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Abstract

Plastic flow of hollow cylinders under combining axial compression with torsion was
examined in upsetting and in lateral extrusion. The hollow cylinders with initial height/outer
diameter of 0.5-2.5 and initial inner/outer diameter of 0.3—0.9 were compressed/extruded and
simultaneously twisted with respect to the axisymmetric forging axis in one-way or cyclic
alternating. Due to superposition of torsional shear stress, the lateral metal flow was found to
be assisted. Barreling of the workpiece was reduced by approximately 10% in upsetting with
torsion/compression speed of 6 °/mm. The enhancement of the plastic flow in upsetting was
applied to fill up tooth cavity in lateral extrusion. The extruded tooth depth of the workpiece
was approximately 5—7% larger in lateral extrusion with torsion/extrusion speed of 30 °/mm.
In addition, cyclic alternating torsion was effective to extrude evenly in the tooth thickness

direction due to the periodic reversal of die rotation in peripheral direction.
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1. Introduction

For lightweight structural component of vehicles, forming processes of
thin-walled/hollow structures or high-strength materials have strong demands in
manufacturing industries (Kleiner et al., 2003). In forming of hollow components, shape
defects of the components such as barreling, bending and plastic buckling are not acceptable.
These defects are due to nonuniform deformation of workpiece, and mainly caused by the
friction between the die and the workpiece (Osakada and Mori, 1986), inhomogeneity in the
workpiece (Li et al., 2010) or plastic instability. The conventional approaches to reduce
nonuniform deformation of workpiece are the lubrication and the geometry change by
designing process pass chain. In other approaches, Mori et al. (2007) proposed oscillation of
internal pressure to reduce plastic buckling and fracture in pulsating hydroforming of tubes.
Tatematsu et al. (2018) demonstrated to fill a hollow part with oil to expand in radial direction
in compression of ring workpiece.

To eliminate or shorten the post-processes, net or near-net shape forging processes
have also strong demands in manufacturing industries. High forming load and severe plastic
deformation are generally required in net or near-net shape forging processes such as gear
forging. Since the high load tends to deteriorate the shape and dimensional accuracies of the
tooth of gears, not only the reduction in forming pressure but also the control of plastic flow
of workpiece are crucial technical targets. Politis et al. (2018) reviewed methods to reduce
load and to control plastic flow in forging of axisymmetric shapes. In gear forging, Ohga and
Kondo (1982) proposed the divided flow method to control plastic flow under low forming
pressure. Weiss et al. (2018) proposed a preforming method to fill tooth cavity in face gear
forming under low forming pressure. Osakada et al. (1997) proposed a die forging method
with an axially driven die to fill the corners of the die cavity under low forming pressure.

Ando (2015) reported the effects of ram speed control for temperature change of workpiece



on the dimensional accuracy of the tooth of gear in cold forging with a servo press.

One of major approaches to control plastic flow in metal forming processes is the
multi-axial deformation. It is well known that plastic deformation of workpiece is promoted
through the superposition of axial and shear stresses in the theory of plasticity (Bridgman,
1943). Tekkaya et al. (2015) reviewed the applications of stress superposition in metal
forming processes. Practical stress superposition in axisymmetrical forging process is the
combination of axial and peripheral die movements. The multi-axial deformation is easily
realized by combining with torsion with respect to the axisymmetric forging axis.

Some research works concerning plastic flow and microstructure evolution in forging
with torsion were already reported. Especially KOBO type forming process (Bochniak and
Korbel, 2003) is a well-established forging process with torsion. Bochniak et al. (2006)
investigated the microstructure evolution in KOBO type forming of hot gear forging.
Weglarczyk et al. (2008) reported the plastic flow in gear-wheel forging with reversible
rotation die by the finite element simulation. Maciejewski et al. (2008) theoretically predicted
the dead zone and the radial flow in forward extrusion with cyclic torsion by an upper bound
analysis. Korbel et al. (2011) observed the microstructure after forward extrusion with cyclic
torsion. Koprowski et al. (2018) investigated the influence of the oscillation frequency on the
microstructure and mechanical properties in forward extrusion with cyclic torsion.

