its distribution of
effective plastic strain, effective strain rate, temperature
and effective stress within the BSBs.

The aim of this work is to apply the SR technique to
form BSBs with a diameter of �30 mm under the
warm-SR conditions and reveal the formation mecha-
nism. Firstly, an FE simulation was carried out to predict

the distribution of effective plastic strain, strain rate,
temperature and effective stress of BSBs. Secondly,
experimental SR was performed to validate the FE
simulation results.

2 ESTABLISHMENT OF THE FE SIMULATION
SYSTEM FOR SKEW ROLLING

The stress-strain relationship of bearing steel 52100
from ref.13 was used in the FE software Deform-3D to
predict the material flow during warm SR. The
established FE model of SR is shown in Figure 2. SR is
a complicated process and it is necessary to simplify the
FE model. The left and righter rollers were set as rigid
bodies. The frication between the rollers and the
workpiece was defined as a shear-friction model. The
workpiece was set as a rigid-plastic body whose material
was assumed to be uniform and isotropic. Table 1 shows
the property of steel 52100.14 The heat conduction and
heat capacity are listed in Table 2.15,16 The heat transfer
coefficient was defined as 40 N/s/mm/°C.17,18

The length and diameter of the round-bar workpiece
were 100 mm and 30 mm, respectively. The initial
rolling temperature of the workpiece was 750 °C. The
temperature of the environment and the roller was 20 °C.
To synthesize the computational efficiency and precision,
100,000 tetrahedron elements were used to mesh the
workpiece. There were a total of 12,000 simulation
steps. The step increment was 0.0001 s. Viewing the
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Figure 2: FE model of warm SR

Figure 1: Working principle of SR5

Table 1: Material property of steel 52100

Elasticity modulus
(GPa)

Poisson’s ratio
Coefficient of

thermal expansion
(1/°C)

Radiation coefficient
(N/s/mm/°C4)

Convection
coefficient

(N/s/mm/°C)

Density
(Kg/m3)

208 0.29 1.1e-05 0.8 0.02 7810

Table 2: Heat conduction and heat capacity of steel 52100

Temperature (°C) 100 200 300 400 500 600 700 800 900 1000
Coefficient of heat conduction (W/(m·°C)) 41 41 39.9 38.1 35.9 33.6 33.6 33.6 33.6 33.6
Heat capacity (J/kg/°C) 371 451 461 496 533 568 611 677 787 787



process from the feed end, the two rollers rotate counter
clockwise at the same speed of 110 min–1.

3 SIMULATION ANALYSIS OF THE BSB
FORMATION DURING WARM SR

The microstructure evolution and metal flow depend
on the effective plastic strain, effective plastic strain rate,
temperature and effective stress. The forming mecha-
nism can be revealed by analyzing the distribution of
effective plastic strain, effective plastic strain rate,
temperature and effective stress. It is necessary to predict
these parameters of bearing steel balls during warm skew
rolling.

3.1 Prediction of the BSB-formation process

Figure 3 shows the formation process of SR. Figure
3a shows that the workpiece is fed into the SR system.
With the squeezing of the roller, the diameter of the
connecting neck of the workpiece is gradually reduced as
shown in Figure 3b. In the process of warm SR, the
workpiece rotates with the two rollers. When the tail
connecting neck of the workpiece is also fed into the SR
system, the closed middle part of the workpiece gets in
touch with the cavity surface of the SR roller. At the
same time, the closed middle part of the workpiece is
subjected to an axial elongation due to the radial com-
pression as shown in Figure 3c. When one roller rotation
is completed, an BSB is formed in the cavity of the roller
as shown in Figure 3d.

3.2 Distribution of the effective plastic strain in an
BSB

Figure 4 shows the distribution of the total effective
plastic strain of an BSB in 1.2 s. Figure 4a shows the
contour of the effective strain distribution. Figure 4b
shows the longitudinal effective strain distribution. It can
be seen from Figure 4 that the maximum effective plas-
tic strain is located in region A, i.e., at both ends of an
BSB. However, the effective plastic strain was the
smallest in region C, i.e., at the center of an BSB. The

effective plastic strain of region B is between region A
and region C. This is because region A is in direct con-
tact with the raised edge and its deformation is serious.
In addition, region B is squeezed by the spiral groove
and deformed. Deformation in region C is due to the
metal flow during SR.

