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Abstract

Wrinkling is a common process failure in spinning; there are no established testing methods to obtain strain limits to
predict and prevent wrinkling. Mechanisms of wrinkling initiation and growth as well as associated strain conditions and
their limits are unclear. This study firstly investigates strain variations under different process conditions by developing
finite element (FE) simulation and experiment of a shear spinning process. A new wrinkling testing method is developed
and it is capable of applying in-plane biaxial compression and out-of-plane bending to represent wrinkling conditions in
spinning. By evaluating strain increments of the un-supported flange and constructing strain diagrams representing the
strain evolution during spinning, new insights into strain limits, wrinkling initiation and growth are attained. It is observed
when the circumferential strain of the top surface of the un-supported flange cyclically increases to become and remain
tensile, wrinkling initiates. The wrinkling initiation is a consequence of a rapid accumulation of the circumferential strain
of the un-supported flange under cyclic loading induced by the roller, when the roller feed per mandrel revolution exceeds
a limit. Subsequent roller feeding to the edge of the flange and wrinkling growth on the flange cause continued increases
of the circumferential strain leading to the final wrinkling failure in spinning. The newly developed wrinkling test method
has achieved wrinkling initiation and strain conditions similar to that observed in the early stage of the spinning process,
which could be used as a guide to support the determination of the key process parameters for wrinkling-free spinning.

Highlights

e Investigating wrinkling mechanisms in spinning and effects of key process parameters.

e FEvaluating strain accumulation and evolution that leading to wrinkling initiation.

e Developing wrinkling testing method by in-plane biaxial compression and out-of-pane bending.
e Wrinkling tests achieved strain conditions similar to early-stage wrinkling in spinning.

Keywords Shear spinning - Wrinkling - Finite element strain analysis - Wrinkling testing method
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1 Introduction

Sheet metal spinning is usually divided into conventional
spinning and shear spinning, commonly used to produce
axisymmetric products in various industrial applications. In
conventional spinning, multi-passes are required for a roller
tool to progressively deform a sheet blank to produce a
desired geometry with unchanged blank thickness. In shear
spinning, the blank thickness is reduced and multi-passes
are not necessary. The process design of a shear spinning
process includes decisions on the blank thickness reduction
ratio and spinning process parameters such as roller feed
rate and mandrel rotational speed. These depend on the
geometry and material of a spun product required.

Wrinkling was considered as a common process failure in
spinning process development [1]. A few studies stated that
wrinkling could be considered as a plastic buckling failure,
and the material deformation mode depended on the local
curvatures and thickness of the sheet blank [2, 3]. An ear-
lier study by Kobayashi [4] reported that the material defor-
mation modes in the conventional spinning process were
similar to those in the deep drawing process. It stated that
wrinkling was caused by buckling due to compressive cir-
cumferential stresses occurring in the flange. A subsequent
study by Hayama et al. [5] reported that the deformation
modes during wrinkling were more complex and involved
tension, compression, shearing and cyclic bending. Further
investigations reported that wrinkling in shear spinning was
different to deep drawing since the circumferential stress was
uniform around the flange in deep drawing, but it was non-
uniform in spinning because of the indentation created by
the roller movement [6]. The wrinkling in spinning usually
occurs at the edge of the un-spun flange of the sheet blank
at a certain stage of the spinning process, and it becomes
severer when the roller moves further away from the clamp
and closer to the edge of the blank. Further studies reported
that under some process conditions, minor wrinkles on the
flange that occurred during previous roller passes of spin-
ning could be flattened in the subsequent roller passes [7, 8].
However wrinkles normally could not be flattened in other
sheet forming processes once they occurred; this is because
the sheet blank in the spinning process is subjected to cyclic
loading caused by the roller.