In forming processes other than KOBO type forming, Kim and Park (2003) proposed
the velocity distribution over workpiece for an upper bound analysis and numerically
predicted the strain distribution for the finite element simulation in the backward extrusion
with torsion. Wang et al. (2017) reported the strain distribution in backward extrusion with
peripheral torsion by the finite element simulation. Since torsion with respect to the
axisymmetric forging axis changes the direction of the plastic flow of the workpiece and

induces plastic strain additionally to the workpiece, large metal flow and grain refinement of



the workpiece were realized in above research works. Furthermore, many of these were
investigated by combination of compression and torsion without changing the shape of the
workpiece, such as high-pressure torsion (HPT) test (Bridgman, 1964) and other test
(Saunders and Nutting, 1984). In recent years, dynamic high-pressure torsion test (Verleysen
and Lanjewar, 2020) and circumferential twisting in equal-channel angular pressing (ECAP)
(Lee et al., 2018) were developed as severe plastic deformation (SPD) processing with torsion.
On the other hand, the deformation change of the workpiece in forging processes with torsion
is not sufficiently understood. It is supposed that the plastic flow in the lateral direction is
assisted by combining axial deformation with torsion because the combined axial and the
peripheral loads increases in the cross-section of the workpiece in forging processes with
torsion.

In order to enhance plastic flow in the lateral direction, in this study, torsion with
respect to the axisymmetric forging axis is simultaneously combined with the axial
deformation in upsetting of hollow cylindrical workpiece. The influence of torsional
oscillation on the barreling of the workpiece is investigated by the experiment and the finite
element analysis. The results of upsetting with torsional oscillation are applied to fill the

workpiece into the tooth cavity in lateral extrusion with gear shape.

2. Theoretical relationships
2.1. Relationship between axial stress and torsion speed

On the assumption of isotropic deformation without work hardening, axial stress in
the z direction (oz) and shear stress with respect to the z-axis (7g) are simultaneously
combined. The relationship between o: and the plastic strain increments in the z direction
(de?) and with respect to the z-axis (defe = dyzpe /2) is given by the Lévy-Mises equations as

follows:
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On the other hand, the Mises yield criterion is described as follows:
Y% =5% =02+ 312 (2)
where Y and ¢ are the uniaxial yield stress and the equivalent stress, respectively. From Eqs.

(1) and (2), the relationship between oz and dy},/del is described as follows:
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Eq. (3) means the axial stress decreases with increasing the shear stress. When the

compression speed in the z direction, torsion speed with respect to the z-axis and radial

distance from the z-axis are given as v, @ and r, respectively, Eq. (3) is described as follows:

2 _ 302
07 = (rw/v)2+3 (4)

Figure 1 shows the relationship between o/ and rw/v in Eq. (4). Here o is the

axial stress in the z direction at @ = 0. In upsetting with torsion, axial load in the z direction is

predicted to decrease with increasing torsion speed with respect to z-axis.
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Fig. 1 Theoretical relationship between fraction of axial stress and torsion/compression speed

in compression of cylindrical material with isotropic deformation without work hardening.



2.2. Theoretical relationship between torque and shear stress

When the hollow cylinder with no hardening was plastically twisted without
changing the height and the shape of the cross-section in the peripheral (6) direction with
respect to z-axis, the average shear stress (7) in r0 cross-section is derived as follows (Nadai,

1950):

4 daT
= Tty (95 + 3T) ()

where T, €, D and d are the torque, torsion angle, outer and inner diameters of cylinder,
respectively. Here the average shear stress is estimated at the center of the wall thickness of
the cylinder. In upsetting of hollow cylindrical workpiece with torsion, the shear stress is

confirmed to be combined by the torque.

3. Experimental conditions
3.1. Workpiece and die materials

JIS A1070 aluminum drawn bars were used as initial materials for upsetting and
lateral extrusion. It was selected according to the maximum capacities of load (100 kN) and
torque (200 N-m) of forging machine (Matsumoto et al., 2017) used in this study. An initial
material was machined to cylindrical shape with Do = 10.0 mm in outer diameter, do = 3.0-9.0
mm (standard condition: 5.0 mm) in inner diameter and ho = 5.0-25.0 mm (standard
condition: 15.0 mm) in height for upsetting. Another initial material was machined to
cylindrical shape with Do = 9.5 mm in outer diameter, do = 3.0 mm in inner diameter and ho =
13.4 mm in height for lateral extrusion. The surface roughness of the hollow cylindrical
workpiece was Ra = 1.0 um on the outer surface, 4.2 um on the inner surface and 0.30-0.50
um on end surfaces.

