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Abstract The non-axisymmetric cone has broad application
prospects and is feasible to be manufactured via die-less shear
spinning process which however lacks of research. With the
roller path equation and other boundary conditions, the finite
elementmodel for non-axisymmetric die-less shear spinning pro-
cess is established and simulated by adopting ABAQUS/explicit
software in this study. The FEM results are experimentally ver-
ified by comparing the morphology and the HCAs. The distribu-
tion of stress and strain in different working conditions and the
ellipticity and the elongation of the material in different spinning
process during non-axisymmetric die-less shear spinning process
are analyzed. It shows that the 0° area of the flange is the position
where the wrinkle occurs easily, and the elongation of the mate-
rial reaches the maximum value; the larger equivalent stress and
strain distribute on the conical surface with the smaller HCA.
With the movement of the roller, the ellipticity of the cross sec-
tion increases in the bigger HCA working conditions, but de-
creases in the smaller HCAworking conditions due to the com-
bined effects of the deformation and the springback.
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1 Introduction

The hollow cone parts, such as air compressor, lampshade, and
hopper (as shown in Fig. 1), are widely used in the fields of
aerospace, auto car, agricultural machinery, and so on [1–3].
Due to the high ratio of the height to the diameter, it is difficult
to produce the hollow cone parts through deep drawing [4].
Spinning technique, an incremental forming technology, has thus
been a very attractive area of research [5–7]. With the in-depth
study, non-circular spinning is also derived besides the conven-
tional ones. An ellipse spinning is successfully tried with a new
device designed by Gao et al. [8]. An asymmetric truncated-
elliptical-cone-shaped product is obtained from a 1-mm-thick
aluminum sheet by developing the synchronous spinning ma-
chine [9]. The triangular cross section spinning is carried out by
Lai et al. [10, 11], and the force in the spinning process is ana-
lyzed. In the above investigations of non-circular spinning, the
mandrel whose shape is in accordance with the cone is used. If
the parameters of the part are changed, the mandrel has to be
amended, which will cause not only the increase of the cost but
also the decrease of the flexibility.

In recent years, the spinning flexibility has been enhanced,
and the die-less spinning is proposed to form the hollow parts
without a consistent shape mandrel by using the high stiffness
blank of the workpiece [12, 13]. Based on that, non-
axisymmetric cone or tubal parts for special purpose is processed
by the die-less spinning, and the advantage of its flexibility is
further reflected. Xia et al. [14–17] investigated the non-
axisymmetric spinning of the tube blanks and proposed a novel
spinning process, in which the blank does not rotate but only
moves in straight lines. Then the process of the multi-pass off-
set-tube neck-spinning is simulated through theMARC software,
and the optimization parameters for offset and oblique tubes
spinning are obtained. It shows that the distribution of strain
and stress is non-axisymmetric; the ellipticity and the axial
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elongation of the spun workpiece increase with the increase of
the spinning passes; the spinning force varies periodically with
the revolution angle of the roller around the blank, and the force
during the backward path spinning is greater than that during the
forward path spinning. However, the forming mechanism of the
non-axisymmetric spinning of tube parts is quite different from
the one of the sheet blank. For example, the cone shape cannot be
formed with an irrational sheet blank.

Up to date, although much work has been done on the non-
axisymmetric spinning with the tubular blank, there is little
research about the shear die-less ones. In our previous re-
search [18], the roller path for the non-axisymmetric spinning
and the wall thickness distribution of the spun workpiece with
the half cone angles (HCAs) of 30–45° were studied. It was
found that the wall thicknesses of the oblique cone after spin-
ning have the trend of the sine law according to their corre-
sponding HCAs. So the non-axisymmetric spinning can be
considered as the shear one. But the research only involved
the working condition with the HCA ranging from 30 to 45°,
and the metal rheological behavior, which was related to the
deformation mechanism, was not investigated. Therefore, the
finite element modeling (FEM), combining with the experi-
mental verification, is adopted to investigate the basic theory
of the non-axisymmetric die-less shear spinning in this paper.

