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Non-axisymmetric shell parts are widely used in the fields of aviation, aerospace and automobiles. Because of good flexibility, short production
preparation period and low cost, die-less spinning has the advantages in processing those parts. However, the special work-hardening
distribution being caused by its processing technology will affect the performance of these parts. Therefore, the work-hardening of non-
axisymmetric die-less spinning is studied through experiments and by using the finite element method (FEM). The law of “smaller half cone
angle (HCA) with bigger work-hardening” is found by testing the surface hardness of the spun workpieces. Microstructure observation and
theoretical analyses are adopted to reveal the law. The reason for that is that the roller causes greater plastic strain inhomogeneity in the
smaller HCA-forming process. It is also found that the working condition with the largest HCA difference has the biggest work-hardening

difference and the maximum hardness difference can be 15 %.
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Highlights

*  Because of the effect of the special work-hardening distribution being caused by the non-axisymmetric die-less spinning
process on the strength of non-axisymmetric shell parts, the work-hardening of non-axisymmetric die-less spinning is studied

through experiments and by using FEM.

*  Three working conditions of non-axisymmetric die-less spinning experiments are carried out with the deduced roller path. The
work-hardening distributions of the workpieces are obtained via the surface hardness testing.
*  The law “smaller half cone angle (HCA) with bigger work-hardening” is found and can be applied to the HCAs on either one or

several workpieces.

*  The reason for the law is that the roller causes greater plastic strain inhomogeneity in the smaller HCA forming process.

0 INTRODUCTION

Spinning, a kind of metal forming technique, is
commonly known as a process for transforming
flat sheet metal blanks, usually with axisymmetric
profiles, into hollow shapes by a tool which forces
a blank onto a mandrel. Due to its flexible, stable,
and near net-shape forming for axisymmetric parts,
spinning is widely used in aerospace, chemical
products, and special materials parts processing [1]
to [3]. Previously, shell parts with non-axisymmetric
shapes were mainly manufactured by welding two
stamping parts whose shapes are the half of the non-
axisymmetric parts in the traditional process, such as
automotive catalytic converters (see Fig. 1). Recently,
with the development of the spinning technology, the
non-axisymmetric tubular parts can be manufactured.
Xia et al. [4] and [5] and Wia [6] developed a spinning
method to produce a non-axisymmetric tube. The
whole strength of the parts is significantly improved
by the integrated forming method of spinning. In
their investigations, the working principle, forming
characteristics and deformation mechanism of the non-
axisymmetric tube spinning is discussed by adopting
the finite element method (FEM) and experiments.

It shows that the distributions of strain, stress and
thickness reduction of the non-axisymmetric tubular
spun workpieces are non-axisymmetric and uneven.
Awiszus and Hartel [7] and Hértel and Laue [8]
investigate the spinning process for making non-
circular parts by adopting modelling and experiment
methods, and the process optimization has been
proposed. Music and Allwood [9] put forward a
flexible asymmetric spinning method by replacing the
asymmetric mandrel with three rollers which can be
controlled on a seven-axis machine. Sugita and Arai
[10] investigate the effect of different parameters of
the pass set on the formability in synchronous multi-
pass spinning. The above-mentioned research results
have laid a solid foundation for the asymmetric and
non-circular cross-section spinning technology, and
indicate that the uneven status of the force and the
deformation forming during the non-axisymmetric or
noncircular spinning processes will lead to different
microstructures and thus cause different work-
hardening states. It is mainly because that the work-
hardening behaviour of the parts is closely related
to the microstructure. Therefore, the microstructure
evolution during the spinning process has been studied
by many scholars in recent years.
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Zhan et al. [11] investigate the influence of the
heating temperature on the hot shear spinning of TA15
alloy and conclude that the non-uniform deformation
along the thickness direction leads to a non-uniform
microstructure. The effect of the shear spinning on
the deformation behavior and the microstructure
of AIMg¢Mn alloy was investigated by Radovi¢ et
al. [12]. Yan et al. [13] and Xia et al. [14] and [15]
investigated the effect of power spinning on the
microstructure of the tubular part. They conclude that
the average grain size of the ferrite can be reduced to
500 nm from the initial one of 50 um after the stagger
spinning.

Die-less spinning means the parts are spun from a
sheet blank without a mandrel die, which can enhance
the cost reduction and shorten the production cycle
for the non-axisymmetric spinning process. However,
the force state of the process will be different from the
one with the mandrel due to the lack of support to the
blank. And this may result in special microstructure
of the alloy and cause different work-hardening states
which will reflect the strength [16] on the surface of
the non-axisymmetric cone. Therefore, the work-
hardening state of the non-axisymmetric die-less
spinning is investigated in this paper.