Dies for the upsetting and the lateral extrusion were made of JIS SKHS51 high-speed



tool steel (63 HRC). The contacting surfaces on the dies to the workpiece were polished to
mirror-like finish (Ra = 0.02-0.03 pm). The upsetting and the lateral extrusion were

conducted without lubrication at room temperature.

3.2. Upsetting

The hollow cylindrical workpiece was placed between two parallel flat platens with
mirror-finished end surface as illustrated in Figure 2. The workpiece was compressed in
height by the upper die at an axial speed of v = 0.1 mm/s. The lower die started to rotate
immediately after axial compression load reached 5 kN (reduction in height Ah/ho = 5%). The
workpiece was twisted with respect to the axisymmetric compression axis in one-way or
cyclic alternating (amplitude a = 5° (/36 rad)) at peripheral speed of or = 0-0.5 rpm (0-0.05
rad/s) by the frictional force between the lower die and the workpiece. The maximum

frequency of cyclic alternating torsion was 0.15 Hz.

Compression (speed: v)

I T
/

Dies

Workpiece

\
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Fig. 2 Schematic illustration of upsetting with torsional oscillation of hollow cylindrical

workpiece with parallel flat platens.

3.3. Lateral extrusion with gear shape
Figure 3 shows the die arrangement and the tooth geometry of the die for lateral

extrusion with gear shape. A regular hexagonal concave with side length of 5.6 mm and a



depth of 3.0 mm was prepared at the center of the tip of the punch. Total of eight grooves with
a tooth thickness of 3.0 mm, a tooth width of 3.0 mm, and a tooth depth of 15.0 mm were
prepared at every 45° in the peripheral direction of the die. The grooves were imitated the
tooth profile of gear, however the grooves were designed enough deep for the workpiece to
fill up the tip of the grooves during extrusion. For prevention of excessive extrusion pressure,
a relief hole with a diameter of 1.0 mm and a depth of 5.0 mm was prepared at the center of
the die. The die and the container were fixed with bolts so that no sliding was allowed
between the die and the container.

The punch was moved down with v = 0.1 mm/s, while the container and die were
rotated with respect to the axisymmetric extrusion axis in one-way or cyclic alternating (a =
5° (/36 rad)) at or = 0.5 rpm (0.05 rad/s). The workpiece was twisted by the engagements
among the extruded workpiece and the concave of the punch and the groove of the rotated die.

Figure 4 shows the deformation behavior of the workpiece in lateral extrusion. The
deformation behavior was predicted by the finite element analysis. In each figure, the left and
right halves show the appearance and sectional view, respectively. The upper end and side
surfaces of the workpiece started to be plastically flown into the concave of the punch and the
grooves of the die at the punch stroke s = 0.7 mm, respectively. Then the concave of the
punch was filled with the workpiece at s = 4.8 mm, and the workpiece was laterally extruded
in inner and outer radial directions into the die. The hole of the workpiece was shrinked near
the bottom at S = 6.7 mm, then the bottom center of the workpiece started to be plastically
flown into the hole with a diameter of 1.0 mm at the bottom of the die.

Based on the predicted deformation behavior of the workpiece, both the container
and the die started to rotate at s = 0.7 mm, and the cumulative rotation angle was set to 180°
(m rad) at S = 6.7 mm in experiment. The aim of the die rotation is to enhance the plastic flow

of the workpiece to the grooves of the die.
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Fig. 3 (a) die arrangement, (b) shape of tooth part of die and (c) end shape of punch for lateral

extrusion with gear shape.

(©)

@ (b)

Fig. 4 Deformation behavior of hollow cylindrical workpiece in lateral extrusion with gear
shape (left half: appearance, right half: section, finite element analysis): (a) axial stroke S =

0.7 mm, (b) s=4.8 mm, (c) S=6.7 mm.

