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Abstract:

Experiments were conducted on pipe diameter reduc-
tion of automotive exhaust parts, such as catalytic con-
verters and sub-mufflers by spinning process with ferritic
stainless steels. Effects of several forming factors on the
geometrical property and defects of the parts are clari-
fied. The computer aided engineering (CAE) simulation
model for spinning was also developed. Calculated
results were in good agreement with actual spinning
formed specimens not only in thickness distribution but
also in shape of buckling defect. The results suggest that
CAE simulation could be a helpful tool to obtain opti-
mum _forming conditions.

1. Introduction

The spinning forming process is an incremental
forming method in which a stylus or roller tool push
against the surface of the rotating workpiece. In recent
years, an increasing number of automotive exhaust
parts such as catalytic converter cases and muffler
shells have been produced by numerically controlled
(NC) spinning forming by reducing the diameter of the
end of a ferritic stainless steel pipe ' ®. The develop-
ment of tool rotation type spinning forming method
using a rotating tool and a fixed workpiece has made it
possible to form not only parts with axial symmetric
shapes but also eccentric or oblique axis shapes,
thereby expanding the degree of freedom in part
design ”. On the other hand, there is also tendency to
use thinner starting materials for weight reduction. But
when thin materials with a thickness of 1.2 to 1.5 mm
or less are used, cracking and buckling come to be
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viewed as a problem in spinning forming'* 'V, Against
this background, the aim of this study is to clarify the
effects of complicated condition parameters of spin-
ning forming on thickness distribution and the geomet-
rical property.

2. Uni-Axial Symmetric Spinning

2.1 Method of Uni-Axial Symmetric Spinning
Experiment

Figure 1 shows a schematic drawing of the configu-
ration of the spinning forming process used in this
study. That is the tool rotation type spinning forming
method with two roller tools. The sample materials
were two types of ferritic stainless steel, Steel A:

Maximum tool pass
speed 6 000 mm/min

rotation
rate

16 mm 700 rpm

36 mm 20 mm

Fig. 1 Schematic drawing of configuration of tool rotation
type spinning
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Table 1 Mechanical property of stainless steel for spinning experiment

Thickness 0.2%PS TS El n-value r-value

(mm) (MPa) (MPa) (%) (5-10%) (at 15%)
Steel A (JFE439L) 1.15 300 441 37 0.22 1.65
Steel B (JFE429EX) 1.51 324 478 39 0.22 1.60

Table 2 Experimental conditions for uni-axial symmetric

spinning
Condition Number of  Tool rotation  Taper angle
No. tool pass rate (rpm) (degree)
@ (Base) 19 700 45
@ 19 600 45
® 19 500 45
® 37 700 45
@ 25 700 45
15 700 45
©) 13 700 45
19 700 35
@0 19 700 55

JFE439L (SUS430LX, 18% Cr-0.3% Ti) and Steel B:
JFE429EX (Type 429, 15% Cr-0.4%Nb), both of which
are the materials used in automotive exhaust parts.
Table 1 shows the mechanical properties of the sample
steels. The low pipe material with outer diameter of
@120 mm are prepared using TIG (tungsten inert gas)
welding technique. Uni-axial symmetric spinning form-
ing was performed with a standard target shape having
an outer diameter @48 mm (diameter reduction ratio:
60%) at the pipe end, a taper shoulder angle of 45° and
a shrunk neck length of 20 mm, assuming an automo-
tive exhaust part. The base condition was Condition @
in Table 2, and the samples formed at various tool
rotation rates, numbers of tool passes and taper shoul-
der angles are compared.

2.2 Results of Uni-Axial Symmetric Spinning
Experiment

Figure 2 shows the appearance of the samples
formed by uni-axial symmetric spinning using Steel A
as the starting pipe. Figure 3 shows the thickness distri-
bution measured in the longitudinal direction, and
Fig. 4 shows the minimum thickness values.

