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Abstract In this study, a multi-stage warm forging process for
making bearing rings is numerically and experimentally inves-
tigated. The aim of the study is to determine the crucial station
of the finishing forging process such that the tool wear is
prolonged and tool fracture should be minimized. In addition,
in order to ensure the appropriateness of the suggested modifi-
cation, a 3-dimensional finite element simulation on each se-
quence is performed and carefully compared with experimental
investigations. Numerical simulation results indicate that the
redesigned upper punch geometry, radius (R2) of the finishing
forging process, demonstrate drastically different deformation
rates (the effective strain/effective stress distribution) and mate-
rial flow patterns, as compared with chamfer (C2) counterpart.
Accuracy of the numerical models has been verified by com-
paring with experimental measurements. In addition, the nu-
merically and experimentally validated process includes the
detailed tooling design and dimension variation, which are of
great importance in maintaining the overall structural integrity
of the forging die/punch and thus, the stability of the whole
process. Concerning on the waste ratio comparison, the
method-used steel rods are as rawmaterials, and the IR/OR ring
form is given by hot/warm forging and sequential cold rolling
processes, and the waste ratio decreases to ~9 %. Finally, it is
shown that the multi-stage warm forging process in this study

could be successfully applied to the high-quantity production
(10,000 pieces/h) of the IR/OR of the deep groove ball bearing
with the stability and structural integrity of the whole process.
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1 Introduction

Bearings are routinely utilized in the various sectors of industry,
including automobile, general electrical machinery, railway, air-
craft, precision machinery, domestic appliances, and others. In
particular, rolling bearings are the most widely used key com-
ponents [1]. In terms of anatomically illustrated sense, rolling
bearings are primarily composed of inner and outer rings, a set
of rolling elements, securely guided in a cage and protected
(sometimes hermetically) by polymeric or metallic shields [2].

In terms of production methods for rolling bearings, seam-
less tubes and steel rods are mainly used as the raw materials.
However, seamless tubes are a huge negative factor econom-
ically, while the turning operations of the steel rod will inev-
itably result in the waste ratio decreases down to 9 %. The
most economical way to manufacture the key components is
via the metal forming process (warm forging and cold rolling
processes), and the material yield can be as high as
91~93.5 %. Furthermore, forging process is also comparative-
ly advantageous in the aspects of productivity and material
grain flow of the workpiece. In addition, complex shapes
can be consistently forged, at relatively fast lead time and
low production cost [3–6]. Therefore, precision hot/warm
forging and cold rolling processes play an important role in
the bearing production [7]. Regarding product accuracy, a
mass producible forged part with complicated dimensions
can be mass produced and additional machining is typically
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needed to satisfy the close tolerance of products [8–10]. In
particular, warm/hot forging processes are favorable in the
reduced forging load and diminished processing time [11, 12].

Several recent applications of precision forging were previ-
ously reported in the literature such as the outer ring of CV
(constant velocity) joints with structurally forged six inner ball
grooves [13]. Multi-stage warm forging and the multi-stage
cold forging were successfully implemented [14]. Another ex-
ample of cold forged parts is the sleeve cam of automobile start
motor [15]. In order to forge big and complicated shape com-
ponents with excellent mechanical attribute, isothermal forming
was widely applied in aerospace industry [16]. On the various
materials used in the industry, magnesium alloy AZ31B forging
process of spur bevel gear was successfully carried out. [17].

Numerical simulations using a commercial software is capa-
ble of accurately predicting stress, temperature distributions,
and forces during the metal forming process [18]. For example,
the process design and the tool design were also carried out by a
3-dimensional finite element simulation and the key is to ensure
the appropriateness of the deformation behavior [19].
Furthermore, different types of forging defect and modeling of
micro-extrusion can also be performed on a commercially

available software [20]. Concerning forging process for the ball
bearing, however, there are very few literatures exist. One of the
few literatures can be directly related to the forging process of
deep groove ball bearing which investigated the various pre-
form geometry on the final filling via the two-dimensional finite
element method [21]. However, the scenarios routinely encoun-
tered in actual forging process such as geometry of punch de-
sign and related forging defects as well as flowlines still
remained as a tedious experience-accumulated learning process.

In this paper, the precision forging process using SUJ2 steel
billet material of the biggest bearing company in Taiwan with
production capacity of 10,000 ring sets/h is analyzed. The focus
will be the numerically and experimentally validated detailed
tooling design and dimension variation, particularly for structural
integrity of the forging die/punch. In addition, the originality of
this work is primarily focused on the comparison between punch
geometry of cambered and radius designs (C2 vs. R2), as vali-
dated numerically and experimentally. Furthermore, an analysis
of the main types of damage on worn dies and failed parts were
also identified. Designmodifications and experimental validation
are performed to increase in-service tooling life (primarily punch)
and compared favorably with previous literatures [10, 22].

