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Abstract A combined cold extrusion process is experimentally visualized to manufacture
a drive shaft. Due to the requirements of a face width of about 92.00 mm for the spur gear sec-
tion and a groove depth of roughly 22.70 mm for the internal spline region, a preform is adopted
to prevent excessive accumulation of plastic deformation. AISI 1035 medium carbon steel ma-
terial is spheroidized and annealed to use as the initial billet workpiece. In order to verify the
deformed configuration and the dimensional accuracy, both shoulder angles of (9;, 6,) are se-
lected to be (30°, 30°) and (45°, 45°) on each extrusion die for the preform forging and the
combined extrusion. Using the prepared tool components, experimental investigations on the
dimensional relevancy of the cold forged drive shaft are performed. When the shoulder angle
set of (30°, 30°) is applied, the required dimensions with respect to the face width and the
groove depth are sufficiently satisfied, but unpredictable forging defects are observed. With the
shoulder angles of (45°, 45°), the drive shaft is well deformed and fabricated without any cold
forging defects. As a result, it is confirmed that the drive shaft can successfully be actualized
with the dimensional precision satisfied by the combined cold extrusion.

1. Introduction

As one of various metal components used in industrial hydraulic pumps, a drive shaft plays
an important function in transmitting rotation power from a prime mover to an inner actuator [1,
2]. The drive shaft has an externally distinctive outline wherein an internal spline structure and a
spur gear geometry are conjoined together into a single mechanical-structural part [3, 4]. The
internal spline is mechanically connected to the shaft member of the prime mover, so the rota-
tion power generated by the prime mover is directly conveyed to the drive shaft, and the trans-
ferred rotation power is simultaneously passed to the actuator of the pump through the spur
gear on the drive shaft. The drive shaft used for the mechanical-structural metal member within
the pumps must be guaranteed to have a precise gear shape, high wear resistance and dura-
bility, and high structural stiffness against torque [5]. In order to satisfy these requirements,
inherent defects such as voids and micro-cracks, and residual stress, should be eliminated or
minimized [6]. Accordingly, as an admissible production technology to manufacture the drive
shaft, the metal forging process is recommended for wider usage beyond material removal and
machining.

Due to the facts that the internal spline has a deep groove with an irregular hexadecagonal
cross-section, and that the spur gear has a sixteen-tooth profile, and both of the geometries are
merged into the drive shaft, it has proven difficult to produce this metal component through a
single forging operation. When the initial billet is directly extruded to the final shape, a series of
forging defects due to damage accumulation caused by excessive plastic deformation can
appear. It is therefore logical to adopt an intermediate workpiece as a preform, and to apply a
combined extrusion [7-9].

Regarding the prior approaches related to the drive shaft production, the two-stage cold
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Fig. 1. Schematic views of process flow and detail dimensions for cold forging of drive shaft with shoulder angles of 45° and 45° for 6, and 6 (unit : mm).

forging operation consisting of the forward extrusion and the
forward-backward one was proposed through a study on the
appropriate design methodology of the preform and the initial
billet, as well as the forging process [1]. As the other, FEM-
based numerical simulations and the parametric evaluations to
determine the proper extrusion angle combination on each die
for the forward extrusion to produce the preform and for the
combined one to manufacture the drive shaft were performed.
The results indicated that the appropriate angles are 6; of 45°
on the extrusion die for the preform, and 6, of 45° on that for
the combined extrusion [2]. These numerically simulated and
predicted results which obtained from the precedent parametric
studies for the combined extrusion must be experimentally
verified to confirm their validity.

Experimental investigations and evaluations were proceeded
on the shoulder angle combination sets of (30°, 30°) and (45°,
45°) for (64, 6,). As a cold drawn round bar, AISI 1035 medium
carbon steel was chosen to use as the workpiece, and it was
spheroidized and annealed to improve the mechanical proper-
ties and the forgeability. The experimental verifications on the
dimensional relevancy of the cold forged drive shaft were car-
ried out by using the prepared tool components. When the

shoulder angle set of (30°, 30°) was applied as a control case,
the required dimensions with respect to the face width and the
groove depth were sufficiently satisfied, but unpredictable forg-
ing defects were observed. By contrast, with the shoulder an-
gles of (45°, 45°), the drive shaft was well deformed and fabri-
cated without any cold forging defects. Resultantly, it was con-
firmed that the drive shaft can successfully be actualized with
the desired dimensional precision by the combined cold extru-
sion.