In an effort to understand the material deformation
mechanics leading to wrinkling initiation in spinning pro-
cesses, theoretical, analytical, finite element (FE) simu-
lation and experimental methods have been developed. A
theoretical wrinkling prediction model was proposed by
determining the critical circumferential stress in conven-
tional spinning based on a generalised variational principle
of limit analysis [9]. It concluded that once the compres-
sive circumferential stress during spinning exceeded its
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critical value, flange wrinkling occurred. An analytical
model integrated with toolpath design for wrinkling pre-
diction in conventional spinning was reported in [10]. The
model was capable of creating processing maps showing
the limits of key spinning parameters on the onset of the
wrinkling, including toolpath profile, blank thickness, spin
ratio and feed ratio. In a FE and experimental study of a
multi-pass conventional spinning, it was observed that more
complicated stress patterns of the un-spun flange of the
blank showing both local and global bending due to cyclic
roller contacts during spinning [8]. It was found that cir-
cumferential stresses were compressive on the flange near
the local forming zone worked by the roller however these
changed into tensile stresses when the blank rotated away
from the roller [8]. To investigate effects of various pro-
cess parameters on wrinkling in spinning, FE simulations
of a conventional spinning process using the Box-Behnken
design of experiments were developed [11]. It concluded
that the wrinkling was caused by the build-up of residual
bending moments, with the collapse of the flange being ini-
tiated by the formation of a plastic hinge between the roller
and edge of the blank [11]. It was found that the roller feed
per mandrel revolution produced the most significant effect
on the onset of wrinkling [11]. By identifying the key spin-
ning parameters, the effect of the feed ratio, defined as the
roller feed rate per revolution of the mandrel rotation, on
wrinkling was investigated in [12, 13]. In their experimen-
tal tests [13], an excessive feed ratio was the predominant
factor to trigger wrinkling, and the wrinkling severity was
also increased with a higher feed ratio. It was observed that
wrinkling occurred when the applied feed ratio exceeded a
feed ratio limit. The feed ratio limit was confirmed for the
process setup of their study. However, this critical param-
eter varies with the processing conditions, including the
geometry and the material of a spun part.

To date, no standardised testing method is in place to
obtain the spin ability or forming limit of spinning processes
to predict and prevent wrinkling. Only a handful of studies
proposed testing methods to investigate wrinkling initiation
in spinning. A buckling test was developed by Yoshida [14]
to investigate the tendency of wrinkling formation of metal
sheets; and wrinkling was created by applying uniaxial ten-
sion on the two ends of the specimen. Kim et al. [15] con-
ducted a modified Yoshida buckling test by applying tension
on the two ends of the specimen to investigate the effects
of geometry and stress ratio on wrinkling initiation and
growth. Strains and wrinkling height results were obtained
from their tests using specimens with different widths and
gripping distances. Cao et al. [16, 17] developed a wedge
strip wrinkling test to investigate the onset of the buck-
ling using a uniaxial tensile test machine to achieve vari-
ous boundary conditions and stress ratios. It was concluded
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that the strain needed to trigger the buckling was relatively
small, and the buckling was very sensitive to compression
of the sheet. From these studies, it is clear that the specimen
design and boundary conditions are crucial for achieving
the desired deformation states for initiating buckling. It was
found by Kim et al. [15] that different specimen dimensions
under identical loading conditions had resulted in different
deformation states of the material. In the studies reported in
[15] and [17], the wrinkling tests were conducted by using
a uniaxial tensile test machine, which was carried out by
applying uniaxial tension to each specimen. However, FE
simulation studies reported in [8, 11] demonstrated that the
wrinkled blank during spinning was subjected to multiaxial
loading conditions including tension, bending, and shearing
under cyclic loading. Therefore, the existing wrinkling test
methods are not suitable for studying wrinkling mechanisms
and predicting the onset of wrinkling in spinning processes.

In the study of material deformation under multiaxial
loading conditions, a continuous bending under tension
(CBT) test was developed by Emmens et al. [18, 19], in
which a roller set continuously worked over the gauge arca
of a uniaxial tensile specimen, applying both tension and
cyclic bending to the specimen. Further developing the CBT
testing method, a tension under cyclic bending and com-
pression (TCBC) was developed by Ai et al. [20]. The test
rig design had one more roller installed on the roller set
than that in the CBT test to provide a compression to the
specimen therefore enabling both cyclic bending and com-
pression loading during tension of the specimen. To enable
in-plane two dimensional deformation, a biaxial tension
under bending and compression (BTBC) test was further
developed by Ai and Long [21], in which multiaxial defor-
mation conditions were applied to a cruciform specimen
enabling loading four arms rather than two of the specimen
in the CBT and TCBC tests [18, 20]. However, these mul-
tiaxial tests aimed to investigate material behaviour under
cyclic loading which eventually led to necking and fracture
of the tested specimens; they are not capable of providing
in-plane compression loading required for wrinkling testing
in spinning.