2.2.1 Effect of tool rotation rate

Fig. 2 (a) and Fig. 3 (a) shows the appearance and
thickness distribution of samples formed with different
tool rotation rates, respectively. No remarkable differ-
ences were seen at the condition of 700 rpm and
600 rpm. However, under the low tool rotation rate of
500 rpm (Condition ®), buckling occurred at the pipe
end, and forming was stopped in the 10" pass before
forming was completed. In the spinning forming pro-
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Fig. 2 Appearance of uni-axial symmetric spinning formed
specimen

cess, the rotating tools travel in a spiral locus while in
contact with the surface of the pipe material. Since the
tool travel distance is proportional to the rotation rate,
it is thought that buckling occurred at the low rotation
rate because the pipe diameter was reduced rapidly
with a short tool travel distance.

2.2.2 Effect of number of tool passes

Fig. 2 (b) and Fig. 3 (b) show the appearance and
thickness distribution of the samples, respectively,
when the number of tool passes was changed. The
smaller the number of tool passes was, the more
remarkable the roller tool marks at the taper shoulder
portion became. Comparing the thickness distributions
(Fig. 3), as the number of tool passes increased, thick-
ness reduction tended to be suppressed, but the effect
on the minimum thickness value was unclear (Fig. 4).
It is thought that decreasing the number of tool passes,
the roller tools push the workpiece more strongly with
an increased shrinking amount in each pass made the
elongation of longitudinal direction, resulting in a
thinner thickness. Under Condition @, the number of
passes was reduced to 13, the buckling occurred at the
pipe end, and the experiment was stopped at the 11"
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Fig. 4 Minimum thickness of uni-axis symmetric spinning
formed specimen

pass, before forming was completed. As in the case of
Condition @ in the above Fig. 2 (a), this buckling is
considered to be the result of a rapid reduction of the
diameter with a shortened tool travel distance because
of the small number of tool passes. In comparison with
Condition @ (base condition, 700 rpm, 19 pass), the
ratio of the travel distance were 500 rpm / 700 rpm =
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0.71 in Condition ® (low tool rotation rate of
500 rpm), and 13 passes / 19 passes = 0.68 in Condition
© (reduced number of tool passes 13 pass). Therefore,
it is considered that buckling occurs when the travel
distance is shortened to approximately 0.7 times the
Base condition.

2.2.3 Effect of taper angle

Fig. 2 (c) and Fig. 3 (c) show the appearance and
thickness distribution of the samples, respectively,
when the taper angle was changed. Here, it can be
understood that both the thickness distribution (Fig. 3)
and the minimum thickness (Fig. 4) decreases remark-
ably at the taper shoulder portion, as the taper angle is
increased. Spinning forming involves the action of
thickness increase by diameter reduction, and also
involves the action of thickness decrease by elongation
for the longitudinal direction. Assuming the target
reducing diameter is the same, the larger the taper
angle is, the larger the elongation ratio in the axial
direction is, and consequently, the thickness of the
taper portion is reduced.

2.3 Guidelines for Optimization of Spinning
Conditions

Based on the experimental results presented above,
it was found that the effects of the spinning forming
conditions on the thickness distribution and geometri-
cal property are as follows.

* Buckling occurs in condition of the tool rotation rate
is low excessively.

* Buckling occurs in condition of the number of passes
is decreased excessively.

* Thickness reduction is suppressed as the number of
tool passes is increased.

* Thickness reduction is decreased as the taper angle
becomes smaller.

3. FEM Simulation

3.1 FEM Modelling of Spinning Forming
Process

Dynamic explicit FEM (Finite Element Method)
simulation using Hill’s yield function of the uniaxial
symmetric spinning shown in Figure. 1 was carried out
using a commercial solver, LS-DYNA™. The stress-
strain curve of the material was modelled by Swift’s
formula, and it was calibrated based on the result of
tensile test at room temperature of the specimens
machined from a row pipe.