2. Cold forging process for drive shaft
2.1 Combined cold forging process

The drive shaft that requires a total length of over 164.00 mm
can be divided into three regions such as the internal spline
region, the spur gear section, and the lower shaft area as
shown in Fig. 1. Regarding the geometric features, the internal
spline has an outer diameter of nearly 51.60 mm and the
groove depth of about 22.70 mm on the irregular hexadecago-
nal cross-section. Also, the spur gear section has a face width
of roughly 92.00 mm on the top land of the sixteen-tooth profile,
and a whole depth of each tooth of 5.90 mm, and a root diame-
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ter of nearly 37.10 mm. Meanwhile, the lower shaft has a
length of about 33.50 mm and an outer diameter of roughly
36.70 mm.

In producing the drive shaft with three-dimensionally compli-
cated shape, the preform forging and the combined extrusion
are adopted. In detail, the initial billet with a height of
121.00 mm and a diameter of 50.00 mm is forwardly forged
until the extruded length reaches about 35.00 mm, then the
preform is obtained. And the combined cold extrusion, which a
backward forging to shape the internal spline and a forward
operation to realize the spur gear were combined into a single
process, is performed.

As the forward and the combined cold extrusions are con-
ducted successively and the whole length of the extruded
workpiece is quite long, the billet material should ensure the
forgeability and the ductility. Further, because the drive shaft is
a torque-carrying member that conveys rotational power from a
prime mover to an inner actuator within the industrial hydraulic
pumps, it must provide high endurance characteristics, high
corrosion and wear resistances, and high mechanical strength
and structural stiffness against the torque. In an attempt to
satisfy the required properties, AISI 1035 medium carbon steel
was chosen as the raw workpiece material. The chemical
compositions of the AISI 1035 carbon steel material are sum-
marized in Table 1.

2.2 Mechanical properties of AISI 1035

It is common that the cold drawn carbon steel materials
mostly have irregular and uneven microstructures, so it is im-
proper to directly use any of them as the initial billet material for
the cold forging operations. For this reason, the raw material
was generally heat treated in order to more regularly re-
arrange the microstructures and to improve the mechanical
properties through a spheroidizing heat treatment [10]. Thus,
the spheroidizing and annealing was achieved through the
temperature-time flow as presented in Fig. 2(a), and the micro-
structures are presented in Figs. 2(b) and (c). Then, the aver-
age grain sizes of the raw and the spheroidizing-annealed
workpieces were measured to be about 8.84 ym and
9.36 um , and it was revealed that the microstructure after the
heat treatment was well spheroidized as shown in Fig. 2(c).

Moreover, based on the standard specification for tensile
testing of metallic materials (ASTM E8/E8M), uni-axial tensile
tests were performed using the AISI 1035 specimens before
and after the spheroidizing and annealing, and the measured
mechanical properties are summarized in Table 2. When the
initial billet was forward extruded to the preform, a series of the
residual stresses are tended to inherently remain in the de-
formed workpiece. Also, if the residual stresses are accumu-
lated by the following forging operations, critical defects affect-
ing the durability and mechanical-structural performance of the
final product can occur, so it is necessary to relieve the residual
stresses. As one of the adequate methods to relieve the inher-
ent residual stress without change of the microstructures and

Table 1. Chemical compositions of AISI 1035 medium carbon steel [wt%].

Elements C Mn Si P S Fe
0.350 | 0.800 | 0.275 | 0.003 | 0.005 Bal.

As received

Table 2. Mechanical properties of AISI 1035 workpiece material [1, 2].

. . Measured values by uni-axial tensile tests
Properties Unit
Raw Spheroidizing+annealing
Young's modulus | GPa 196 196
Yield strength MPa 410 350
Ultimate strength | MPa 755 643
Poisson’s ratio - 0.29 0.29
Average grain size | um 8.84 9.36
1000°C (a)
T 800C 765+10°C
e 695+10°C
g
‘E 600°C /
95_‘ Furnace-cooling
f;: 400°C P
< e Air-cooling
20°C
0 4 8 12 16 20 24 28 32 36

Spheroidizing-annealing time [Hour]

Fig. 2. Microstructures of AISI 1035 medium carbon steel: (a) temperature-
time history for spheroidizing-annealing; (b) microstructures of raw work-
piece; (c) microstructures of spheroidized-annealed material.
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Fig. 3. Forging punch and forward extrusion die assembly for preform
fabrication: (a) tool structure and its assembly; (b) fabricated forging punch
and die assembly.

mechanical properties, a low temperature annealing is strongly
recommended. Therefore, the low temperature annealing was
considered here in order to relieve the residual stress within the
forward extruded workpiece.

