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Abstract

Various approaches to produce non-axisymmetric parts in metal spinning have been developed by researchers. In asymmetric
multi-pass spinning, the motion of the roller is synchronized with the mandrel’s rotation by CNC codes to achieve oblique or non-
circular shapes. In this study, cylindrical cups are formed using two kinds of oblique pass sets to investigate the effects of different
parameters on thickness distribution and forming limit. In the translational pass set, the inclination angle is determined by the
difference of the wall depths on two sides of the product and it is determined by the difference of half cone angles in the rotational
pass set. The difference of wall thickness distribution in the translational pass is greater than that in the rotational pass and it
increases as the inclination angle increases. The difference between the axial distributions on two sides of the wall decreases as
the pass pitch increases near the top of the product, and it increases near the edge of the wall. A greater incremental angle does not
affect the difference but reduces the uniformity of the wall thickness in the rotational pass set. All the failures are wrinkles in the
experiments. Wrinkles occur when the pass pitch or the roller feed ratio is too large. A greater inclination angle reduces the

forming limit in the translational pass set and does not affect the forming limit in the rotational pass set.

Keywords Metal spinning - Asymmetric spinning - Multi-pass spinning - Thickness distribution - Tool path

1 Introduction

Metal spinning is one of the metal forming processes which
transform flat sheet metal blanks into axisymmetric hollow
shapes. It is widely used for producing round metal parts for
the aerospace and automotive industries, musical instruments,
and kitchenware. It has a number of advantages when com-
pared with other forming techniques such as deep drawing or
press forming. The products usually have high-quality surface
and mechanical strength. It requires low forming forces for the
high-strength material and has a low tooling cost. Simple and
non-dedicated tooling provides flexibility and shapes with
complex geometries.

In recent years, advanced methods, which enable the
non-circular shapes, are developed to overcome the
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limitation of traditional spinning. Amano and Tamura
[1] successfully formed an elliptical shape by synchroniz-
ing the roller’s motion with the rotation of the spindle by
using a mechanical cam. This method shows weak accu-
racy due to the difficulty of achieving the desired roller-
mandrel clearance. Gao et al. [2] used an offset mandrel
to produce elliptical parts. The study showed that the
thickness varies by 10% in conventional spinning and it
agrees with the sine-law in mandrel-free shear spinning.
Xia et al. [3] developed a method called “profile driving,”
in which the motion of the roller and the rotation of the
mandrel are synchronized using cams and gears, to pro-
duce noncircular-hollow-cone shapes.

The methods above require a set of dedicated equip-
ment for one type of product. Researchers have devel-
oped flexible methods for non-circular shapes using
more advanced techniques. Arai [4] conducted experi-
ments for non-circular shapes and offset cross sections
in force-controlled spinning. This method does not need
a dedicated mechanism for each shape. Different shapes
of the product can be easily spun by replacing the man-
drel. Jia et al. [5] investigated the mechanism of square
section die-less spinning. Numerical simulations and
experiments were conducted to investigate the distribu-
tions of stress, strain, and wall thickness. This method
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Fig. 1 PS-CNCSXY600-5 NC
spinning lathe: a full view of the
lathe and b working portion of
spinning

enables the formation of square section cones.
However, the result could not meet the design shape
since the edges of the cross section appeared to be arcs.
Sugita and Arai [6] developed synchronous multi-pass
spinning which enables non-circular sections with
straight walls. The material built-up at the corner of
the side wall causing thickness increases. Forming
limits using two kinds of pass sets were investigated.
Another type of asymmetric spinning enables the for-
mation of oblique shapes. Sekiguchi and Arai [7] pro-
posed an oblique spinning method to control the thick-
ness distribution in shear spinning. The motion of the
roller was controlled in both axial and radial directions.
Synchronous die-less spinning and force-controlled
spinning methods were used in the experiments. The
results showed that the wall thickness distribution near-
ly coincided with the sine law. Han et al. [8] adopted
this method and conducted a series of experiments to
investigate the thickness distributions of oblique cones
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Fig. 2 Translational pass set
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in die-less shear spinning. The roller path was analyzed
and deduced in detail. The result showed that the thick-
ness distributions of the products are basically in agree-
ment with the theoretical value. Arai and Kanazawa [9]
proposed a method for non-circular shapes with oblique
bottoms. The forming limits using different path de-
signs and the effect of the process parameters on the
result were investigated. The circumferential distribu-
tions of thickness could not be equalized without an
intermediate shape. Xiao et al. [10] developed an asym-
metric multi-pass spinning method that enables the for-
mation of oblique cylinder shape with a planar flange.
Experiments on thickness distribution and forming
limits are carried out. However, the thickness distribu-
tions of the products could not be well-controlled and
appeared to be non-uniform.