Forming limit diagram (FLD) has been widely employed
in sheet metal forming to establish the safe and potential
failure zones during material deformation under different
strain paths [22]. An international standard was first pub-
lished in 2008 [23] and recently updated in 2021 [24]. The
ISO 12004-2:2021 provides guidelines for conducting tests
for the determination of forming-limit curves (FLCs) in the
laboratory conditions for metallic sheet and strip materials.
The FLCs can be obtained by designing standard specimen
geometries which represent the material deformation under
equi-biaxial tension, plane strain, uniaxial tension, and their
intermediate strain states [24, 25]. Various studies employed

the FLD to test the forming limit of specific materials for
sheet forming applications, such as for stretch forming [26]
and deep drawing [27, 28] processes. For example, in deep
drawing process of a cylindrical cup, the bottom of the cup
experiences equi-biaxial tension, the wall section was under
plane strain, and the flange edge of the cup was under uniax-
ial compression which was more likely to cause wrinkling
failure [27]. However, Emmens et al. [29] suggested that a
FLD was only effective in predicting the material formabil-
ity when the plane stress was the primary loading condition
when a linear strain path was applied. In spinning processes,
the material is under multiaxial and cyclic loading condi-
tions imposed by the roller, the existing FLD methods in the
ISO standard using Marciniak test or Nakajima test [24] are
not suitable for spinning wrinkling tests. In the experimental
study by Hayama et al. [5], it was found that the compression
and tension deformation states of the flange were cyclically
changing throughout the shear spinning process, depend-
ing on the location of the roller. Furthermore, the material
deformation of the un-spun flange in shear spinning is not
pure shear but a combination of shearing and bending as the
roller moves to the edge of the blank to deform the material
which induces cyclical bending and unbending of the flange
near the roller contact zone.

It is clear there is a need to understand wrinkling initia-
tion mechanisms in order to develop standardised methods
to test strain limits in order to predict and prevent wrinkling
failure for efficient spinning manufacturing. This study
firstly develops finite element (FE) models of a shear spin-
ning process to simulate wrinkling initiation under differ-
ent process conditions, validated by spinning experimental
tests. Strain variations of the un-supported flange during
spinning are evaluated; strain evolution and strain diagram
are obtained to identify strain conditions and their limits
leading to wrinkling initiation. Secondly, a new wrinkling
testing method is developed in this study aimed to produce
wrinkling initiation similar to that in the spinning process.
Experimental wrinkling tests are performed by develop-
ing two specimen designs and a wrinkling test rig capable
of applying loadings for in-plane biaxial compression and
out-of-plane bending. Corresponding FE models of these
wrinkling tests are also developed to evaluate strain condi-
tions for comparison with that from the FE spinning process
simulations. The process limit and strain conditions that ini-
tiate wrinkling in spinning are identified and mechanisms
of wrinkling initiation and growth are proposed. The devel-
oped wrinkling test method has achieved a close correlation
of the wrinkling condition comparable to that occurred in
the early-stage of the spinning process. The strain condi-
tions and limits obtained from the wrinkling test method
could be used to guide the determination of the key process
parameters, and the feed ratio, in spinning processes.

@ Springer
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2 Analysis of strain evolution and wrinkling
initiation in spinning

To understand the material deformation during wrinkling,
FE simulation models of a shear spinning process under
different process conditions are developed to evaluate
wrinkling initiation and investigate strain evolution. Shear
spinning experiment is also developed to validate the FE
simulation of the onset of wrinkling. Strain limit diagrams
leading to wrinkling initiation are obtained and evaluated.

2.1 Finite element methods of wrinkling simulation
in spinning

The simulation of a metal spinning process, as illustrated in
Fig. 1a, is a highly dynamic problem that involves a rotating
mandrel with a rotational speed commonly over 1000 rpm.
The spinning process time is relatively short, usually having
a spinning duration of 10 s. The contact condition between
the roller and the blank is complex and the material of the
blank experiences the nonlinear plastic deformation. The
roller movement is defined by boundary conditions to simu-
late the loading induced by the roller while the mandrel and
the blank rotate together, which results in the material plas-
tic deformation of the blank to obtain a desired geometry
of the spun part. FE software Abaqus/Explicit is selected to
simulate the shear spinning process and the main loading
and boundary conditions are shown in Fig. la. Aluminium
alloy AA5251-H22 is used as the blank material in the FE

Fig. 1 Finite element simulation
of wrinkling in shear spinning 2
process Backplate

Workpiece

simulation of the shear spinning to form a conic part of 45°,
details of the assembly and component design are provided
in Appendix A. The material flow stress curve used in the
FE spinning simulation is obtained experimentally and it is
included in Appendix B.