3. Tool design and fabrication
3.1 Forging tools for forward extrusion

Regarding the cold forging process, it is known that the tool
components must be prepared with the same configurations in
accordance with the results derived from the process design. In
this study, the cold forging punch and the forward extrusion die
assembly were considered for the preform fabrication with the
detailed dimensions in Fig. 1. Here, the forward extrusion die
assembly consisted of the three sub-structures of the upper
and the middle, and the lower dies. In particular, because the
middle die has the responsibility of realizing the preform, the
shoulder angle of 45° was directly applied as the incline angle
on the extrusion (middle) die. Based on the design results of
the preform presented in Fig. 1, along with the tool structures
as illustrated in Fig. 3(a), the tool components were fabricated
using the high strength tool steel material of AISI D2 (SKD11),
the hardness (HgC) of which was controlled in the range of
58.0 to 60.0 by the quenching and the tempering operations
[11, 12]. As this AISI D2 tool material has a tensile yield
strength of about 1200 MPa and a compressive limit of nearly
2200 MPa, it was chosen with the belief that this tool material
could sufficiently endure the effective stress of nearly 1000
MPa predicted from the prior numerical simulation as well as
the forging load of about 250 Tory [2]. Fig. 3(b) shows the fabri-

(a) | . Punch

_Preform

Upper
~ Die

Middle
~" Die

—— Product

_Lower
~ Die

(b) Hexadecagonal Deep
Grooving Punch

Middle Die

Lower Die

Fig. 4. Forging punch and combined extrusion die assembly for drive shaft
manufacturing: (a) tool structure and its assembly; (b) fabricated forging
punch and die assembly.

cated tool components such as the cold forging punch and the
forward extrusion die assembly for actualizing the preform
using the spheroidized-annealed AlSI 1035 round billet.

3.2 Forging tools for combined extrusion

Based on the cross-sectional layout of the internal spline with
a groove depth of 22.70 mm, the detailed shape of the forging
punch and the die assembly was designed as shown in Fig.
4(a). The die geometries can also be visualized using the tooth
profile and the shoulder angle in Fig. 1. According to these
considerations, the forging punch for realizing the irregular
hexadecagonal deep groove and the die assembly for featuring
the sixteen-tooth spur gear geometries were fabricated as illus-
trated in Fig. 4(b).

Here, the extrusion die assembly was regarded to be com-
posed of three sub-structures, which were similar to those for
the preform forging. The forging tool components were manu-
factured using the high strength tool steel material of AISI D2
(SKD11) for the forging punch, as well as the upper and lower
dies. Due to the fact that the tooth profile of the spur gear is
actually formed and extruded on the extrusion (middle) die,
high-level compressive stress is loaded on the middle die,
which may lead to the abrasion problem of the die material. To
address this, a cemented carbide alloy (D60) material with the
tensile yield strength of about 3600 MPa and the compressive
limit of over 5000 MPa was used to fabricate the extrusion
(middle) die, then the macro hardness (HgC) was controlled in
the range of 60.0 to 62.0 [11, 12]. Fig. 4(b) depicts the pre-
pared tool components for the combined cold extrusion.
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4. Experimental investigations

With the results derived from the prior parametric investiga-
tion on the tool geometry for fabricating the drive shaft [2],
when the shoulder angles of (6;, 8,) were set to be (45°, 45°), it
was shown that the drive shaft could be well visualized by the
combined cold extrusion. However, it was necessary to check
whether or not the excessive sinking and the defect of the tooth
shape have actually occurring. As a representative comparison
target in the geometric parameters, the shoulder angle set of
(30°, 30°) was selected to demonstrate the suitability in terms
of the selection of the applicable process parameter. For the
preliminary experiments, the extrusion (middle) dies to fabri-
cate the preform and the drive shaft were separately prepared
with each shoulder angle of 30° and then the forward and the
combined operations were progressively tested. In all experi-
mental investigations, a phosphophyllite coating on the outer
surfaces of AISI 1035 initial billet with a diameter of 50.00 mm
and a height of 121.00 mm was applied to ensure a low-level
frictional resistance on the contact interfaces between the
workpiece and the cold forging tools [5].