Roller

Fig. 3 The motion of the roller during one revolution of the spindle
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Roller

Fig. 4 Forming process of asymmetric spinning using the translational
pass set

In conventional spinning, the circumferential distribution
of thickness on the products is uniform since the cross-section
being formed is axisymmetric. In contrast, the thickness varies
circumferentially for non-circular spinning or oblique spin-
ning. In this study, forming experiments on cylindrical shapes
using two kinds of pass sets in multi-pass asymmetric spin-
ning are conducted to investigate the effect of different param-
eters on the forming result.

2 Experimental setup

Figure 1 shows photographs of a computer numerical con-
trolled spinning lathe (PS-CNCSXY600-5) used in this study.

Table 1 Parameters of

the cylindrical cup using Parameters Values
the translational pass set
in asymmetric spinning Pass angle 6 (°) 60
Pass pitch p (mm) 2,4,6,8
Inclination angle ¢ (°) 13,24, 37

Roller feed ratio f'(mm/rev) 1

Fig. 5 Example of formed products using the translational pass set

The spindle is driven by an 11 kW servomotor, and the axial
and radial motion of the roller is controlled by two sophisti-
cated servomotors with a positional accuracy of 0.02 mm. The
blank is clamped in the center by a mandrel and a tailstock.
The tailstock rotates along with the mandrel which is driven
by the spindle. Since the motion of the roller is synchronized
with the rotation of the spindle, the spindle speed is much
slower than that in conventional spinning which is 30 rpm in
this study. The diameter of the roller is 110 mm and the nose
radius is 6 mm. The roller is inclined by 45° to the spindle
axis.

Circular disks made of aluminum alloy (6061) with a di-
ameter of 100 mm and a thickness 1.2 mm was used as blank
sheets in this study. The diameter of the cylindrical mandrel is
50 mm. The spinning ratio in the experiments is 2. The thick-
nesses of the products were measured using a micrometer with
an accuracy of 0.01 mm.

3 Translational pass
3.1 Toolpath design

In the translational pass set, each curved pass is composed of a
forward pass and a backward pass as shown in Fig. 2. Pass
angle 0 is the angle of the endpoint relative to the start point of
a forward pass. The forward pass is shifted by a pass pitch (p
mm) keeping 6 constant. A forward pass is used to change the
shape of the flange and the material is pushed back onto the
mandrel by a backward pass. The linear pass is used at the end
of the process to push the wall on the mandrel.

In asymmetric spinning, the blank rotates around the spin-
dle axis; the position of the roller is controlled synchronously
in both radial and axial directions during one revolution of the
mandrel. When the mandrel rotates from 0° to 180°, the roller
moves from the top to the open end of the product in axial
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Fig. 6 Axial distributions of thickness ratio along two sides of the wall when ¢ =24°:ap=2mm, bp =4 mm, ¢ p =6 mm, and d p =8 mm

direction, and the roller moves back axially when the mandrel ~ shape (a) with an inclination angle ¢ by achieving different
rotates from 180° to 0° as shown in Fig. 3. Figure 4 shows the  depths of the wall on two sides of the product. Next, the shape
forming process using the translational pass set in asymmetric ~ of the product is changed to (b) by keeping ¢ constant.
spinning. First, the product is formed from a sheet blank to  Finally, ¢ is reducing to zero by achieving shape (c). The
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Fig. 7 Axial distributions of thickness ratio along two sides of the wall with different p when ¢ =24°: a lower side and b upper side
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Fig. 10 Maximum and minimum values of circumferential thickness at
different positions on the wall

Fig. 9 Circumferential distributions of thickness ratio at different
positions on the wall