The continuum shell element type in Abaqus, SC8R, is
selected for the blank with one layer of elements in the thick-
ness direction to optimise the required mesh density and
computational efficiency. To prevent the hourglass problem
from occurring at the flange of the blank due to bending, a
number of meshing strategies are explored to select the final
mesh as shown in Fig. 1b. The mass scaling method has to
be applied in the FE spinning simulation due to extremely
small time increments as a result of excessively small ele-
ment sizes and a short spinning duration. Different values
of the mass scaling factor of 9, 16, 36, 49 and 64 are tested
and the value of 36 is selected to ensure that the dynamic
effect due to the artificially increased material density has
not affected the simulation accuracy but still achieves suf-
ficient computational efficiency. The total number of ele-
ments of the blank is 56,000 and the CPU time to complete
one simulation model of the spinning process is over 256 h.

The contact condition used in this study by Abaqus/
Explicit is the surface-to-surface contact, defined by the
penalty contact algorithm and Coulomb’s friction law. Three
contact interactions are defined, these are: the roller with the
top surface of the blank, the backplate with the top surface
of the blank, and the mandrel with the bottom surface of the
blank, as illustrated in Fig. la. The value of coefficient of

Tool (roller)
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FE loading and BC conditions:

1. blank clamping force;

2. mandrel and backplate
rotational speed;

3. roller feed rate;

4. roller removal after spinning.

Mandrel

(a) FE simulation of shear spinning process

(b) Mesh refinement of a half blank

Reference height

(c) Hlustration and definition of wrinkling wave amplitude
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Table 1 FE simulation models in shear spinning of AA5251-H22 sheet (thickness 1 mm)

FE Model No.  Mandrel rotational Roller feed ratio ~ Simulated Final No. of Wrinkling initia-  Spinning Modelled
speed (rpm) (mm/rev) WWA (mm)  wrinkling waves tion time (s) time (s) spinning time

before mesh
distortion (s)

1 200 1.5 6.85 8 3.32 10.8 7.17

2 1000 0.3 - - WF 10.8 10.8

3 1000 0.4 - - WF 8.1 8.1

4 1000 0.5 - - WF 6.48 6.48

5 1000 0.75 3.05 7 2.38 4.32 4.32

6 1000 1.0 3.48 8 1.68 3.24 3.24

7 1000 1.25 6.24 9 1.01 2.592 1.793

8 1000 1.3 6.32 8 0.922 2.492 1.705

9 1000 14 6.51 8 0.796 2.016 1.563

10 1000 1.5 6.75 10 0.736 2.16 1.373

WF Wrinkling free, WWA Wrinkling wave amplitude

friction for each of these contacts is 0.02, 0.5, 0.5, respec-
tively [8].

In the spinning process, when the roller feed ratio
exceeds a limit for a specific sheet material and thickness of
a desired geometry, wrinkling occurs. The roller feed ratio,
in a unit of mm/rev, is defined as the roller feed rate divided
by the mandrel rotational speed. To investigate the effect of
key process parameters on the wrinkling initiation and pro-
gression during the shear spinning process, a total of 10 FE
models is constructed, as shown in Table 1, with varied val-
ues of the mandrel rotational speed and roller feed ratio. To
evaluate the effect of the feed ratio on wrinkling, the roller
feed rate is varied and two different values of the mandrel
rotational speed are adopted in these simulations.

In this study, wrinkling wave amplitude (WWA) is pro-
posed to quantify wrinkling severity in spinning. The WWA
is defined as the vertical distance between top and bottom
surface points of a wrinkle wave along the circumference
edge of the flange, as shown in Fig. 1c. When without wrin-
kling, the WWA is zero thus the circumference edge of the
flange is at the same position as the reference height. If
wrinkling occurs, the details of wrinkling wave amplitude
and number of wrinkling waves are recorded, as shown in
Table 1. If no wrinkling occurs, it is recorded as wrinkling-
free (WF). Because wrinkling can result in excessive FE
mesh distortions, some FE simulations cannot be completed
to their actual spinning time; these are also recorded in
Table 1.