) ) M

Fig. 1. Schematic diagram of automotive catalytic converter

1 NON-AXISYMMETRIC SPINNING

Fig. 2 shows the geometric model of a non-
axisymmetric cone. It can be seen that the cone is
made up of countless thin circular sheets; the half
cone angles (HCA) seen from the side view are
different, and this means the lower cross section is an
eccentric circle relative to the upper one; the relative
eccentricity increases gradually with the increase of
the height of the cone. The process of shear spinning
is that the sheet blank rotates with the spindle and
tail cap. The roller moves along a specific path and
contacts the blank first and then forces the blank to
form the desired shape without a mandrel. Based on
the above conditions, a non-axisymmetric spinning is
proposed: When the blank rotates a small angle A8,

the roller goes down from the upper sheet to the lower
one along the axial direction. At the same time, the
roller moves far away from the rotational centre along
the radial direction, and moves towards the rotational
centre after 90° rotated by the blank. The roller goes
straight down in the axial direction and switches
to the radial direction in every 180° of the rotation
cycle. The radius of the circle in each sheet increases
from top to bottom. Thus, a spiral trajectory with a
gradually expanding radius is used for the roller path,
and its mathematical expression (deduced in [17]) is:

AO
=-0.5if (—)(tano —tany)cosO +
x lf(360)( ¥)

[R, + O.Sif(A—G)(tan a+tany)]’ —
360 1
., AO s ap
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z lf(360), 2
where x and z are the radial and axial coordinates
of the roller path, respectively. R, is the initial
radius of the cross section; a and y are the co-angles
of the maximum and minimum HCA (see Fig. 2)
respectively; € is the accumulation of A#; f is the
axial feed rate; and 7, as a integer, is a global variable
whenever the spindle rotates an angle increment A@,
and there is:

0 =iAb. 3)

Axial direction

Radial
direction

Fig. 2. Geometric model of non-axisymmetric cone
2 EXPERIMENT AND ANALYSES
2.1 Spinning Experiment

The working conditions of different HCAs in Table 1
are adopted for the spinning experiments. The material
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of the disk blank is 6061-O aluminium alloy, and the
radius and thickness of the blank are 120 mm and 1.2
mm, respectively. The initial radius R is 25 mm. The
diameter of the roller is 110 mm. The working radius
of the roller is 2 mm. The angle between the rotation
axis of the roller and the axial direction of the spinning
system is 45°. The axial feed rate f'is 0.3 mm/rev. The
feed speed of the roller is 5000 mm/min. With the
roller path equations, the non-axisymmetric spinning
experiments are carried out on the PS-CNCSXY
S-axis spinning machine as shown in Fig. 3.

Table 1. Working conditions of the non-axisymmetric spinning

HCA  Working condition | Working condition Il Working condition IIl

o] 45 60 60

V[l 30 30 45

Fig. 3. PS-CNCSXY 5-axis spinning machine

The machine is a numerically-controlled (NC)
one. It is driven by four servomotors (GS3050Y-
NP2) which control the movements of the two rollers

90°

180°

\
K Top
Mlddle

Bottom

A
—___4_;—4—/

OLatltude Lines
-+ Longitude lines
s Selected intersections

along axial and radial directions on both sides of the
spindle, and the control accuracy can be 0.001 mm.
The roller path is executed by the combination motion
of the spindle rotation and roller feed. The rotational
velocity of the workpiece must match the movement
of the roller through the NC system of the spinning
machine. The experiment results are shown in Fig. 4.

Fig. 4. Spun workpieces; a) working condition I;
b) working condition II; ¢c) working condition il

2.2 Work-Hardening Distributions

Three longitude directions (0°, 90° and 180°) and
three latitudes (top, middle and bottom) are set on the
spun workpieces as shown in Fig. 5. The intersections
of the longitude lines and latitude lines can then be
defined as 9 positions. In these positions, 9 specimens
with the length and width 12 mm X 8 mm are cut
down from the workpiece (see Fig. 5). Then the
hardness tests were carried out at three points, which
are selected randomly on the surface of the specimens
with the HVS-50 Vickers hardness tester (Fig. 6).

The average value of the hardness of the three
measuring positions on each specimen is taken as the

Thickness side of the

specimen

specimen

Fig. 5. Positions and shapes of the specimens
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hardness of the selected intersection (see Fig. 5), and
the hardness of all the intersections is shown in Fig. 7.
It can be found that small differences in the hardness
exist in the specimens with the same HCA. However,
there is an obvious tendency that the material with
smaller HCA has greater surface hardness. This means
the work-hardening distribution of non-axisymmetric
die-less spinning is uneven, and bigger work-
hardening appears in the position with smaller HCA.