2 Finite element model

2.1 Non-axisymmetric roller path

The two HCAs of the non-axisymmetric cone are different
when being viewed from the side, the cone also can be con-
sidered as the assemblage of many eccentric circle cross sec-
tions, as shown in Fig. 2. Due to its geometry characteristic,

the non-axisymmetric cone cannot be formed through the sim-
ple roller path of a straight line. The roller needs tomove along
a reciprocated and calculated track.

Fig. 3 shows assembly drawing of the roller, the spindle,
and the disk blank. The schematic diagram of the roller path in
360° rotated by the spindle is illustrated in Fig. 4. The forming
principle of the non-axisymmetric cone by the die-less spin-
ning is that the roller reciprocates on the radial direction
(Coordinate axis X) cooperating with the small axial
(Coordinate axis Z) movement of it and the rotation of the
workpiece. The synthesis of the whole movement relationship
displays as a helical line with the eccentric circle cross section,
and the movement relationship is given by [18]

Li ¼ eicos 180−θið Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ei2cos2 180−θið Þ þ ri2−ei2
p

ð1Þ

Where,Li is the rotation radiuswhen theworkpiece rotates the
angle θi; ri, and ei are the radius and the eccentricity of the new
cross-section circle to the initial one when the workpiece rotates
the angle θi. They can be calculated by the following equations:

ri ¼
hi
.

tanαþ hi
.

tanγ þ 2r0

2
ð2Þ

ei ¼
hi
.

tanα−hi
.

tanγ

2
ð3Þ

θi ¼ 360sti
60

¼ 60sti ð4Þ

where r0 is the radius of the initial cross section; hi is the height
of the cone when the workpiece rotates the angle θi; ti is the
time of the workpiece rotates the angle θi; α and γ are the
HCAs when being viewed from the side.

Fig. 1 Shell parts with cone
shape of a air compressor and b
lampshade and hopper
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With the geometry conditions r0, α, and γ and the step
conditions hi and ti, the roller path used in the FEM and the
experiment can be obtained.

2.2 Other boundary conditions

The 3D geometric models of the roller, the spindle, and the
disk blank for the non-axisymmetric spinning are imported
and assembled in the ABAQUS software. The disk blank is
defined as a 3D deformable solid body, meshed using
C3D8R elements for “8-node linear brick, and reduced in-
tegration and hourglass control”. The rigid bodies are
assigned to the roller, the spindle, and the tail cap. The
roller can move along the radial and axial direction and
rotate around its central axis freely. The diameter of the
roller is 110 mm, with the working radius of 2 mm. The
inclination angle of the roller to the axial direction is 45°.
According to the production experience, the friction coef-
ficient is set to 0.4 when no lubrication is used among the
tail cap, disk blank, and spindle, and the friction coefficient
is 0.15when the lubrication of oil is used between the roller
and the disk blank. The roller can be rotated by the work-
piece due to the friction. The material of the blank, used in
this work, is 6061 aluminum alloy (annealed). The diame-
ter and thickness are 260 and 1.2 mm, respectively. The
constitutive equation is obtained from Ref. [13]:

σ ¼ 234ε0:26 ð5Þ

where σ is the true stress; ε is the true strain. The mechan-
ical properties of the alloy are shown in Table 1.

With the boundary conditions, the finite element model for
the non-axisymmetric spinning is established and simulated
through the dynamic explicit module of ABAQUS.