2.2 Experimental validation of FE simulation of
wrinkling in spinning

To validate FE simulation results of the shear spinning pro-
cess, spinning experimental tests are developed and con-
ducted. The tests are conducted by using a modified AJAX
Premier 200 CNC turning centre, with a capacity of axial
and radial feed rates up to 3000 mm/min and a mandrel rota-
tional speed up to 2300 rpm, covering the required range of
the process parameters used in the FE simulation models
of the shear spinning process. Roller vibrations during the
spinning process are measured by employing the similar
measurement method developed in [10] to detect wrinkling
initiation time. Wrinkling is considered to be initiated when
waveform amplitudes of the roller vibration are increased
beyond the stable range of the roller vibration amplitudes
without wrinkling during spinning. The spinning experi-
ment conditions are shown in Table 2 which have the same
process parameters as that of FE model No. 1, 6 and 7
respectively.

As shown in Fig. 2, wrinkling always occurs around
the circumferential edge of the un-supported flange of the
blank in a form of wrinkling waves with tops and bottoms.
To measure wrinkling quantitatively, both wrinkling wave
amplitude and number of wrinkling waves from the FE sim-
ulation and the spinning experiment are compared. Table 2
shows the comparison of wrinkles generated under different
values of the roller feed ratio and mandrel rotational speed.

Table 2 Comparison of experimental measured and FE simulated wrinkling wave amplitude (WWA)

Test No. FE Model No. Mandrel rotational ~ Feed ratio (mm/rev) Measured Simulated Measured/FE Normalised/
speed (rpm) WWA (mm) WWA (mm) modelled No. of actual wrin-
wrinkles kling initia-
tion time (s)
1 1 200 1.50 7.69 6.85 8/8 0.75/8.25
6 1000 1.00 3.44 3.48 8/8 0.65/2.11
3 7 1000 1.25 6.75 6.24 8/9 0.63/1.63

@ Springer
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FE Model No.1

FE Model No.6

FE Model No.7

Tést No.iZ

(a) Feed ratio 1.5 under 200 rpm; (b) Feed ratio 1.0 under 1000 rpm; (c) Feed ratio 1.25 under 1000 rpm;

Fig.2 Comparison of wrinkled spun parts between FE simulation and experiment

The roller feed ratio determines if wrinkling occurs in
spinning as well as the severity of wrinkling and resulting
WWAS, as summarised in Tables 1 and 2. It is clear that a
higher roller feed ratio results in a great WWA. Comparing
WWASs and number of wrinkling waves of FE Model No.1
and Test No.l; FE Model No.6 and Test No.2; FE Model
No.7 and Test No.3; respectively, the FE simulation and
experimental results under the same process parameters
show very good agreements. Different mandrel rotational
speeds with the same feed ratio result in different spinning
times. For a direct comparison, the normalised wrinkling
initiation time of each spinning process, along with the
actual wrinkling initiation time, are summarised in Table 2.

Previous studies did not investigate the connection
between the dynamic effect in spinning and the wrinkling
initiation. In this study, this effect is investigated by devel-
oping FE Models No.1 and No. 10 under the same feed ratio
of 1.5 mm/rev but a different mandrel rotational speed of
200 rpm and 1000 rpm, respectively. It has been observed
that these two spinning processes, with an identical feed
ratio but different mandrel rotational speeds, show an iden-
tical wrinkling initiation time, 3.32 s for FE Model No.1
and 0.736 s for FE Model No.10, five times difference, the
same as the difference of the mandrel rotational speed of
these two models. The WWAS, 6.85 mm for FE Model No.1
and 6.75 mm for FE Model No.10, are also similar when the
feed ratio is the same but with a different mandrel rotational
speed. If a spinning process with a feed ratio is wrinkling-
free, the outcome of any other spinning processes with the
same feed ratio but with proportional changes in the man-
drel rotational speed and roller feed rate will also be wrin-
kling-free. The same conclusion is true for minor or severe
wrinkling cases, respectively. The feed ratio determines
the onset of wrinkling as well as the wrinkling severity in
the subsequent spinning process when the roller continues

@ Springer

deforms the blank, similar to the observations of the previ-
ous studies reported in [11, 13].