4.1 Preliminary experiment

The preliminary prototyped drive shaft is presented in Fig. 5,
where it can be seen that the internal spline part was back-
wardly well forged, and that the spur gear part was forwardly
shaped. However, a series of the cold forging defects were
observed around the shoulder region where the spur gear part
and the internal spline section meet, and excessive sinking
also occurred on the center area of the internal spline part. This
sinking phenomenon had already been predicted [2], but the
cold forging defects leading to the unevenly agglomerated
workpiece material was not foreseen. The local agglomeration
was attributed to the fact that small amounts of the squeezed
materials converged upon the shoulder area when the preform
was extruded by the combined cold forging. The other issue
was attributed to the inadequate shoulder angle on the extru-
sion die, because the internal spline and the spur gear geome-
tries were well shaped. Consequently, it was demonstrated that
the results of the preliminary experiment on the shoulder an-
gles of (30° 30°) were consistent with those of the prior ap-
proaches [1, 2].

4.2 Forward extrusion for preform

Based on the evidence obtained from the preliminary ex-
periment, the numerically predicted results as summarized in
the prior study were verified [2], and it was also confirmed that
the shoulder angle set of (6, = 45°, 6, = 45°) leads to the appli-
cable geometric parameters for realizing the required configu-
rations and dimensions as outlined in Fig. 1. Accordingly, the
shoulder angle of 45° was adopted on the extrusion (middle)
die to produce the preform, and the spheroidized and annealed
round billet with a diameter of 50.0 mm and a length of

Fig. 5. Preliminary fabricated drive shaft with cold forging defects.

121.0 mm was used for the initial workpiece. The forging press
with the capacity of 600 Ton; was used to fabricate the preform
through the forward extrusion process. Fig. 6(a) depicts that
the preform fabricated through the forward cold extrusion, and
it appears to have been externally well featured. Regarding the
detailed dimensions of the forward extruded preform, it had the
outer diameters of about 51.02 mm for the upper head part, of
nearly 50.64 mm for the middle shaft one, of roughly 36.71 mm
for the lower shaft, and the total length was approximately
135.41 mm. The measured values matched the specifications
of the preform described in Fig. 1, very well.

4.3 Combined extrusion for drive shaft

During the combined (forward-backward) cold extrusion op-
eration, in order to avoid excessive accumulation of the inher-
ent residual stress within the preform, the low temperature
annealing was first pursued for 3 hours at 700 °C +10 °C and
about 30 hours at room temperature of about 20 °C. The pre-
form which was relieved the residual stress was then applied to
the combined extrusion experiments. The cold forging tool set
illustrated in Fig. 4(b) was directly accepted for prototyping the
drive shaft. As the tooth profile of the spur gear is formed and
forwardly protruded on the extrusion (middle) die, at the same
time, that the irregular hexadecagonal deep groove is back-
wardly extruded, the slope angle (6,) of the extrusion (middle)
die was determined to be 45°, and this angle was adopted to
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Fig. 6. Cold forged prototypes (unit : mm): (a) preform by forward extrusion; (b) drive shaft by combined extrusion.

the fabrication of the extrusion (middle) die for manufacturing the
drive shaft. The cold forging press with a capacity of 600 Tony
was used for the combined cold extrusion experiments.

Using the preform that the residual stress was relieved by
the low-temperature annealing, as well as the prepared tool
components, the combined cold extrusion experiments were
carried out, and Fig. 6(b) presents the deformed drive shaft.
Regarding the simply and manually measured dimensions, the
outer diameter of the internal spline part was nearly 51.62 mm,
that of the lower shaft was roughly 36.65 mm, the face width of
the spur gear was approximately 92.36 mm, and the extruded
length of the lower shaft was about 34.07 mm. Even when
considering the error range associated with the easily meas-
ured dimensions by a vernier caliper, it was revealed that the
obtained values satisfied the specifications of the drive shaft
shown in Fig. 1.

5. Results and discussions

For evaluating the dimensional compatibility, the preform in
Fig. 6(a) and the drive shaft in Fig. 6(b) were fully captured
using an optical 3D scanner with feature and surface noise
vibration under 10 um . Fig. 7(a) shows the 3D scanned fea-
ture of the preform, and Fig. 7(b) presents the fully captured
shape of the drive shaft. In Fig. 7(b), it can be seen that a se-
ries of optical scanning noises were locally detected around the
bottom land on the spur gear and the grooved corner in the
upper head part. This scanning noise was attributed to the
interference of the irradiated light source that occurs due to the
relatively narrow and deep features compared to the overall

shape of the drive shaft. Despite these facts, the 3D captured
configurations of the cold forged preform and the cold extruded
drive shaft were regarded to be accurate with the consideration
that the dimensional variation derived from the scanning noise
may be not severe. The 3D scanned images were used to
compare the dimensional relevance with the designed shapes.
For evaluating the geometric compatibility of the prototyped
preform and the fabricated drive shaft, an image processing
software (Geomagic Qualify) was used for figuring out the rela-
tively geometric variation between the comparable objects.