Fig. 1 Production stages of
finishing forging and tooling
details of finish forging stage in
warm forging process. a The
actual photos of multi-stage warm
forging and b tooling details of
finish forging stage
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2 Manufacturing process for finishing forging

2.1 Traditional multi-stage warm forging

The deep groove ball bearing functions as torque transmitting
device between an automotive engine and the driven wheel.
The schematic of deep groove ball bearing is composed of
several structural parts, such as the outer ring (OR), inner ring
(IR), the rubber seal, ball, and the ball cage. In particular, the
interface characteristics and surface integrity between the ball
bearing/groove is of great importance to ensure the proper
torque carrying capability. The multi-stage warm forging pro-
cess is widely used to produce the OR and IR mainly due to
the advantage of the fast cycle time and durable tooling oper-
ations. This translates into the difference in the design of
finishing forging, i.e., one with ladder shape configuration as
comparedwith pancake one before finishing forging, piercing,
and separation of IR/OR parts. Concerning on the waste ratio
comparison, the typical method-used steel rods are as raw
material, and the IR/OR ring form is given by hot/warm forg-
ing and cold rolling processes, and the waste ratio decreases
down to 9 %.

2.2 Multi-stage warm forging

In the multi-stage warm forging, the billet material is the
starting workpiece and sequentially forged with the compres-
sive deformation by the press operation. Figure 1a displayed
the bearing production of all manufacturing steps, includes
sheared billet, one preforming stage by upsetting operation,

one fully closed die forging step at the finishing forging
operation, and followed by two sequential piercing steps to
remove and separate OR, IR, and waste. In the process of
billet to upsetting stage, the forging temperature is set up to
1150 °C, which translates to upsetting ratio ∈ϵp = 0.53 and
degree of upsetting φp = 0.75 (theoretically calculated as

upsetting ratio εp ¼ h0−h1
h0

and degree of upsetting φp ¼ lnh1h0
can be expressed as h0 which is the length before upset
forging, h1 in the length after upset). In particular, due to the
combined effect of intense flooding of lubricating fluid and
enhanced convective/conductive heat transfer between the
tooling, the finishing forging process after the first stage upset
forging will be significantly reduced to the warm forming
range of ~950 °C, which is a critical step such that oxide scale
will be minimized while the tool wear will be enhanced. Both
aspects will be investigated in detail in later sections.

The detailed tooling of finishing forging in bearing was pre-
sented in Fig.1b for the multi-stage warm forging process. The
tooling construction is composed of the upper punch, front die,
back die, ejector pin, and knock out pin. The warm forging
tooling materials require the heat-resistant capability such as
tooling steels of SKD61, SKH9 and SKH51/55/57. In particular,
the upper punch experiences the highest forging load and tem-
perature; therefore, the tooling wear is a significant function of

Fig. 2 a Optical photos of forged
finishing forgings by multi-stage
warm forging process (left) and
cross-sectional view (right). b
Forged detail dimensions for
finishing forging. Units: mm

Table 1 Chemical Composition (wt%)

C Mn Si Cr S P

0.95~1.10 Less than
0.5

0.15~0.35 1.3~1.6 Less than
0.025

Less than
0.025
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cooling water by water hole. Similarly, the ejector pin also
shows thermal fatigue crack on the circumferential radius (initial
designed as a sharp angle ~0 degree and incrementally worn out
to radius ~3 mm before the replacement, after 10,000 opera-
tions) due to continuous forging operations. Ten thousand
tooling life for the finishing forging is considered to be superior
to the counterpart, and the main reason is attributed to the novel
setup of knock out pin. Knock out pin was purposely designed
to reduce the forging temperature by implementing numerous
circumferential cooling passages with total numbers of 54 holes
with the diameter of 2 mm.