Fig. 6. HVS-50 Vickers hardness tester

The hardness of the parts is closely related to the
microstructure. The microstructure of the specimens
that were used for the hardness test is thus observed
with an optical microscope. First, the thickness sides
(Fig. 5) of the specimens are ground and polished.
Then, all the smooth surfaces are corroded through
the electrolysis method. Finally, the metallographic
photos of the specimens are obtained as shown in
Fig. 8. It can be found that the grain boundary of the
workpiece is broken after two plastic deformations
(one is the rolling aluminium alloy plate and the other
is the spinning process) and many precipitates emerge.
According to [18], the grain of 6061 aluminium alloy
will be refined to a very small one and its boundary
will also be broken after large plastic deformation. At
the same time, the disorganized precipitates seriously
hinder the observation of dislocations. Therefore,
the metallographic method of the workpieces spun
from the 6061 aluminium alloy sheet blank is not
suitable for revealing work-hardening. However, the
differences of the microstructure can be reflected
by the macroscopic states of the stress and strain.
Therefore, the finite element method is adopted to
analyse the essence of the work-hardening distribution
of the non-axisymmetric die-less spinning (the metal
with smaller HCA has higher surface hardness).
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45 L L L L L L L
10 15 20 25 30 35 40
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Fig. 7. Hardness distributions of the workpieces under the three
working conditions; a) working condition I; b) working condition II;
¢) working condition Il

2.3 Establishment of the Finite Element Model

In order to simulate the non-axisymmetric die-less
spinning process, a FEM must first be established.
The movement relationship between the roller and
the workpiece is the main boundary condition of the
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Fig. 8. Metallographic photo of the spe

model, and it is set in agreement with the experiments
by using Egs. (1) to (3). Then the three-dimensional
geometric models of disk blank, tail cap, spindle, and
roller are established and assembled in the ABAQUS
finite element software (see Fig. 9). All the geometric
models are meshed. The roller, tail cap and spindle are
arranged in rigid bodies. By considering that there is
no deformation happening to the part that is clamped
by the tail cap and the spindle, this part of the blank
is also constrained into a rigid body. Furthermore, it
is driven to rotate with the spindle synchronously.
The suspended part of the disk blank is set into a
deformable body and meshed with an 8-node linear
brick, reduced integration, hourglass control element
(C3D8R) for the accurate calculation for the stress-
strain. The maximum length of the mesh is 3 mm,
and the minimum one is 1 mm. The rotation centre of
the roller can move in the plane X-Z of the spinning
coordinate system (see Fig. 9), and the roller is also
driven to rotate around its rotation centre by the
friction from the blank. The friction coefficient is set
to the value of 0.15 according to the experience value
of oil lubrication. The other spinning conditions of the
FEM are set up the same as the experiments.

Axial direction
Roller

Tail cap
r X

z

Sheet blank

Spindle

Fig. 9. Assembly diagram of the FEM for the non-axisymmetric
die-less spinning

The material of the blank is 6061 aluminium
alloy and its elastic modulus is 67000 MPa, Poisson
ratio is 0.33, yield strength is 51.59 MPa, and tensile
strength is 146.12 MPa. The constitutive relation of
the material is obtained from [4]:

o, = 234¢ 026 4)

where, gy is the flow stress and ¢ is the true strain.

3 SIMULATION RESULTS

The morphology of modelling result, in comparison
with the experimental one, is shown in Fig. 10. It
shows that the simulated results are well consistent
with the experimental ones. A further contrast of the
HCAs is carried out, as shown in Table 2. It can be
found that all the HCAs appear to be close to the
theoretical size, and the maximum error occurs in the
y of working condition II from the simulation; it can
reach 16.3 %. The maximum deviation of the HCAs
between the experimental and simulation results
is no more than 11 %. In addition, the simulated
wall thickness distribution is compared with the
experimental one, and the measuring positions in the
working condition I are shown in Fig. 11 together
with the ones in the working conditions II and III (the
measuring positions also distributed evenly along the
HCA direction in the other working conditions). All
the measurements of the wall thickness are listed in
Table 3. It shows that the simulations agree well with
the experiments and the maximum deviation is within
15.1% in the three working conditions. This indicates
that the FEM for the non-axisymmetric die-less
spinning is considered credible.

a)

Fig. 10. Morphology comparison of the simulation and
experimental results in working condition I;
a) Experimental result; b) Simulation result
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Table 2. HCAs of the simulation and experimental results