Fig. 2 a stereo, b side, and c top views of non-axisymmetric cone

Fig. 4 Schematic diagram of the roller path in 360° rotated by the spindle

Fig. 3 Assembly drawing of the non-axisymmetric spinning
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3 Simulation results and discussion

3.1 Simulation results and experimental verification

In order to investigate the effects of HCAs on the metal flow of
the non-axisymmetric die-less spinning, three combinations of
the HCAs, namely 30, 45, and 60°, are selected. The total axial
feeding distance of the roller path is 50 mm. The calculations are
carried out according to the working conditions in Table 2, and
the results are shown in Fig. 5. In order to verify the simulation
results, the non-axisymmetric spinning experiment is carried out
using the PS-CNCSXY 5-axis spinning machine with the same
working conditions. The feed speed of the roller is 5000 mm/
min; the fillet radius of the roller is 2 mm. During the spinning
process, the spindle speed determines the rotate angle θi; it must
match the radial and axial movement of the roller, as well as the
relationship shown in eq. (1). So the feed rate and the spindle
speed depend on the feed speed, and the matching relationship
between the rotational velocity of the workpiece and the move-
ment of the roller are carried out by the numerical control system
of the spinningmachine. Other processing parameters adopted in
the experiment are the same as those adopted in the simulation.
The experiment results are shown in Fig. 6.

The morphology of the workpiece under the Working con-
dition I is shown in Fig. 7. It shows that both the workpieces
from experiment and FEM exhibit non-axisymmetric cone
shape, and all the HCAs from the three working conditions
are contrasted in Fig. 8. The maximum deviation of the HCAs
between the experiments and the simulation results is 10.9%.
Moreover, the wall thicknesses on the direction of α and γ of
HCA are measured and calculated, as shown in Fig. 12. There
are six measuring positions on each HCA direction and dis-
tributed evenly axially. The maximum deviation of wall thick-
ness is within 15.1%. It indicates that the FEM describes the
non-axisymmetric die-less shear spinning well.

3.2 Discussion of simulation results

3.2.1 Analysis of deformation process

The deformation result in the spinning process of Working
condition I is shown in Fig. 9. It obviously shows that the

Table 2 Working conditions of the FEM

HCA Working
condition I

Working
condition II

Working
condition III

α (°) 45 60 60

γ (°) 30 30 45

Fig. 5 FEM results with the Working condition of a I, b II, and c III

Fig. 6 Experimental results with
the Working condition of a I, b II,
and c III

Table 1 Mechanical properties of 6061 aluminum alloy (annealed)

Symbol Definition Value Unit

E Elastic modulus 67,308 MPa

υ Poisson’s ratio 0.33 –

σs Yield strength 51.59 MPa

σb Tensile strength 146.12 MPa

δ Elongation 30 %
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eccentricity enlarges gradually with the increase of the ro-
tation rounds; the elongation of the deformed material
along the conical slope direction is non-axisymmetric; the
elongation at 0° area where the biggest HCA locates is
significantly greater than that at 180° area where the
smallest HCA locates.

The diameter of the workpiece at the spinning area
increases gradually with the spinning process ongoing
(see Fig. 9a, b, c). Due to the increasing of the eccentric-
ity and the diameter, the flange of the blank left at the 0°
area is significantly smaller than that at 180° area, and it
is easier to wrinkle on the flange which is not left enough
to restrain the uneven stress. Furthermore, the elongation
of the material reaches the maximum value at 0° area and
the minimum value at 180° area, and the difference be-
tween them grows up with the roller moving deeper along
the axial direction.

3.2.2 Stress and strain fields of different working conditions

Fig. 10 shows the distribution of the equivalent stress after
70 s during the spinning process. It can be found that the larger
equivalent stress distributes on the conical surface with the
smaller HCA. The distribution of the equivalent stress in the
Working condition II is thus the most uneven due to the largest
difference between its HCAs. When the working condition is
fixed, the equivalent stress reaches maximum value at the

position where the conical surface with the smaller HCA con-
nects to the flange of the blank.