3 Ball bearing forging process: mechanical
properties and finite element model

3.1 Mechanical properties

Optical photos of forged finishing forgings by multi-stage
warm forging process (left) and cross-sectional view (right),
as shown in Fig. 2a. In the traditional multi-stage warm forg-
ing process for obtaining the outer ring (OR) and inner ring
(IR) of the deep groove ball bearing, commonly, the forging
sequence consists of six operations, which includes cutting,
upsetting, closed die forging, piercing (OR and IR, separately
and respectively), and disposal of waste. The heating of billets
requires an operation temperature of about 1150 °C initially,

cutting to the specified dimension and moved to the upsetting
operation through the transfer mechanism, and the finishing
forging temperature was measured of about 950 °C. Piercing
and separation of IR/OR were also executed on the same
equipment. All the cutting and forging processes were per-
formed on the commercially available hot former equipment
(Sakamura BP-350, composed mainly of four-die stations).
The crucial specification and the layout for the finishing forg-
ing are shown in Fig. 2b. It is showing that the most critical
dimensions of finishing forging, presumably contain the IR
diameter (B, C)/height (E) (24.3~35.1/15.4~20.2 mm) and
OR diameter (A, D)/height (F) (35.6~46.5/16.2–20.5 mm).
In this design, the waste has only required a minimum size
(<9 % of initial billet in weight). Comparative investigations
on the finishing forging configurations were systematically
performed, and the optimally available and applicable multi-
stage warm process was suggested in this study.

The physical properties of SUJ2 steel are listed in the fol-
lowing Table 1.

The present billet material used in this study was bearing
steel SUJ2, which is routinely applied to motors, ceiling fans,
and application of roller bearing in a locomotive. The chem-
ical composition in percentage by mass of SUJ2 steel material
contains the following alloy elements: 0.95 to 1.10 % of car-
bon; 0.5 % or less of manganese; 0.15 to 0.35% of silicon; 1.3
to 1.6 % of chromium; 0.025 % or less of sulfur, and less than
0.025 % of phosphorus, as summarized in Table 1.

Fig. 3 Schematic view of
forming and simulated models for
a chamfer design and b radius
design
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3.2 Finite element model

In order to numerically simulate the process feasibility to con-
currently obtain the OR and IR of the deep groove ball bearing
under the multi-stage warm forging condition, the crucial
stage of “optimal” configurations of finishing forging design
was proposed and analyzed. The validity of the plastic defor-
mation at an elevated temperature of this suggested process
was numerically evaluated using the commercial finite ele-
ment software, DEFORM 2D/3D simulation. The platform
was an ASUS X550V workstation running the Windows 8
Ultimate x64 system. In addition, experimental investigations
were also carried out for each operation and compared with
the simulated results to further ensure the applicability and
feasibility of the proposed design.

Figure 3 shows the schematic view of forming and simulated
model for configurations of (1) chamfer (C2) and (2) radius
(R2). The multi-stage warm forging process can be divided into
the following steps. Initially, the punch locates at its upper limit
position and the workpiece is placed on the top of the die.
Secondly, the punch is pushed downward to plastically deform
the workpiece. The experimental and simulated results were
presented in juxtaposition. The simulated material flow can be
indicated by the velocity arrow and for the configuration of (1)
chamfer (C2) and (2) radius (R2) which show drastically dif-
ferent material flow. In particular for the case of chamfer (C2),
the colliding flow was predicted and the thermal lapping was
formed. The experimental validation of this defect will be pre-
sented in Fig. 7d. On the other hand, radius (R2) will improve
the material flow and the defect can be minimized.

Fig. 4 Punch design of chamfer 2
(C2). The various simulated
forging results. a Warm forging
procedure for finish forging, b the
effective strain distribution of
forging process, c the effective
stress distribution of forging
process, and d the materials flow
distribution of valve forging
process. Red and blue arrows in
the inset indicate the downward
and upward material flows,
respectively. The strong colliding
flows as simulated and consistent
with the experimental folding
defect
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4 Finite element simulations of finishing forging

4.1 Effect of punch design on corner chamfer 2 (C2)/radius
2 (R2)

In terms of finish forging simulation, the deformation charac-
teristics of stress/strain at previous deformation operation are
sequentially transferred to the finishing forging stage without
any heat treatment. The whole finish forging simulation cycle
and relevant deformation status at three punch strokes are
presented in Fig. 4a. The starting billet is initially heated up
to ~1150 °C; the finishing forging dimensions have to be
carefully calculated by considering the coefficient of thermal
expansions and associated volumetric change of the billet. At
0 % punch stroke, the upper punch moves downward in direct
contact with initial billet. At 75 % punch stroke, the deformed
billet is completely bounded with the inner diameter of the
front/back dies and corner filling will be essential at this stage.
As shown in Fig. 4a at 100 % punch stroke, final forged
product is compressed up to the specified final height as de-
termined via the incompressibility condition (volume constan-
cy). In particular, the corner radius of upper outside diameter
(OD) is fully deformed to the desired radius of 1.5 mm or less.
Whereas the other corner radius such as lower inside diameter

(ID)/OD is completely filled to almost sharp radius (<1 mm)
due to the special tooling design (splitting of dies to prevent
stress concentration).