Working condition
I Il Il
o [] 459 574 59.1
7 [ 315 314 45.6
o [] 477 604 62.5
yaN| 327 349 46.9

HCA

Experimental result

Simulation result

y=30°| 22 0=45°

= Simulation
= Experiment

Fig. 11. Measuring positions of the wall thickness

Table 3. Measurements of the wall thickness [mm]

Axial Working condition

height | I T
MMl =45 y=30° a=60° y=30° a=60° y=45°
8§ 071 053 098 057 1 073
15 071 056 096 057 098 073
22 071 056 099 056 098 073
29 071 056 097 057 1 072
3% 071 053 097 056 098 072
43 071 056 097 056 098 072

4 DISCUSSION

The wall thickness distribution of the three working
conditions from the simulation are illustrated in Fig.
12. Tensile stress increases with the decreasing of
HCA. However, the wall thickness becomes thinner
with the decreasing of HCA. This also means the
smaller HCA causes larger plastic strain.

Fig. 13 shows the equivalent strain field on the
workpiece at the spinning times of 24 s, 48 s, and 74
s. It can be found that the deformation is obviously
uniform in the non-axisymmetric spinning process,
and the uneven degree of the deformation increases
with the spinning process. When the plastic strain
achieves maximum with the smallest HCA in working
condition I and I, the hardness is precisely the biggest
one (51.9 HV, the average value of the hardness with
the same HCA (Working condition I, y = 30°); 52.4

1.10
1.05 -
1.00
095
0.90
0.85
0.75 |
0.70 |
0.65
0.60
055 | ToSgea e

0.50 L L P il I oy, 1 |
5 10 15 20 25 30 35 40 45

Axial hight from the top of the cone [mm]

Wall thickness [mm]

—=— Working condition] a=45°
—e— Working condition y=30°
—a— Working condition IT ¢=60°
—v— Working condition IT y=30°
—+— Working condition ITI a=60°
—»— Working condition IIT y=45°

Fig. 12. Comparison of the wall thickness distributions in the
three working conditions

HYV, the average value of the hardness with the same
HCA (Working condition II, y = 30°). In order to
reveal “smaller HCA with bigger work-hardening”,
the movement of the non-axisymmetric spinning is
resolved by steps. The non-axisymmetric cone can
be seen as an aggregate of numerous sheets with the
eccentric circular cross-section, and it is spun layer
by layer. Fig. 14 displays the roller path between two
layers. Moreover, it is defined that as the roller starts
from the upper layer to the lower one, the workpiece
rotates 360°. In the first 180°, the roller moves far
away from the rotation centre in the radial direction
and the bigger HCA o is formed; then the roller moves
close to the rotation centre at the radial direction in the
next 180° as it gets down to the lower layer and the
smaller HCA y being formed. In the forming process
of y, the blank suffers increasing pressure from the
roller and this leads to more uniform deformation.
WANG et al. [19] point out that the non-uniformity
of plastic strain will directly affect the orientation of
the dislocation movement, and promote the formation
of the deformation band, which leads to the work-
hardening of the material. Therefore, the greater work-
hardening occurs at the position with smaller HCA.
The largest difference of the HCA exists in
working condition II, so there is the most uneven
deformation on the workpiece of it, and it also has
the biggest surface hardness difference (the maximum
hardness differences of working condition I, II and
IIT are 9.2%, 15.1% and 11.2%). This interesting
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PEEQ
(Avg: 75%)
+1.138e+00

+9.483e-02
+0.000e+00

b)

Working condition I Working condition II
Fig. 13. Equivalent strain field of the non-axisymmetric die-less spinning; a) spinning time 24 s; b) spinning time 48 s; ¢) spinning time 74 s

phenomenon also confirms the above analysis: greater
work-hardening is caused by greater non-uniformity
of deformation.

5 CONCLUSIONS

Three working conditions of non-axisymmetric die-
less spinning experiments are carried out, and the
work-hardening distributions of the workpieces
are obtained by the surface hardness testing. It is
found that the work-hardening distribution of non-
axisymmetric die-less spinning is uneven, and bigger
work-hardening appears on the position with smaller
HCA. The reason for “smaller HCA with bigger work-
hardening” is revealed through finite element method:
when the smaller HCA is formed, the deformation is
more uniform due to the increasing pressure from the
roller. The working condition with the largest HCA
difference has the biggest wok-hardening difference,
and the maximum hardness difference can reach 15 %.

. Working condition I

Working condition I

Axial direction

Radial direction
_— Upper layer

Lower layer

~2

Qo | |O1 \

T'o

Fig. 14. Roller path between two layers
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