2.3 Wrinkling initiation and effect of roller feed
ratio

In this section, the circumferential strain is firstly selected to
evaluate the effect of the roller feed ratio on wrinkling initi-
ation in the spinning process. Variations of the circumferen-
tial strain on the top surface at the edge of the un-supported
flange of the blank are analysed. Generally, over the same
period of time, under a higher feed ratio, a greater increase
of the circumferential strain is observed at the top surface of
the flange edge, as shown in Fig. 3. Three outcomes related
to wrinkling of the flange are identified from the FE simula-
tions of the spinning process under different values of the
feed ratio, these are: severe wrinkling (FE Models No.7 to
No.10); minor wrinkling (FE Models No.5 and No.6); and
wrinkling-free (FE Models No. 2 to No.4).

FE results of Models No.7 to No.10 show excessive FE
mesh distortions due to severe wrinkling of the flange there-
fore the results of the circumferential strain after excessive
mesh distortions are not included in Fig. 3. FE results of
Models No.5 and No.6 show that minor wrinkling waves
are initially formed on the flange but they are flattened by
the roller during the subsequent stage of the spinning pro-
cess when the roller works on these minor wrinkling waves
directly. This phenomenon has also been observed in the
spinning experiment, reported in [7, 8]. FE results of Mod-
els No.2 to No.4 show no wrinkling waves formed on the
flange therefore the spinning process is wrinkling-free. As
can be seen in Fig. 3, for a wrinkling-free spinning process
(FE Models No.2 to No.4), it is clear that the circumferential
strains on the top surface at the edge of the flange remain
compressive throughout the spinning process. Small tensile
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Fig. 3 Variations of maximum
circumferential strain of top
surface at the edge of the flange
under different values of spinning 0.12
feed ratio

0.16

0.14

0.1
0.08
0.06
0.04
0.02

No.10 severe wrinkling
No.9 severe wrinkling

No.8 severe wrinkling
J No.7 severe wrinkling

No.6 minor wrinkling

—1.50 mm/rev (FE Model No.10)
——1.40 mm/rev (FE Model No.9)
—1.30 mm/rev (FE Model No.8)
——1.25 mm/rev (FE Model No.7)
—1.0 mm/rev (FE Model No.6)
—0.75 mm/rev (FE Model No.5)
—0.5 mm/rev (FE Model No.4)

No.5 minor wrinkling —0.4 mm/rev (FE Model No.3)

—0.3 mm/rev (FE Model No.2)

-0.02

Circumferential strain

-0.04
-0.06
-0.08
-0.1
-0.12

circumferential strains may occur but they change back to
compressive strains after the blank rotating away from the
area locally deformed by the roller.

In this study, the feed ratio limit is defined as the maxi-
mum feed ratio applied in spinning leading to a wrinkling-
free process. For the process parameters and spinning
process considered in this study, the feed ratio limit is
observed to be 0.5 mm/rev from the FE simulation results
shown in Fig. 3. This observation is validated by the spin-
ning experimental tests. Beyond this feed ratio limit, wrin-
kling occurs. The obvious pattern is that the greater the feed
ratio is, the higher the tensile circumferential strain occurs
on the top surface of the un-supported flange. For a spinning
process severely wrinkled, for example, FE Model No.10,
Fig. 4 shows gradual increases of the tensile circumferen-
tial strain on the top surface at the edge of the un-supported
flange, from very small maximum strain values, around
0.0345, which continuously increases after each roller feed
per mandrel rotation, finally reaches the maximum tensile
strain of around 0.1. At spinning time 1.355 s, the maxi-
mum tensile strains can be seen on the top surface of each
wrinkling wave across the entire circumference of the up-
supported flange, leading to severe wrinkling. In contrast,
for a spinning process with a feed ratio lower than the feed
ratio limit (0.5 mm/rev in this study), as shown in FE Mod-
els No.2 to No.4, the circumferential strain increases slower
than that of the FE models with a high feed ratio. For these
models, the circumferential strain on the top surface of the
flange remains to be compressive during the whole spinning
process, as shown in Fig. 3.