Figure 4b, c shows the effective strain/effective stress dis-
tribution of the finishing forging process for the case of C2
punch design. At the early forging stage, the deformation
mainly occurs at the contact area of the top and bottom dies.
As the upper punch progressively moves downward, the max-
imum deformation strain occurs at the inner contact surfaces
of the forging. When deformation process is completed, the
effective strain of the finishing forging can reach above 1.95
over almost 60 % coverage, whereas the maximum strain
reaches approximately 4, as indicated Fig. 7b. The region of
maximum effective strain can be observed at the inner wall of
the IR section, indicating the highest deformation. Conversely,
the effective stress of the finishing forging can simulate to
reach above 120 Mpa, whereas the maximum strain reaches
approximately 240 Mpa.

Figure 4d shows the material flow distribution of the forg-
ing process for the design of C2. In the early stages of forging
process, the material flow starts from primarily the axial metal
resistance and progressively transforming into radial flow pat-
tern, minimizing the flow resistance. Subsequently, as the
height of the billet decreases, diameter and surface area of

Fig. 5 Punch design of radius 2
(R2). The various simulated
forging results. a The effective
strain distribution of forging
process, b the effective stress
distribution of forging process,
and c the material flow
distribution of valve forging
process. The colliding material is
highly alleviated
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the forging expand rapidly to completely fill the die cavity, as
resulted in the higher die resistance. It was shown that the
colliding flow was numerically predicted as indicated at the
inset, and thermal lapping will be formed. The actual forging
experiment also confirmed the defect, as shown in zoom-up
inset.

Similarly, the various forging stages of punch design of
radius 2 (R2) are also simulated and the evolution of effective
strain/stress is shown in Fig. 5a, b. Again, four sequential
stages were simulated and corresponded in the loaded to the
case of C2 design. At the final stage (t = 1.61 s), when forging

is completed, the effective strain of the finishing forging is
comparable to C2 design, whereas the maximum strain
reaches approximately 3.8. Similar case can be found on the
effected stress distribution. The most remarkable difference
between chamfer (C2) and radius (R2) lies on the material
flow pattern. Figure 5c shows the materials flow distribution
of the forging process about R2. In contrary to chamfer (C2)
design, the radius (R2) design shows a much smooth flow
pattern with significantly less colliding flow, as indicated in
the velocity arrow. Thus, the improved material flow of R2
design can minimize the defect such as thermal lapping.

Fig. 6 Distribution of damage on
finishing forging. a Chamfer 2 of
finishing forging and b radius 2 of
finishing forging

Fig. 7 Experimental and
simulated results for chamfer 2
(C2) finishing forging. a The
experimental results, and the blue
circle is the sem image of the
crack of the finishing forging; b
the FEM results of metal flow
lines. The center line is indicated
in the figure. c The selected
region of the grain size
distribution after forging, point 1
(the average grain size of
7.35 μm), point 2 (the average
grain size of 5.30 μm), and point
3 (the average grain size of
7.22 μm)
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Furthermore, the absolute critical damage is analyzed for
the geometry of finishing forging of C2/R2 design, respective-
ly. Figure 6a, b shows the distribution of damage on finishing
forging of C2/R2 design of finishing forging. It is clearly
simulated that C2 design in the inner ring beared higher dam-
age concentration than the R2 design, as indicated by the red
ellipse. Incidentally, the region of maximum damage coin-
cides with the effective strain at the inner wall of the IR sec-
tion, which is in agreement with the highest deformation and
experimentally observed forging defect.

4.2 Results and discussion of forging results

The flow line pattern of finishing forging is further analyzed
by wire electrical discharge machining (EDM) cutting along
the center axis. Microstructure observation is performed by
etching 0.7 % picric acid with 99.3 % alcohol solution.

Etching time was conducted at room temperature (25 °C)
for 15–20 s and rinsed with water and drying step. Figure 7
shows the experimental and simulated results for chamfer 2
(C2) finishing forging.