@ Springer



672 Int J Adv Manuf Technol (2020) 110:667-679
60 A (a) 60 - (b)
= 551 X p=2mm 55 -
£ O p=4mm £ ° Xp=13
E 5 8 o © p=6mm § E b © o -
a x Op=24
z2s50p R O p=8mm o £5071X%y
oo = - d o 9=37" o
[ I X
< ﬁ ® < o x Q g
T 45 T 45 - °
o O X X x x X
E Basggasyy 0gB 3 °o gedp 8
o o 0 9¥ ¥ & o 8038 E¥ xxyxxs ©
Bdoooo X x X X o
= 40 - Dﬂuﬂ’éé‘é = 40 -
=] (] ) 8 8 <
35 T T T T T T T 1 35 T T T T T T T ]
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
circumferential position (deg) circumferential position (deg)
Fig. 11 Circumferential distributions of product heights: a with different p when  =24° and b with different ¢ when p =4 mm
65 - (a) 65 (b)
60 A 60 A
’E‘ 55 1 ’E‘ 55 A
£ x——x—-—"‘"‘\_’( £ x__”_,,_,g————-x
= 50 - = 50 4
20 Qo
o 45 A ‘@ 45 A
L =
S 404 o _ S 40 &\e‘o
'g i - —0 _g
o <)
a 354 . s 35 .
—»— maximum value —%—maximum value
30 A —6—minimum value 30 A —e— minimum value
25 T T T T \ 25 T T T 1
0 2 4 6 8 10 5 15 25 35 45

pass pitch p (mm)

Fig. 12 Maximum and minimum values of circumferential product heights:

product is formed without a flange; all the material is pushed

on the mandrel in the end.

Fig. 13 Examples of failed
products using the translational
pass set
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inclination angle ¢ (deg)

a with different p when ¢ =24° and b with different ¢ when p =4 mm

3.2 Axial distribution of wall thickness

The experiments on cylindrical cups using the translational
pass set in asymmetric spinning were conducted with the pa-
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Fig. 14 Forming limit with different combinations of parameters: ¢ =13°, ¢ =24°, and ¢ =37°

rameters given in Table 1. For comparison, cylindrical cups
using the same pass set in conventional spinning were formed.

Figure 5 shows an example of the formed products using
the translational pass set in asymmetric spinning. The thick-
ness on the upper and lower sides of the wall (¢, and #; as

Curved pass

/ Linear pass

to

Mandrel

Fig. 15 Rotational pass set

shown in Fig. 4) was measured axially. Figure 6 shows the
axial distribution of wall thickness ratios (¢;/t, and #;/t,) with
different pass pitches p =2, 4, 6, and 8 mm. The dotted lines
are distributions of thickness ratio (¢/#,) in conventional spin-
ning (when ¢ = 0°). The shape of #,/t, is shifted leftwards and
t/ty is shifted rightwards when compared with #-/¢ty). Due to

Roller

—_—

180°
| |

Fig. 16 The motion of the roller during one revolution of the spindle
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Fig. 17 Forming process of asymmetric spinning using the rotational
pass set

the inclination angle, material tends to flow towards the lower
side of the wall at the beginning of the process which causes
the different thickness distributions. The difference between
tylty and t;/t, decreases as p increases near the top of the
product, and it increases near the edge of the wall except when
p=38 mm as shown in Fig. 6a—d. Slight wrinkles were ob-
served during the process when p = 8 mm which may interfere
with the material flow. The thickness distributions on each
side of the product with different p are compared in Fig. 7.
The wall thickness is thinner at the beginning and thicker at
the end of the product when a larger p is used. Figure 8 shows
the axial distribution of wall thickness ratios (f/t, and ¢#;/t,)
with different inclination angles ¢ = 13°, 24°, 37°. The differ-
ence between #/t) and ¢, /¢, increases as the inclination angle

Table2 Parameters of the cylindrical cup using the rotational pass set in
asymmetric spinning

Parameters

Values
Initial pass angle 6 (°) 80
Incremental angle A6 (°) 3,4,5,6
Inclination angle ¢ (°) 6,24,48,72
Roller feed ratio f'(mm/rev) 1

@ Springer

Fig. 18 Example of formed products using the rotational pass set

increases. This indicates that a larger ¢ reduces the uniformity
of the thickness distribution.