4. Finite element analysis conditions
In parallel with the forging experiments, the finite element analysis was carried out
by using a commercial three-dimensional finite element code, Simufact Forming ver. 15.0

(MSC Software Company). In the analysis, the elastic-plastic finite element method for



deformation and the heat conduction finite element method for temperature change were
applied to calculate the stress, strain, and temperature of the workpiece. Crack initiation and
microstructural change in the workpiece were not considered in the analysis.

In this study, the element type of the workpiece was a hexahedral 8-node element
with 0.35 mm and 0.20 mm on a side in upsetting and lateral extrusion, respectively. When
the element strain was cumulated larger than 0.4, the elements were automatically remeshed
to hexahedral 8-node elements. The workpiece was assumed to be a pure aluminum for
industrial use, while the dies were treated as rigid bodies with isothermal state. The material
properties of the aluminum workpiece were employed from the built-in database of material
properties in Simufact Forming ver. 15.0. The model of the flow stress was isotropic
hardening, and the dependences of temperature and strain rate sensitivity on the flow stress
were also taken into account. The temperature dependences of the Young’s modulus, the
thermal conductivity, and the specific heat were taken into account. The detailed material
properties used for the analysis were shown in our previous research work concerning
upsetting with torsional oscillation (Matsumoto et al., 2017). The Coulomb’s friction law was
adopted because the law was used widely in the finite element analysis of cold forging
process. In addition, the frictional force and the deformation may be influenced by the change
in the forming pressure because the forming pressure was reduced by combining with torsion
in upsetting. On assumption of the Coulomb’s friction law, the coefficient of friction was set u
= 0.1 on the die—workpiece interface. The coefficient of friction was determined to be agreed
with the relationship between the rotation angle of the lower die and the twisted angle of the
workpiece in the experiment (the circle marks plotted in Figure 5(a)) and the finite element
analysis under various coefficients of friction. From our previous research work (Matsumoto
et al., 2017), the heat transfer coefficients on the die—workpiece interface and the free surfaces

of the workpiece were assumed to be 5000 W/(m?-K) and 50 W/(m?-K), respectively.



5. Upsetting of hollow cylinder
5.1. Axial load and torque

Figure 5 shows the experimental results of the rotation angle of the lower die, the
torque and the axial load in upsetting with cr = 0.5 rpm. Here three solid lines are the rotation
angle of the lower die in each torsions, while the dashed line with plotted circle marks are
twisted angle of the workpiece in one-way torsion. The workpiece was peripherally twisted by
means of the peripheral rotation of the lower die because the torque increased immediately
after the die rotation started at Ah/ho = 5%. The torque dropped periodically and momentarily
in cyclic alternating rotation of the lower die because the actual rotation of the workpiece
stopped at the moments of reversal of the die rotation direction. The average shear stress in
upsetting with ar = 0.5 rpm is shown in Figure 6. Here the average shear stress was estimated
by Eq. (5) using the torque in Figure 5(b). The average diameters before and after upsetting
were used. The shear stress is confirmed to be combined by the torque in upsetting with
torsion.

Since the workpiece was peripherally twisted by the frictional force between the die
and the workpiece in upsetting with flat smooth dies as mentioned in Section 3.2, the
peripheral slip may occur on the die—~workpiece interface. The twisted angle of the workpiece
in the one-way torsion was plotted with circle mark in Figure 5(a). Here the twisted angle of
the workpiece was characterized as the peripheral angle between the two lines scribed on the
upper and lower end surfaces of the workpiece. The twisted angle of the workpiece was
approximately one-tenth of the rotation angle of the lower die. The torsion speed (ax)
estimated from the twisted angle and duration was approximately 0.1 rpm (/v = 6 °/mm).

The axial load was reduced by approximately 10% at immediately after the die

rotation started in cyclic alternating rotation in Figure 5(¢). On the other hand, the axial load



was slightly reduced in one-way torsion at Ah/ho < 30% because the torque in one-way torsion
was lower than that in cyclic alternating torsion at Ah/ho < 30%. However, maximum
reduction in the axial load was almost the same in one-way and cyclic alternating torsions.
This may be because peripheral slip on die—workpiece interface in one-way torsion was larger
than that in cyclic alternating torsion at Ah/ho < 30%. The reduction in axial load is due to
superposition of the axial compression and torsion stresses. When the experimental conditions
of upsetting with ax/'v = 6 °/mm was applied to Eq. (4), the value of raw/v was estimated
approximately 25-30°. Here the effective radius (Barraclough et al., 1973) was used as
approximately 0.8r for do/Do = 0.5. Therefore the axial load was theoretically predicted to be
reduced by approximately 5-10% from Figure 1. In addition, the axial load was
experimentally reduced by approximately 7% and 14% with av/v = 6 °/mm and 15 °/mm in
upsetting with grooved dies, respectively (Matsumoto et al., 2017). Hence 10% reduction in