The roller tools were modelled with rigid shell ele-
ments, and the workpiece of a row pipe was modelled
with deformable solid elements stacking 5 elements in
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the thickness direction. In the FEM simulation, the
row pipe was fixed, and the tools rotating around the
formed pipe traveled back and forth along the pipe axis
approaching to the axis the same as the hardware
experiment as seen in Figure 1.

3.2 Results of FEM Simulation:
Buckling of Pipe End

In Figure 5, the results of the FEM simulation are
compared with the actual samples obtained in the
experiments under Conditions @ and 3 of Table 2.
Under Condition @, the FEM results show slight
waves at the pipe end, but are similar to the experimen-
tal results at a satisfactory level. Under Condition ),
the FEM simulation could duplicate severe buckling at
the pipe end due to the low tool rotation rate as seen in
the experiment. It can be said that the FEM simulation
has good agreement with the experiment as to buckling
tendency.

3.3 Results of FEM simulation:
Change of Thickness Distribution

Figure 6 shows the comparison of thickness distri-
bution along the longitudinal direction between FEM
and experimental results, after the 8, 12, 16", and
19" (final) passes under Condition @ of Table 2. The
FEM simulation shows good agreement with the
experiment as to the thickness distribution and its
transition from early pass to the final pass.

The thickness of the tapered shoulder portion is
smaller than the chucked base area which is not formed
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(Buckling arose, stopped at 10 pass)

Fig. 5 Comparison of calculated result shape with
experimental specimen
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Fig. 6 Thickness distribution in each pass of uni-axis
symmetric spinning formed specimen

because of the elongation along the longitudinal direc-
tion. As the forming proceeds, the thickness reduction
progresses toward the formed pipe end. On the other
hand, the thickness of the formed pipe end portion is
much thicker than the chucked base area due to the
diameter reduction.

4. Eccentric and Oblique Axis Spinning

4.1 Thickness Distribution by Eccentric and
Oblique Axis Spinning

Figure 7 illustrates uniaxial symmetric spinning and
diagonal spinning. The distinctive feature of the eccen-
tric and oblique axis spinning is a shifted and tilted
spinning axis as seen in Figure 7 (b). Asymmetric
shapes like Figure 8 (b) cannot be formed by conven-
tional spinning adopting workpiece rotation. The
eccentric and oblique axis spinning in this study can
form the asymmetric shapes by shifting and tilting the
axis of tool orbiting from the central axis of the
formed pipe.

Eccentric and oblique axis spinning experiments
under Condition @ and @ in Table 3 were conducted
using Steel A and B of Table 1, and the results were
compared with uni-axial symmetric spinning experi-
ment under Condition . The outer pipe diameter was
reduced from initial ¢ 120 mm to final 48 mm (reduc-
tion ratio of 60%) as shown in section 2.1. The appear-
ances of the formed samples and the thickness distribu-
tions measured in the direction of the largest taper
angle 6 (see Figure 7) are shown in Figure 8 and
Figure 9, respectively. Although the direct comparison

JFE TECHNICAL REPORT No. 27 (Mar. 2022)
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Table 3 Experimental conditions for eccentric and oblique axis spinning

Condition Number of Tool rotation Taper angle Neck length Tool rotation axis
No. tool pass rate (rpm) (deg.) (mm) Tilt (deg.) Shift (mm)
@ (Base) 19 700 45 20 0 0
@ 75 700 52.5 20 15 25
@ 75 700 57.4 20 15 35
(D Uni-axis (Base)
----- @) Tilt 15° shift 25 mm
Tool ——— @ Tilt 15° shift 35 mm
2.2
5 0 L Uni-axis (Base)
L < > 4+—>
z 1.8 :@ Tilt415° shift 25 mm
E 16 @ Tilt 15 shift 35 mm
s l4r <+“—>
g Neck portion
OD $120 mm OD ¢120 mm g 1.2 &
(a) Uni-axis symmetric (b) Eccentric and oblique axis = 10f
spinning spinning 0.8 F
0.6 11 L I S T VI L L 1 Ll L Ll T L
Fig. 7 Schematic drawing of configuration of tool rotation 0 20 40 60 80 100 120 140
type spinning Position (mm)
Fig. 9 Thickness distribution of spinning formed specimen