3.3 Circumferential distribution of wall thickness

Figure 9 shows circumferential distributions of wall thickness
ratio (#/ty) with parameters of ¢ =24° and p =4 mm at dis-
tances of 2 =15, 20, 25, 30, and 35 mm from the top of the
product. The circumferential distributions of #¢, are not sym-
metric as the roller’s trajectory due to the roller’s back-and-
forth movement in axial direction. This phenomenon is similar
to the forming process of angled-flange cylinder [10]. The
maximum and the minimum values of circumferential thick-
ness ratio do not always show up at 0° or 180° direction on the
wall as they do in oblique shear spinning [7]. At #=30 mm
and s =35 mm, the local maximum values of thickness ratio
show up around 90° and 270° and the local minimum values
show up around 30° and 150° on the wall, whereas at 4 =

15 mm, 20 mm, and 25 mm, it does not have the same pattern.

The maximum and minimum values of circumferential thick-

ness are illustrated in Fig. 10. The range of circumferential

distribution of #/¢, is similar (around 0.2 mm) when 2 =15,
20, 25 mm and it increases when /4 = 30 and 35 mm due to the
increase of the maximum value. The result shows that the
circumferential distribution of wall thickness cannot be well-
controlled by this method.

3.4 Product height

Figure 11 shows the circumferential distributions of heights of
the products formed with parameters of o = 13°, 24°, 37° and
p=2,4,6, 8 mm. The maximum and minimum values are
shown in Fig. 12. The distributions of product heights have
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Fig. 19 Axial distributions of thickness ratio along two sides of the wall with different ¢ when Af=3°a p=6°b p=24° ¢ p=48°, and d ¢ =72°

wavy shapes. The local minimum values of product heights
show up around 90° and 270° directions and the local maxi-
mum values show up around 30° and 150° directions. The
distributions are similar when p =2, 4, and 6 mm; there is an
obvious decrease of the height when p =8 mm as shown in
Fig. 11a. A greater ¢ could get smaller product heights as
shown in Fig. 11b. The range of product heights increases
slightly as p increases when p =2, 4, and 6 mm as shown in
Fig. 12a. The range of product heights increases as  increases
as shown in Fig. 12b.

3.5 Forming limit

Figure 13 shows the examples of failed products using the
translational pass set. All the failures are wrinkles in these
experiments and no fracture was observed. Forming limit ex-
periments were conducted with parameters of f=1, 2, 3,
4 mm/rev, o =13°,24°, 37°, and p=2, 4, 6, 8§ mm. The suc-
cess and failure of the forming results are illustrated in Fig. 14.

Wrinkles are more likely to occur as p, f, and ¢ increases.
Wrinkles occurred at the end of the process when p was
4 mm and 6 mm due to the elongation of the wall around 0°
directions. When p was 8 mm, wrinkles occurred at the begin-
ning of the process due to the large pass pitch.

4 Rotational pass
4.1 Toolpath design

In the rotational pass set, the roller is moving forward and
backward in each curved pass as shown in Fig. 15. Pass angle
0 is the angle of the endpoint relative to the start point of a
pass. It decreases by an incremental angle A6 for each pass
relative to the last pass. The linear pass is used at the end of the
process to push the wall on the mandrel.

The position of the roller is controlled synchronously in
both radial and axial directions during every revolution of

@ Springer
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the spindle to achieve the asymmetric shape as illustrated in
Fig. 16. The forming process using the rotational pass set in
asymmetric spinning is shown in Fig. 17. The inclination an-
gle ¢ is determined by the difference of half cone angle on
each side of the product (¢ = oy — ay). The product is formed
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Then, the shape of the product is changed to (b) by keeping ¢
constant. Next, ¢ is reduced to zero by achieving shape (c).
Finally, a linear pass is used to force the wall of the product
onto the mandrel.
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4.2 Axial distribution of wall thickness

The experiments on cylindrical cups using the rotational pass
set in asymmetric spinning were conducted with the parame-
ters given in Table 2. For comparison, cylindrical cups using
the same pass set in conventional spinning were formed.