axial load in Figure 5(c) is reasonable for the torsion/axial speed.
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Fig. 5 Experimental results in upsetting of hollow cylinder with @r = 0 and 0.5 rpm; (a)

rotation angle of lower die, (b) torque, (c¢) axial load.
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Fig. 6 Estimated average shear stress in upsetting of hollow cylinder with &r = 0.5 rpm.

5.2. Deformation of workpiece

Figure 7 shows the experimental results of the inner and outer diameters of the
hollow cylinder after upsetting with ar = 0.5 rpm. Compared with the diameters of the
workpiece after upsetting without torsion, the expansions of the diameters at the top and
bottom ends were enhanced by approximately 5% in upsetting with torsion, whereas those at
the height center were suppressed by approximately 10%. As the results, the barreling of the
workpiece decreased by approximately 10% in upsetting with torsion. This is because the
plastic flow of the workpiece increased in the outer lateral direction at the top and bottom
ends by combining with torsion, while the plastic flow in the outer lateral direction at the
height center was smaller than that without torsion so as to satisfy the constant volume of the
workpiece.

Figure 8 shows the experimental results of barreling of the hollow cylinders with ho
= 5.0-20.0 mm in upsetting. Here the subscripts ¢ and e for the diameters identify height
center and end face (top, bottom) of the workpiece, respectively. Some surface scratches on
the inner surface of the workpiece are due to tool marks for the initial workpiece. In upsetting

of the workpieces with ho/Do = 0.5, barreling was small, and the influence of the combination



of torsion and axial deformation on barreling was also small. In upsetting of the workpieces
with 1.0 < ho/Do < 1.5, both dc/de and Dc/De decreased by approximately 10% due to the
combination of torsion and axial deformation. In upsetting of the workpieces with ho/Do = 2.0,
buckling occurred with/without torsion. In above-mentioned experimental results, the
deformation behaviors of the workpiece were the same tendency in one-way and cyclic
alternating torsions. Figure 9 shows the experimental results of barreling of the hollow
cylinders with do = 3.0-9.0 mm in upsetting. Both dc/de and Dc/De decreased by
approximately 10% due to the combination of torsion and axial deformation in upsetting of
the workpieces with do/Do < 0.7, whereas buckling occurred with/without torsion in
upsetting of the workpieces with do/Do = 0.9.

Relationship between the initial shape of the hollow cylinder and the plastic
deformation in upsetting with torsion is plotted in Figure 10. The combination of torsion and

axial deformation could reduce barreling of the workpiece in upsetting with 1.0 < ho/Do <

2.0 and do/Do < 0.7, whereas buckling occurred in upsetting with ho/Do > 2.0 with/without

torsion.
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Fig. 8 Experimental results of barreling of hollow cylinder with Do = 10.0 mm and do = 5.0
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Fig. 9 Experimental results of barreling of hollow cylinder with Do = 10.0 mm and ho = 10.0
mm in upsetting with or = 0 and 0.5 rpm; (a) do = 3.0 mm (do/Do = 0.3), (b) do = 7.0 mm

(do/Do = 0.7), (c¢) do = 9.0 mm (do/Do = 0.9).
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upsetting with torsion (@r = 0.5 rpm, Ah/ho = 30%).

5.3. Discussions by finite element analysis
5.3.1. Mechanism of enhancement of plastic flow in lateral direction

Since the workpiece in 19 cross-section is deformed in the peripheral direction as
well as the lateral direction by combining with torsion during upsetting, the induced strain
increases. Figure 11 shows the finite element analysis results of the radial velocity and the
equivalent strain in the rz section of the hollow cylinder in upsetting with one-way torsion.
The radial velocity of the workpiece in upsetting with torsion was overall faster than that in
upsetting without torsion. The velocity difference between the inner corners of the top and
bottom ends and the outer of the height center was slightly small in upsetting with torsion.
The increase of the radial velocity led to enhance the plastic flow in the outer lateral direction,
while the decrease of the velocity difference led to larger plastic flow at the bottom and top
ends than that at the height center. As the results, the strain increased at the inner corners of
the top and bottom ends by combining with torsion, so that the strain concentration decreased.