5.1 Dimensional accuracy of preform

Fig. 8 illustrates the compared results in accordance with the
one-sixteenth model of the preform. In detail, Fig. 8(a) indicates
the result of the comparative investigation with regard to the
dimensional variation between the designed target preform and
the 3D scanned feature, while Fig. 8(b) shows that between the
captured feature and the numerically predicted configuration.
Here, the numerically simulated feature of the preform was
sourced from the prior obtained results on the parametric study
related to this combined extrusion [1, 2]. Overall, it was ob-
served that the dimensional differences were sufficiently small
and fell within the error range of -0.25 mm to 0.25 mm.

By contrast, the distinctive deformation behavior was clearly
observed around the extruded end of the lower shaft. It can be
described that the workpiece at the center region of the lower
shaft was relatively more extruded than that around the exter-
nal part, which was attributed to the frictional characteristics
between the die surfaces and the workpiece. For this reason,
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Fig. 7. (a) 3D scanned preform; (b) fully captured drive shaft.

the experimentally fabricated preform by the cold forward ex-
trusion was more protruded with approximately 3.75 mm
around the end region and with roughly 3.55 mm at the end
part than the designed target geometry on the center area of
the lower shaft, as presented in Fig. 8(a).

When comparing the fully scanned image with the preform
configuration predicted by the prior parametric investigations
[2], despite the similarity of the deformation behavior due to the
variation of the relative extrusion velocity induced by the differ-
ence in frictional behavior at each region, it was revealed that
the dimensional error in the variation range of -0.20 mm to
1.15 mm was slightly decreased roughly 2.50 mm as shown in
Fig. 8(b).

5.2 Dimensional relevancy of drive shaft

The dimensional error of the drive shaft actualized through
the combined cold extrusion experiment was compared with
the designed target shape as illustrated in Fig. 9. Overall, it
was evaluated that the variations were small and consistent
with the error range of -0.25 mm to 0.25 mm. In Fig. 9, the
shape errors induced from the scanning noise were campily

H
' Scanned |
1 Designed B Layout!

H

1 Layout
H

"\ Scanned!
{osimuated 00

i Layout

____________ Agq
1s50g4 0000000 80, TG
1.00
0.50
\
/

Fig. 8. Comparison results on dimensional error among 3D captured image
and designed shape and numerically predicted geometry of preform (unit:
mm): (a) 3D scanned image vs. designed shape; (b) 3D scanned image vs.
numerically predicted geometry [2].

Fig. 9. Comparison results on dimensional variation among 3D captured
image and designed shape and numerically predicted geometry of drive
shaft (unit.: mm): (a) 3D scanned image vs. designed shape; (b) 3D
scanned image vs. numerically predicted geometry [2].

presented. Aside from the sections being affected by the scan-
ning noise, the dimensional suitability of the drive shaft was
investigated. Regarding the locally distributed difference con-
tour shown in Fig. 9(a), a sinking depth of about -2.00 mm in
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Fig. 10. Cross-sectional dimensions of drive shaft fabricated through combined cold extrusion (unit : mm).

the upper head region (that is, at the deep grooved bottom
area) of the experimentally prototyped drive shaft was ob-
served. Further, the shape error of roughly -1.04 mm at the end
tip region of the lower shaft was observed, but that around the
tooth end of the spur gear was distributed as a small value in
the range of -0.42 mm to 0.38 mm.

In addition, Fig. 9(b) displays the distribution of the dimen-
sional error between the 3D scanned image and the simulated
drive shaft. Here, the numerically simulated feature of the pre-
form was sourced from the result obtained from a previous
parametric study related to this combined extrusion [2]. The
error at the hexadecagonal deep grooved bottom section was
gauged to be in the range of 0.64 mm to 1.13 mm, while that
on the end of the lower shaft was estimated with the limits of
-0.98 mm to 1.06 mm, and that around the extrusion end of the
spur gear was measured with the scope of about 1.58 mm.
Remarkably, it was shown that the dimensional variation con-
tours in Fig. 9 differed only slightly from the required values as
the vertical distance.