Condition @)

Tilt=15°
Shift =25 mm

Tilt=15°
Shift=35 mm ,

(b) Eccentric and
oblique axis spinning

(a) Uni-axis
symmetric spinning

Fig. 8 Appearance of spinning formed specimen

between the two spinning methods is difficult because
of the differences in tool movement and forming time,
it appears that the minimum thickness in the taper
shoulder portion is smaller by eccentric and oblique
axis spinning than by axial symmetric spinning. While
19 tool passes were used in the uni-axial symmetric
spinning of Condition D, the eccentric and oblique
axis spinning of Condition @ and @9 needed 75 passes.
The maximum taper angle 6 of the eccentric and
oblique axis spinning experiment was large: 52.5° under
Condition @), and 57.4° under Condition @). That
means the deformation in the eccentric and oblique
axis spinning is partly very severe, as the amount of the
pipe end movement at the maximum taper angle can be
equivalent to a diameter reduction ratio of 100% or
more. The tendency that the thickness reduction in the
taper shoulder portion at the maximum taper angle is
large in eccentric and oblique axis spinning is consis-

JFE TECHNICAL REPORT No. 27 (Mar. 2022)

tent with the experimental results of uniaxial symmet-
ric spinning shown in Figure 3 (c).

4.2 Temperature Elevation in Eccentric and
Oblique Axis Spinning

Figure 10 shows the appearance of the samples of
Steel A and Steel B formed by uni-axial symmetric
spinning under Condition (D and eccentric and oblique
axis spinning under Condition @ in Table 3. Blueing
(temper color) due to temperature elevation can be seen
in the samples formed by eccentric and oblique axis
spinning, and is particularly remarkable in Steel B. To
investigate this phenomenon, the temperature during
spinning forming was measured by attaching thermo-
couples TC10, TC20, TC30, TC40 and TCS50 at posi-
tions 10 mm, 20 mm, 30 mm, 40 mm and 50 mm from
the pipe end, respectively, as shown in Fig. 11. The

Temper colored

Steel A Steel B Steel A Steel B
Condition M Condition @
(a) Uni-axis symmetric (b) Eccentric and oblique axis
spinning spinning

Fig. 10 Appearance of spinning formed specimen
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Thermocouple inside of the pipe

Fig. 11 Experimental method of temperature measurement
during the spinning

temperature at the position 10 mm from the pipe end
are shown in Fig. 12. The temperature elevation in
eccentric and oblique axis spinning is larger than that
in uni-axial symmetric spinning, and it is also larger in
Steel B than in Steel A. In eccentric and oblique axis
spinning of Steel B, which displayed remarkable blue-
ing, the temperature reached 540°C or higher. Figure 13
shows the temperatures at each of the measurement
points in eccentric and oblique axis spinning of Steel B.
A similar temperature elevation was observed at all
measurement points immediately after the start of
forming, but after forming from the far side to the pipe
end was completed, the temperature elevation stopped
in the order of TC50—TC40—TC30—TC20—TCI10,
then the temperature began to decrease. The highest
temperature was reached at measurement point TC10,
at 10 mm from the pipe end, where forming continued
until the end. In uni-axial symmetric spinning, the
forming time is short and the temperature is elevated
rapidly, but in eccentric and oblique axis spinning, the
temperature is elevated gradually because the forming
time is long, but the achieved temperature is high due
to the large final amount of deformation. The tempera-
ture condition during spinning is complicated, since it
is related to frictional heating, processing heat (heat of
plastic deformation), heat removal to the atmosphere
or tools, heat conduction (transfer) to the unformed
portion and chuck, and other factors. However,
because the workpiece material is thin and the contact
area with the tools is small, it can be thought that pro-
cessing heat and released heat to the atmosphere are
the temperature controlling factors. Since the amount
of processing heat per weight is similar for the same
target shape, temperature rise elevation is also approxi-
mately the same, independent of the sheet thickness.
When the workpiece material thickness is large, a
greater amount of heat is accumulated in this process.
On the other hand, assuming the surface area is the
same, the amount of released heat to the atmosphere is
similar, but in thicker workpiece material, the amount
of released heat is relatively small in comparison with
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the amount of accumulated heat. That seems to be
because thicker Steel B (thickness: 1.51 mm, Steel A:
1.15 mm) reached a higher temperature.