On the other hand, strain concentrated at the outer corners of the top and bottom ends and the



inner surface of the height center in upsetting without torsion.

From above analysis results as well as the experimental results described in Section
5.2, the combination of torsion and axial deformation reduces barreling of the workpiece by
the increase of the radial velocity of the workpiece, the decreasing of the velocity difference

at the inner corners of the top and bottom ends and the decrease of the strain concentration.
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Fig. 11 Finite element analysis results of distributions of equivalent strain and radial velocity
in rz section (right half) of hollow cylinder in upsetting (Ah/ho = 50%); (al) radial velocity in
no torsion, (a2) radial velocity in one-way torsion with ar = 0.5 rpm, (bl) equivalent strain in

no torsion, (b2) equivalent strain in one-way torsion with ar = 0.5 rpm.

5.3.2. Equivalent effect in friction reduction

One of conventional approaches to reduce barreling of the hollow cylinder in
upsetting is the friction reduction on the die—workpiece interface as mentioned in Section 1.
Combination of torsion and axial deformation is a different approach to reduce barreling,
however the friction on the die—workpiece interface is required for twist the workpiece by the
frictional force. Correlation among the friction on the die-workpiece interface, torsion and
barreling is investigated. Figure 12 shows the finite element analysis results of barreling of
the hollow cylinder in upsetting. Here one-way torsion was considered because the maximum

reduction in the axial load and the deformation behaviors of the workpiece were the same



tendency in one-way and cyclic alternating torsions as mentioned in Sections 5.1 and 5.2. The
workpiece was not twisted under 4 = 0 due to the peripheral slip on the die—workpiece
interface. The workpiece was twisted under ¢ > 0.5 without slipping on the die—workpiece
interface, however barreling was almost the same with/without torsion because the top and
bottom ends of the workpiece were sticked on the die surface. Although both dc/de and Dc/De
increased with increasing coefficient of friction with/without torsion, these with torsion were
lower than those without torsion. For example, Dc/De was almost the same in upsetting with
torsion under 4 = 0.3 and upsetting without torsion under ¢ = 0.03 in Figure 12. This
indicates that barreling with torsion under x# = 0.3 is nominally equivalent with barreling
without torsion under = 0.03 in upsetting of the hollow cylinder.

From above analysis results, from a viewpoint of reduction of barreling in upsetting,
the combination of torsion and axial deformation is nominally equivalent to reduce the

friction on the die—workpiece interface.

d./d. D./D,
—O——@— No torsion
—{——#— One—way torsion

1.7 d./d.
(no torsion,
16 / Exp.)
1 d./d
15 (one-way
> torsion,
= 14 / Exp.)
E D./D
s 13 . (no torsion,
Exp.)
1.2 DD,
11 . (one—way
) torsion,
1.0 Exp.)

00 01 02 03 04 05 06
Coefficient of friction

Fig. 12 Finite element analysis results of barreling of hollow cylinder in upsetting with aor = 0

and 0.5 rpm under various coefficients of friction (Ah/ho = 50%).



6. Validity in lateral extrusion with gear shape
6.1 Axial load and torque

Figure 13 shows the photographs of the appearance of the extruded workpiece in
lateral extrusion. The distinguished difference of the appearance of (a)—(c) was not seen. The
deformation behavior was similar with the behavior predicted by the finite element analysis
shown in Figure 4(c). Figure 14 shows the experimental results of the torque and the axial
load in lateral extrusion with ar = 0.5 rpm. As predicted in Section 3.3, the workpiece started
to be twisted by means of the engagements among the extruded workpiece and the grooves of
the punch and rotated die because the torque increased immediately after the die rotation
started at S = 0.7 mm. Since the peripheral slips on the punch—workpiece and die-workpiece
interfaces did not occur in torsion by the engagement, the workpiece was indicated to be
twisted with the die rotation speed (ar = ax). Same with upsetting of hollow cylinder in
Section 5.1, the torque dropped periodically and momentarily in cyclic alternating torsion
because the rotation of the workpiece stopped at the moments of reversal of the die rotation
direction. The torque in cyclic alternating torsion was almost the half of the one-way torsion
at s < 5.0 mm, however the axial load was almost the same in one-way and cyclic alternating
torsions, and the axial load was reduced by maximum 25% in one-way and cyclic alternating
torsions in Figure 14(b). The difference of the torque was mainly caused by the difference of
the contact length of the side part of the tooth between the die and the extruded workpiece
especially at s < 5.0 mm (see Section 6.2). On the other hand, the axially compressed part of
the workpiece was twisted almost the same in one-way and cyclic alternating torsions.