Due to the fact that the image processing software presents
the relative distance between the comparative objects, these
error distributions can be explained. In order to ensure the
geometric relevance of the cold forged drive shaft, the dimen-
sions of the main features were measured using a digital
vernier caliper with a resolution of 10 #m . As shown in Fig. 10,
the drive shaft was cut into four pieces with three cross-
sectional planes denoted as C, D, and E. In the cross-section
C at the internal spline region, the width of the deep groove
was measured as 22.02 mm, while the outer diameter was
51.62 mm. The root diameter of the spur gear geometry in the

cross-section D was gauged at 37.10 mm, while the tooth
height was 5.66 mm. In addition, the outer diameter of the
lower shaft was investigated with the value of 36.65 mm as
displayed in the cross-section E.

5.3 Metal flow of cold forged drive shaft

During the combined cold extrusion, it is important that the
metal flow lines (or the grain flow lines) in the drive shaft form
in the proper direction, because the forward and the backward
extrusions are simultaneously operated. In order to visualize
the metal flow lines and ensure the adequacy of the sequential
cold forging processes proposed in this study, the drive shaft
manufactured through the combined cold extrusion was cut
along the longitudinal direction. Then the corrosion tests on the
cross-section of the longitudinally cut specimen were per-
formed. On the whole, it was noticed that the metal flow lines
were well distributed as shown in Fig. 11.

In particular, the metal flows around the upper head region
(Sec. 1) that the workpiece extrudes in opposite (forward and
backward) directions were observed to be suitably formed
without the discontinuity and the overlap, as well as around the
end (Sec. 3) of the forwardly extruded tooth of the spur gear.
Especially, it was verified that the metal flow lines in Sec. 2
(that is, the sinking area predicted in the numerical simulations
and observed in the experimental investigations) were ap-
peared symmetrically without any broken. Based on these
metal flow lines, it was ensured that the drive shaft can be suc-
cessfully fabricated through the combined cold extrusion proc-
€ss.
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Fig. 11. Metal flow of cold forged drive shaft.

6. Conclusions

In this study, the combined cold extrusion for fabricating a
drive shaft used for the industrial hydraulic pumps was experi-
mentally investigated. The external layout of the drive shaft had
a distinct configuration of the lower shaft and the sixteen-tooth
spur gear, as well as the irregularly deep grooved internal
spline. AISI 1035 medium carbon steel material was first
spheroidized and annealed to improve and re-arrange the mi-
crostructures. In addition, the preform by the forward extrusion
operation was re-annealed using the low temperature anneal-
ing for eliminating the residual stress induced from the forward
extrusion. Then, the combined cold extrusion process was
experimentally realized. The fabricated preform and the pro-
duced drive shaft were fully scanned using an optical 3D scan-
ner, so that the captured features could be compared with the
demanded geometries. The results achieved through the ex-
perimental verifications can be summarized as follows;

(1) In order to investigate the microstructure and the grain
size of the AISI 1035 billet workpiece, the spheroidizing and
annealing was pursued for 4 hours at 765 °C £10 °C and for 8
hours at 695 °C +10 °C, then the microstructures were ob-
served to be well spheroidized and the initial grain size of about
8.84 um was slightly increased to nearly 9.36 um .

(2) The spheroidized and annealed AISI 1035 initial round
billet was forwardly extruded to realize the preform. The low-
temperature annealing for 3 hours at 700 °C £10 °C and 30
hours at room temperature of about 20 °C was carried out for
eliminating the potentially inherent residual stresses in the cold
forged preform, and the re-annealed preform was applied to
the drive shaft production by the combined cold extrusion op-
eration.

(3) When the shoulder angle set of (30°, 30°) as a control
case was adopted, the cold forging defects induced from the
unevenly agglomerate workpiece materials around the shoul-
der area of the cold forged drive shaft were observed. However,
when the combination of (45°, 45°) was applied, these defects
did not occur.

(4) A series of comparative evaluations on the dimensional
accuracy on the cold forged preform and the cold extruded
drive shaft without any cold forging defects were performed,
and the results verified that these dimensional variations were
each well within the permissible error ranges.

(5) Resultantly, it was confirmed that the drive shaft with the
spur gear and the internal spline geometries can be actually
realized through the preform forging and the combined cold
extrusion with the dimensional compatibility.
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