Fig. 7 Morphology of the
workpiece obtained from a
experiment and b FEM

Fig. 12 Wall thickness distributions of the working conditions of a I, b II,
and c IIIFig. 8 Contrasts of the HCAs
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Fig. 11 shows the distribution of the equivalent strain after
70 s during the spinning process. It shows that the larger HCA
conical surface is formed with the smaller equivalent strain dis-
tribution, and this result meets well with the conclusion of Ref.
[17] that the wall thickness distribution of non-axisymmetric
shear spinning accords with the sine law. It also means that the
bigger wall thickness thinning occurs in the case of the smaller
HCA. Although the metal of the conical wall with the bigger
HCA is stretched longer, the larger total deformation happens
to the smaller HCAwall. It indicates that the thinning of the wall
thickness is themain deformation for the non-axisymmetric shear
spinning. The largest deformation distributes at the slope but not
the bottom of the cone which has the smallest HCA. Hence, the
deformation distribution of Working condition II is the most
uneven due to the largest HCA difference.

3.2.3 Wall thickness distributions of different working
conditions

The wall thickness distributions of the three working conditions
are shown in Fig. 12. It can be found that, the wall thickness with
a smaller HCA gets thinner, and this is consistent with the anal-
ysis of the strain field. Besides that, the thinning trend of the wall
thickness abides by the sine law, which confirms our previous
conclusion that the non-axisymmetric die-less spinning can be
considered as a shear one.

3.2.4 Ellipticity of different working conditions

Due to the complexity of the non-axisymmetric spinning
process, the geometric error—ovalization will happen on-
to the eccentric cross sections inevitably. The difference
between the maximum and minimum diameter in the
same cross-section of the workpiece can be defined as
the ellipticity e [19]:

e ¼ 2 Dmax−Dminð Þ
Dmax þ Dmin

� 100% ð6Þ

e is an important index to evaluate the forming quality of
the workpiece by the die-less spinning. The mating accu-
racy of the workpiece between parts is determined by its
value. Fig. 13 shows the ellipticity e along the axial (di-
rection Z) direction of the three working conditions in differ-
ent spinning passes. It shows that the e in the small HCAworking
condition is smaller than the one in the big working condition.
The ellipticity increases with the marching of the spinning pro-
cess in the bigger HCAworking conditions, but decreases slight-
ly in the smaller one. This is mainly because that the radial feed
of the roller is bigger with the smaller HCA. Therefore, when the
roller goes down along the axial direction (direction Z), the upper
cross section which has been formed will be affected by the

Fig. 9 Deformation process of the non-axisymmetric spinning with working condition I after the time of (a) 33 s, (b) 71 s, and (c) 100 s

Fig. 10 Equivalent stress fields of the working conditions of a I, b II, and c III. The unit of stress is in MPa
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subsequent deformation more easily, and the lower section will
suffer smaller effect of the subsequent deformation. Although,
the effect of the deformation on the circularity of the cross section
in the larger HCA working conditions is smaller, it suffers
springback more seriously. With going deeper along the axial
direction, the rest of the blank flange disappears gradually, and
its constraint on the springback drops rapidly in the bigger HCA
working conditions. The uneven springback destroys the round-
ness of the cross section. So the e ofWorking condition II and III
grows up along the axial direction.

4 Conclusions

(1) With the roller path equation, the non-axisymmetric die-
less shear spinning process is simulated by the 3D elasto-
plastic finite element model. The FEM results are veri-
fied experimentally.

(2) The edge of the blank flange is easier to wrinkle at the 0°
area which is the bottom of the conical wall with the
bigger HCA due to the lack of the flange to restrain the
uneven stress. Furthermore, the elongation of the mate-
rial reaches the maximum value at 0° area and the min-
imum value at 180° area.

(3) The distributions of the equivalent stress and strain on
the workpiece formed by non-axisymmetric die-less

spinning are uneven. The larger value distributes on the
conical surface with the smaller HCA.

(4) The ellipticity of the cross section increases with the
marching of the spinning process in bigger HCA work-
ing conditions, but decreases slightly in the smaller HCA
working conditions due to the combined effects of the
deformation and the springback.
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