From the behaviors of the axial load and torque, the superposition of the axial

compression and torsion stresses occurred in lateral extrusion.
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Fig. 13 Photographs of extruded workpiece in lateral extrusion with s = 6.7 mm; (a) no torsion,

(b) one-way torsion, (c) cyclic alternating torsion.
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Fig. 14 Experimental results in lateral extrusion with @r = 0 and 0.5 rpm; (a) torque, (b) axial

load.

6.2. Deformation of workpiece

Figure 15 shows the experimental and finite element analysis results of the inner
diameter of the workpiece at the bottom end in lateral extrusion. The outer surface of the
workpiece started to be extruded to the tooth cavity at S = 4.8 mm, while the inner surface of
the workpiece started to be shrinked. The shrinkage of the inner surface of the workpiece was
reduced by approximately 35% in the inner diameter at S = 5.0 mm by combining with torsion

due to increase of plastic flow of the workpiece in the outer lateral direction.



The experimental results of the shape of the extruded workpiece at tooth part in
lateral extrusion with s = 5.0 mm and 6.7 mm are shown in Figures 16 and 17, respectively.
The extruded tooth thickness was thinner than the tooth thickness of the die in extrusion
with/without torsion. The tooth depth at the center of the tooth thickness direction was
approximately 5% and 7% larger extruded at S = 5.0 mm and 6.7 mm in extrusion with torsion,
respectively. The 10 cross-sectional area of the extruded tooth profile increased by
approximately 5% and 25% in extrusion with one-way and cyclic alternating torsions,
respectively. Plastic flow of the workpiece was enhanced on the rear side surface of die
rotation direction in extrusion with one-way torsion, while the workpiece was extruded evenly
in the tooth thickness direction in extrusion with cyclic alternating torsion.

Figure 18 shows the finite element analysis results of the deformation behavior of
workpiece in 10 cross-section during one rotation cycle of the die in lateral extrusion with
cyclic alternating torsion. The side surface of the extruded tooth part did not contact on the
side surface of the tooth of the die in extrusion without torsion because the extruded tooth
thickness was thinner than the tooth thickness of the die as mentioned in Figures 16 and 17.
On the other hand, the side surface of the extruded tooth part contacted on the side surface of
the tooth of the die at the rear side of die rotation direction in extrusion with torsion. Due to
this, the frictional force was generated on the contact in the tooth depth direction. The side
surface of the extruded tooth part slid on the side surface of the tooth of the die in the tooth
depth direction by the die rotation. As the result, plastic flow of the workpiece was enhanced
on the rear side surface of die rotation direction. Due to the periodic reversal of die rotation
direction, the side surface of the extruded tooth part contacted on the side surface of the tooth
of the die was changed periodically. The workpiece was extruded evenly in the tooth
thickness direction in extrusion with cyclic alternating torsion.

From above results, the die rotation during lateral extrusion with hollow cylinder is



effective to extrude in the outer lateral direction. In addition, the workpiece is extruded evenly

in the tooth thickness direction in lateral extrusion with cyclic alternating die rotation.
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Fig. 15 Experimental and finite element analysis results of inner diameter of workpiece at

bottom in lateral extrusion.
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6.3. Strain distribution and Vickers hardness

To investigate the change in the hardness of the workpiece by the plastic deformation
during lateral extrusion, a JIS C1100 copper drawn bar was used as workpiece in this section
due to high work hardening characteristics as a following model of the flow stress:

o=4838% [MPa] (6)
where o is flow stress (MPa) and ¢ is true strain. Figure 19 shows the finite element analysis
results of the equivalent strain of the workpiece at the extruded tooth part. The value and
distribution of the equivalent strain are not directly compared in extrusion with/without
torsion because the extruded shape of the tooth part is different. However the distribution of
the equivalent strain was obviously different. Approximately 2—5 times larger strain was
induced to the workpiece at the side of the tooth part in extrusion with torsion, whereas the
induced strain at the inner part of the tooth part was almost the same with that of the
workpiece extruded without torsion.