The flow line graph of the cross section in Fig. 7a demon-
strates that the inner ring has a severe crack oriented at 45°
with the inner wall, which is unacceptable and needs to be
modified, and the blue circle is the sem image of the crack
of the finishing forging. A scanning electron microscope
(SEM) electron image of finishing forging is investigated from
the region of lapping defect, and a long slender crack can be
clearly observed on the SEM image as demonstrated. The
working distance of 20 mm was chosen for reasonable irradi-
ation of the detector by the secondary electrons. The specimen
defect of finishing forging was observed, and the width of
edge crack was measured about 490 μm and the length of
crack ~1.76 mm. The frequency of this defect is about 33 %
for the C2 design, and the possible reason is primarily attrib-
uted to poor material flow and resulted in excessive effective
stress/strain. Therefore, the design of radius 2 (R2) is
attempted to smooth out the material flow pattern and mini-
mize the lapping defect. On the other hand, as indicated in
Fig. 7b, the distorted flow lines can be identified on the inset.
Figure 7c shows the metallographic microstructure for the
cross section of the chamfer 2 (C2) finishing forging with

Fig. 8 Experimental and
simulated results for radius 2 (R2)
finishing forging. a The
experimental results, b the FEM
results of metal flow line, and c
metallographic microstructure of
the specimen after forging. Point
1 (the average grain size of
7.50 μm), point 2 (the average
grain size of 5.93 μm), and point
3 (the average grain size of
7.65 μm)
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grain size distribution after forging, point 1 (the average grain
size ~7.35 μm), point 2 (the average grain size ~5.30 μm), and
point 3 (the average grain size ~7.22 μm). This result illus-
trates that the grain size varies modestly from 5.30 to 7.35μm,
mainly due to the effective strain experienced during the
forming process.

In comparison, Fig. 8a, b shows the comparison for the
design of radius 2 (R2) finishing forging. The graph demon-
strates that the flow line of the finishing forging is improved
significantly and no defect occurred. The simulated flow line
is comparatively undistorted and uniform, as compared to the
counterpart of C2 design.

Figure 8c also shows the metallographic microstructure of
the specimen after forging, point 1 (the average grain size of
7.50 μm), point 2 (the average grain size of 5.93 μm), and
point 3 (the average grain size of 7.65 μm). Basically, the
grain size distribution is rather similar for both designs of
C2/R2, indicating the negligently small impact for radius/
chamfer design. However, the flow line of R2 design is ame-
liorated by maintaining uninterrupted material flow at the crit-
ical region, which guarantees defect-free product with contin-
uous grain flow and higher mechanical properties of this forg-
ing. Similarly, three points were selected/ to observe the mi-
crostructure, with particular focus on the evolution of grain
size (Fig. 8c). In general, the average grain size of R2 is more
uniform than the C2 counterpart, mainly attributed to the con-
tinuously maintained flow line.

5 Conclusion

In this study, the multi-stage warm forging process for
obtaining the finishing forging of the IR/OR deep groove ball
bearing was analyzed, numerically and experimentally. The
numerical verifications is performed by using finite element
program, DEFORM 3D™. A series of experimental investi-
gations were also successfully performed, primarily the criti-
cal region of interest on the punch at the finishing forging
stage. In summary, the following results can be concluded:

(1) The bearing of the finishing forging process was simu-
lated based on the rigid plastic finite element of bearing
material SUJ2. In the process of billet to upsetting, the
forging temperature is initially set up to 1150 °C, which
translates to upsetting ratio ϵp = 0.53 and degree of up-
setting φp = 0.75. In particular, the temperature of
finishing forging process after the first stage upset forg-
ing will be significantly reduced to the warm forming
range of ~950 °C, which is a critical step such that oxide
scale will be minimized while the tool wear will be
aggravated.

(2) For the designs of chamfer (C2) and radius (R2) of the
finishing forging punch, the effective strain/effective

stress distribution demonstrates drastically different de-
formation rate and material flow pattern. The R2 design
shows a significantly smooth flow pattern with relatively
less colliding flow, as indicated in the velocity arrow than
the C2 counterpart. Thus, the improved material flow of
R2 design can minimize the defect such as thermal
lapping.

(3) The experimentally obtained average grain size of R2
design is comparatively uniform than the C2 counterpart,
i.e., C2: 5.30~7.35 μm and R2: 5.93~7.65 μm. In gen-
eral, the average grain size of R2 is more uniform than
the C2 counterpart, mainly attributed to the continuously
maintained flow line. However, the grain size distribu-
tion is rather similar such that the negligently small effect
for radius/chamfer design can be concluded. However,
the flow line of R2 design is ameliorated by maintaining
uninterrupted material flow at the critical region.

(4) In terms of the material yield for the analyzed IR/OR
forging parts, the multi-stage warm forging process
could significantly reduce the material waste ~9 % of
the initial weight. The saving is significant since the pre-
cision forging process using SUJ2 steel billet material
belongs to the biggest bearing company in Taiwan with
a production capacity of 10,000 ring sets/h. The numer-
ically and experimentally validated process includes the
detailed tooling design, and dimension variation is of
great importance in maintaining the overall structural
integrity of the forging die/punch and thus, the stability
of the whole process.
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