3.3 Distribution of the effective-plastic-strain rate
distribution in an BSB

Figure 5 shows the distribution of the effective-plas-
tic-strain rate of an BSB in 1.2 s. Figure 5a shows the
contour of the effective-plastic-strain distribution. Fig-
ure 5b shows the longitudinal effective-plastic-strain
distribution. It can be seen from Figure 5 that the maxi-
mum effective-plastic-strain rate takes place in regions
A, B and D. On the other hand, the minimum effec-
tive-plastic-strain rate is located in region C. This is
because regions A, B and D are simultaneously in con-
tact with the two rollers, leading to a rapid metal flow
and deformation at any time during SR. The material
flows and it is then transferred to the center of the
workpiece, i.e., in region C.
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Figure 4: Distribution of the total effective plastic strain of an BSB in
1.2 s

Figure 3: Formation process of SR
Figure 5: Distribution of the effective-plastic-strain rate of an BSB in
1.2 s



3.4 Distribution of the temperature in an BSB

Figure 6 shows the distribution of the temperature in
an BSB in 1.2 s. Figure 6a shows the contour of the
temperature distribution. Figure 6b shows the longitu-
dinal temperature distribution. It can be seen that the
temperature value is maximum at two ends of an BSB.
This is due to a larger plastic deformation which leads to
a temperature rise. The temperature reached 1000 °C in
region A. However, the temperature in region B is
lowest, i.e., 800 °C. During SR, region B is directly in
contact with the roller surfaces so that the heat con-
duction between the workpiece and roller leads to a heat
loss in region B. The temperature in region C is lower
than in region A, but higher than in region B. The tem-
perature in region C is 900 °C. Region C is located in the
center of an BSB. Larger deformations and heat conduc-
tion hardly occur in region C.

3.5 Distribution of the effective stress in an BSB

Figure 7 shows the distribution of the effective stress
of an BSB in 1.2 s. Figure 7a shows the contour of the
effective-stress distribution. Figure 7b shows the
longitudinal effective-stress distribution. It can be seen
from Figure 7 that the maximum effective stress distri-

butes in regions A and B, its value reaching 300 MPa. In
region A, its large plastic deformation and high strain
rate result in a high effective stress. Although the plastic
deformation in region B is inferior to that in region A, its
higher plastic-strain rate (Figure 5) and lower tempera-
ture (Figure 6) also cause a high effective stress. It can
be seen from Figures 4 and 5 that the effective plastic
strain and strain rate in region C are lower than those in
regions A and B. In addition, the final temperature of
885 °C is higher than the initial temperature of 750 °C
due to plastic heating. These factors determine the effec-
tive stress, which is minimum, i.e., 120 MPa. Region D
is located in the connecting neck of the next BSB. In
addition, it is strongly affected by the load of the roller
and deformation. Therefore, the effective stress in region
D is also very high.

3.6 Experimental validation for the FE simulation of
skew rolling

The SR experiment was carried out using an SR pro-
duction line. This SR equipment belongs to a horizontal
mill of twin rolls. The axes of the left and righter roller
intersect with the roller angle. Driven by an electric
motor, the two rollers rotate counter clockwise at the
same speed.

It is noteworthy that the initial rolling temperature is
750 °C. Table 3 shows the process parameters of the
single-screw groove for producing BSBs with a diameter
of �30 mm. The helix angle � of the single-screw groove
can be calculated by means of function tan � = S/(�·D�)
(where S is the helical pitch of the screw groove in a
roller and D� is the rotation diameter of the rollers at the
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Figure 6: Distribution of the temperature of an BSB in 1.2 s

Figure 7: Distribution of the effective stress of an BSB in 1.2 s
Figure 8: Comparison of BSB shapes of the predicted and experimen-
tal results

Table 3: Process parameters of the single-screw groove for producing
BSBs with a diameter of �30 mm6

Process parameters Value
Diameter of the roller /mm 200
Roller angle /° 2.5
Rotational speed of the roller /min–1 110
Radius of the V groove /mm 15.6
Radius of the out-feed groove /mm 3.5
Length of the flange /° 1080
Height of the initial flange /mm 2
Width of the initial flange /mm 1.7
Height of the finishing flange /mm 14.6
Width of the finishing flange /mm 5.5



cross point), i.e., the helix angle is 3°. Generally, the
roller angle is lower than the helix angle. For our experi-
ment, the roller angle was defined as 2.5°. The rotational
speed of the roller was 110 min–1.