The Vickers hardness of the copper workpiece after lateral extrusion is shown in
Figure 20. Here the hardness was the average value of two-time measurements under an
indentation load of 2 N. Compared with the initial workpiece (75 HVO0.2), the workpiece was
hardened higher than 1.5 times by extrusion with/without torsion. In the workpiece extruded
with torsion, the hardness additionally increased near the side surface of the tooth part by
approximately 15%.

The amount of strain induced in the lateral extrusion is estimated from the
measurement results of the Vickers hardness. Since recrystallization does not occur in cold
forming of C1100 copper, the increase in hardness is due to the increase in dislocation density.

Relationship between Vickers hardness and flow stress is known as follows:

== [MPa] (7)

where ois flow stress (MPa), H is Vickers hardness (HV) and C (= 3.0) is constant. Using the



Egs. (6) and (7), the strain induced at the side of the tooth part was calculated from Figure 20.
The strain was estimated approximately 1.1 and 0.6 in extrusion with/without torsion,
respectively. It is denoted that approximately two times larger strain was induced to the
workpiece at the side of the tooth part in extrusion with torsion. This agrees with the finite
element analysis results of the strain shown as Figure 19.

From above results, the combination of torsion and axial deformation is effective to
enhance the strength of the extruded part especially at the side of the tooth part by introducing

large strain.
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Fig. 19 Finite element analysis results of distribution of equivalent strain in r0 cross-section of
C1100 copper workpiece at extruded tooth part in lateral extrusion (S = 5.2 mm); (a) no

torsion, (b) cyclic alternating torsion.
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Fig. 20 Experimental results of Vickers hardness of C1100 copper workpiece at extruded
tooth part in lateral extrusion (S = 5.2 mm, initial hardness: 75 HV0.2); (a) no torsion, (b)

cyclic alternating torsion.



7. Conclusions

In this study, the plastic flow of hollow cylindrical workpiece in upsetting and in
lateral extrusion with torsional oscillation was investigated by the experiment and the finite
element analysis. The workpiece was compressed axially or extruded laterally between the
upper and lower dies. Simultaneously, the workpiece was twisted with the frictional force by
rotating the lower die with respect to the axisymmetric axis. The following conclusions were
obtained.

(1) Due to superposition of the axial compression and torsion stresses, the axial load was
reduced by approximately 10% and 25% in upsetting with twist/compression speed of
6 °/mm and lateral extrusion with twist/compression speed of 30 °/mm, respectively.

(2) In the upsetting of the workpiece with 1.0 < initial height/outer diameter < 2.0 and initial
inner/outer diameter < 0.7, barreling of the workpiece was reduced by approximately
10% under a twist/compression speed of 6 °/mm. This is because the plastic flow of the
workpiece increased in the outer lateral direction at the top and bottom ends by combining
with torsion, while the plastic flow in the outer lateral direction was small at the height
center. Concerning the reduction in barreling of the workpiece, the combination of torsion
and axial deformation was nominally equivalent to reduce the friction on the die—
workpiece interface.

(3) In the lateral extrusion, the workpiece was twisted by means of the engagements among
the extruded workpiece and the grooves of the punch and rotated die. The tooth depth at
the center of the tooth thickness direction was approximately 5-7% larger extruded with
twist/compression speed of 30 °/mm. The workpiece was extruded evenly in the tooth
thickness direction in extrusion with cyclic alternating torsion due to the periodic reversal

of die rotation direction.



(4) In the lateral extrusion, the hardness of the JIS C1100 copper workpiece extruded with
twist/compression speed of 30 °/mm was approximately 15% higher than the workpiece
extruded without torsion near the side surface of the tooth part. This is because larger

strain was additionally induced by combining with torsion during extrusion.
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