An example of the formed product using the rotational pass
set is shown in Fig. 18. The thickness on the upper and lower
sides of the wall (¢, and ¢, shown in Fig. 17) were measured
axially. Figures 19 and 20 show the axial distribution of wall
thickness ratios (#;/ty and t,/ty) with different parameters of
Af =3°,4° 5° 6° mm and ¢ = 6°, 24°, 48°, 72°. The dotted
lines are distributions of thickness ratio (¢-/¢,) in conventional
spinning (when ¢ = 0°). The distributions of #/t, and ¢, /t, are
similar to #-/ty. The difference between #,/t, and t;/t, is caused
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Fig. 23 Maximum and minimum values of circumferential thickness at
different positions on the wall

by the varying half cone angle of the product during forming.
The difference is much smaller compared with that in the
translational pass set and it increased slightly as ¢ increased
as shown in Fig. 19a—d. There is no obvious change in the
difference between fy/t, and t;/t, as the incremental angle Af
increased whereas the uniformity of the wall thickness de-
creased as shown in Fig. 20a—d. The thickness distributions
on each side of the product with different A9 when ¢ =72°
are compared in Fig. 21. The wall thickness increases as Af
increases on both sides of the product.

4.3 Circumferential distribution of wall thickness

The circumferential distributions of thickness ratio (#/fy) of the
product formed with parameters of Af =3°, o =72°at h= 10,
15, 20, 25, and 30 mm are illustrated in Fig. 22. In rotational
pass, the roller’s back-and-forth movement is weaker than that
in translational pass set; therefore, the symmetry of the thick-
ness distribution is better. The maximum and minimum values
of circumferential thickness are illustrated in Fig. 23. The
range of circumferential distribution of stays around 0.1 mm
when /=10, 15, 20, and 25 mm and it increases to 0.23 mm
when /4 =30 mm due to the increase of the maximum value.

4.4 Product height

The circumferential distributions of product heights in
terms of ¢ and Af are shown in Fig. 24 a and b respec-
tively. The maximum and minimum values of product
heights are shown in Fig. 25. The maximum values and
minimum values show up around 0° directions and 180°
directions respectively. The product heights distributions
have a bathtub shape. Figure 24a indicates that the shape
gets smoother when a smaller ¢ is used. A greater Af
results in smaller heights and a smoother distribution as
shown in Fig. 24b. The range of the distribution of prod-
uct heights is small when ¢ = 6°; however, they are nearly
the same when ¢ =24° 48°, and 72° as shown in Fig.
25a. The range gets smaller as Af increases as shown in
Fig. 25b.

4.5 Forming limit

The forming experiments were investigated in terms of A6, f,
and . Examples of wrinkle failures are shown in Fig. 26. The
result of forming limit is illustrated in Fig. 27a—d. All the
failures are wrinkles and no fracture was observed. A smaller
fand A6 should be used to avoid wrinkling. However, A6
does not affect formability when f=1 mm/rev. During the
experiments, wrinkles tended to occur before ¢ reached its
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Fig. 25 Maximum and minimum values of circumferential product heights: a with different ¢ when Af = 6° and b with different A@ when ¢ =72°

value; as a result, a greater o did not affect the forming limitin ~ examined and the forming limits are investigated in this study.
this study. The conclusions are as follows:

1. In the translational pass set, the difference between the
axial distributions on two sides of the wall decreases as
the pass pitch increases near the top of the product, and it
increases near the edge of the wall. The difference in-
creases as the inclination angle increases.

5 Conclusion

Asymmetric multi-pass spinning experiments using two kinds
of pass sets were conducted. The thickness distributions are

Fig. 26 Examples of failed
products using the rotational pass
set
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Fig. 27 Forming limit with different combinations of parameters: a ¢ =0° b ¢ =24° ¢ ¢ =48° and d p =72°

2.

In the rotational pass set, the difference between the axial
distributions on two sides of the wall is much smaller
compared with that in the translational pass set. A greater
inclination angle would cause a greater difference. A
greater incremental angle does not affect the difference
but reduces the uniformity of the wall thickness.

The difference of the circumferential thickness of the wall
increases towards the edge of the wall in both pass sets.
The circumferential distributions of wall thickness are not
symmetric.

The unevenness of the height of the products formed in
the translational pass set is much greater than that in a
rotational pass set. The heights are smaller in the rotation-
al pass set than that in a translational pass set.

All the failures are wrinkles in the experiments. Wrinkles
occur when the pass pitch or the roller feed ratio is too
large. A greater inclination angle reduces the forming lim-
it in the translational pass set and does not affect the
forming limit in a rotational pass set.
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