4.3 Surface Defects by Eccentric and Oblique
Axis Spinning

In the sample of Steel B formed by eccentric and
oblique axis spinning, fine surface defects were
observed in the area from the taper shoulder portion to
the neck portion. The appearance and a cross section
are shown in Fig. 14. These surface defects did not
reach the other surface, and therefore seemed to be
shallow cracks or folded wrinkles. Because the surface
defects occurred in the blueing portion, where the
achieved temperature was high, and the deformed
structure around the defect was uniform (i.e., similar to
that of normal area), they are thought to be related to
the temperature elevation and some irregular uneven
surface texture. Two-dimensional FEM simulation
about the deformation of cross-section including initial
defect was conducted in order to investigate the cause
of the surface defect. An initial surface defect with an
opening of 100 um, a depth of 50 um, and V-shaped

JFE TECHNICAL REPORT No. 27 (Mar. 2022)



CAE Analysis of Spinning Conditions and Deformation Behavior of Automotive Exhaust Parts

portion

Condition @ Steel B

Fig. 14 Fine clack defect at surface of eccentric and oblique
axis spinning formed specimen

100 mm

Tool sink
into the surface

Initial defect

Deformed defect

Fig. 15 Change of defect shape at spinning formed surface

bottom at an angle of 90° was given to the cross-section
model as shown in Figure 15. The deformed defects
after the roller tool (¢ 100 mm) used in spinning passed
over the initial defect were compared between tool pen-
etrations into the surface of 50, 25 and 12.5 um. The
initial surface defect did not disappear, but it deformed
as its opening closed. The final defect in Figure 15 was
similar to the cross section features of actual surface
defect in Figure 14. However, no surface defect was
observed on the initial pipe and the formed workpiece
at each pass. This suggests that the surface irregulari-
ties that caused the surface defects might appear just
before the end of the forming.

5. Conclusions

The following findings were obtained through
experiment and FEM simulation about spinning form-
ing.

In uni-axial symmetric spinning:

(1) Buckling at the pipe end occurs under a low tool
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rotation rate.

(2) Thickness reduction in the tapered shoulder por-
tion is suppressed by an increased number of tool
passes, and on the other hand, buckling tends to
occur at the pipe end by a decreased number of
tool passes.

(3) Thickness reduction in the tapered shoulder por-
tion is suppressed by the reduction of the tapered
shoulder angle.

(4) The results of FEM simulation were in good agree-
ment with the experimental results, suggesting that
FEM simulation could predict thickness distribu-
tion and buckling in spinning forming.

In eccentric and oblique axis spinning:

(5) The thickness reduction in the tapered shoulder
portion is larger in eccentric and oblique axis spin-
ning than in uniaxial symmetric spinning under the
same diameter reduction ratio.

(6) The temperature elevation in the neck portion is
larger in eccentric and oblique axis spinning than
in uniaxial symmetric spinning.

(7) The closer to the pipe end a measuring point, the
higher the temperature.

(8) The temperature in the neck portion gets higher as
the thickness of a row pipe increases.

(9) In the eccentric and oblique axis spinning of Steel
B (thickness 1.51 mm), the temperature at the pipe
end reached 540°C at its maximum.

(10) Small surface defects occurred in the eccentric and
oblique axis spinning of Steel B, but they did not
penetrate the wall of the formed pipe.

(11) The results of FEM simulation suggest that a sur-
face dent which occurs during spinning forming
could cause the surface crack.
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