The warm-SR experiment was conducted through
three steps. In step 1, two rollers were manufactured
according to the above process parameters. The work-
pieces were prepared using a round bar of bearing steel
52100. In step 2, the round bar with a diameter of 30 mm
and length of 100 mm was heated to 800 °C and held at
this temperature for about one hour, then transferred to
the SR production line. The initial rolling temperature
was 750 °C due to the heat loss during the transfer of the
workpieces. In step 3, an SR machine was activated to
form BSBs. The workpiece was fed and rotated with the
two rollers. BSBs with a diameter of 30 mm were
produced using the warm-SR machine.

In order to validate the FE simulation, a comparison
between the predicted and experimental results was
carried out. Figure 8 shows the comparison of the BSB
shapes of the predicted and experimental results. Fur-
thermore, ten different positions from ten BSB speci-
mens were randomly selected to measure the diameters
of the predicted and experimental BSBs. Table 4 shows
the comparison of BSB sizes of the predicted and experi-
mental outcomes. It can be seen from Figure 8 and
Table 4 that the predicted BSB was consistent with the
experimental BSB. Moreover, the difference in the BSB
size between the predicted and experimental results was
less than 5 %. This indicates that the developed FE simu-
lation was capable to accurately predict the formation of
BSBs using SR. In addition, the formation mechanism
for BSBs can be revealed using the developed FE simu-
lation system of warm SR.

Table 4: Comparison of BSB sizes of the predicted and experimental
results

Randomly
selected
diameter

Experimental
value

Predicted
value Error/%

D1 30.96 31.25 0.94
D2 31.07 32.06 3.19
D3 31.29 30.68 1.95
D4 31.18 31.53 1.12
D5 31.24 30.95 0.93
D6 31.15 31.32 0.55
D7 31.20 31.74 1.73
D8 31.12 31.43 1.00
D9 31.14 31.64 1.61

D10 31.16 31.18 0.06

4 CONCLUSIONS

An FE simulation system of SR was established to
predict the formation and distribution of the effective
plastic strain, strain rate, temperature and effective stress
in an BSB during warm SR. The FE-simulation results
show that the total plastic strain was the smallest in the

centre of the BSB. However, the total plastic strain was
maximum at two ends of the BSB due to the squeezing
of the raised edge within the two rollers. The total plastic
strain at the equator of the BSB was lower than that at
the two ends, but larger than in the centre of the BSB.
Additionally, the FE strain-rate distribution shows that
the plastic-strain rate was maximum at two ends and the
equator of the BSB due to a direct contact of the
workpiece and the two rollers. The plastic-strain rate in
the centre of the BSB was minimum because of a lower
rate of the metal flow.

The FE temperature distribution shows that the tem-
perature reached 1000 °C at two ends of the BSB, which
is maximum. This is because a larger plastic deformation
leads to a temperature rise within an BSB. Although
some plastic deformation generated heat at the equator of
the BSB, the heat loss increased with the heat conduction
between the workpiece and the two rollers. Therefore,
the temperature at the equator of the BSB was minimum,
i.e., about 800 °C. The temperature in the centre of the
BSB was 900 °C.

The FE effective-stress distribution shows that the
maximum stress was located at the two ends and the
equator of the BSB, being 300 MPa. The effective stress
in the center of the BSB was minimum, about 120 MPa.
A lower plastic strain, lower strain rate and a higher final
temperature caused a lower deformation resistance in the
center of the BSB.

A series of process parameters were designed to
manufacture the rollers of SR. To validate the FE
simulation, warm SR was conducted under the following
process conditions: the initial temperature of 750 °C,
roller angle of 2.5° and rotational speed of 110 min–1.
After the warm SR, an BSB with a diameter of �30 mm
was produced, using an SR machine.

Comparing the experimental and predicted results for
BSBs, we found that the predicted BSB was consistent
with the experimental BSB. Moreover, the difference in
the BSB size between the predicted and experimental
results was less than 5 %. This indicates that the BSB
formation mechanism can be revealed, using the deve-
loped FE simulation of warm SR.
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