To investigate strain variations at the critical stage in
spinning under different feed ratio conditions which leading
to different wrinkling outcomes, i.e. wrinkling-free, minor

No.4 wrinkling-free

No.2 wrinkling-free
No.3 wrinkling-free

Time history (s)

wrinkling and severe wrinkling, FE Models No.4, 5, 6 and
7 are selected for a detailed comparison of the maximum
circumferential strain on the top surface at the edge of the
un-supported flange. As shown in Fig. 5, it can be seen that
the noticeable strain variation starts after 0.7 s and cycli-
cally changes when the roller deforms the blank cyclically
in the nearby area of the flange section considered. For the
wrinkling-free case (FE Model No.4), the circumferential
strain on the top surface of the flange remains compressive
throughout the spinning process. For the severe wrinkling
case (FE Model No.7), the circumferential strain is initially
compressive but increases gradually to become completely
tensile just after 0.9 s; this trend continues until the occur-
rence of excessive mesh distortions at 1.7 s in spinning.
For the minor wrinkling cases (FE Models No. 5 and 6),
the circumferential strain is also initially compressive and
increases gradually to become tensile just after 1.5 s (For
Model No.6) and after 2.5 s (For Model No.5). However,
the trend of tensile strain increases only lasts less than 1 s
then the circumferential strain changes back to be compres-
sive and it remains compressive throughout until the end of
the spinning process.

From the above analysis, it can be concluded that when
the roller feed ratio applied is greater than the feed ratio
limit, 0.5 mm/rev in this study, the maximum circumferen-
tial strain of the top surface at the edge of the un-supported
flange rapidly increases to become tensile and remains ten-
sile during the spinning process, wrinkling initiates. A higher
feed ratio results in greater rapid increases of the circumfer-
ential strain, resulting in greater severity of wrinkling. For
a wrinkling-free case, the maximum circumferential strain
of the top surface at the edge of the un-supported flange
remains compressive throughout the spinning process.
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Fig. 4 Tensile circumferential
strains of top surface with severe
wrinkling, FE Model No.10
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2.4 Evaluation of strain evolution in spinning

As observed in the previous studies [27], wrinkling also
occurred in other sheet forming processes. For example,
in deep drawing, excessive compressive circumferential
stresses buckle the flange of the blank resulting in wrin-
kling. To evaluate strain evolutions from the start of the
spinning process to the formation of wrinkles, FE Model
No. 10 is selected for detailed analysis, for which severe
wrinkling has occurred. The maximum circumferential and
radial strains on the top and bottom surfaces at the edge of
a wrinkling top of the un-supported flange are analysed, as
shown in Fig. 6. In Fig. 6a, it depicts the variation of the
strains with spinning time. In Fig. 6b, it shows the evolution
of the ratio of the radial strain to the circumferential strain,
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Small tensile strains at the edge near roller contact at 0.9675s

Tensile strains at the edge expanded beyond roller contact at 1.115s

High tensile strains at the edge along entire circumference at 1.355s

from the wrinkling initiation stage to spinning time 1.373 s,
before excessive mesh distortions have occurred. Although
nine integration points are assigned in the thickness direc-
tion of the blank in a single layer of continuum shell ele-
ments in Abaqus, only the results from the nodes on the top
and bottom surfaces can be outputted. It is clear that the
un-supported flange is under localised bending due to the
action of the roller deforming the nearby flange of the blank.
Due to the localised roller bending effect, the wrinkling top
surface of the un-supported flange is elongated resulting in
tensile circumferential strains. The wrinkling bottom sur-
face of the un-supported flange is compressed resulting in
compressive circumferential strains.

There is an obvious pattern that the strains of the edge
of the un-supported flange increase continuously as the
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Fig. 5 Comparison of variations
of the maximum circumferential
strain for spinning processes with
wrinkling-free (Model No.4),
minor wrinkling (Models 5 &

6), and severe wrinkling (Molde 0.1
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spinning process proceeds when the roller deforms the blank
material gradually, as shown in Fig. 6a. There is a small
strain increment after each deformation cycle by roller feed
per mandrel revolution. Moreover, the deformation of the
blank material caused by the roller is highly localised. After
moving away from the current roller contact area, the strains
of the edge of the un-supported flange remain unchanged
until the next mandrel revolution when the roller deforms
the nearby area of the blank again. From Fig. 6b, it can be
seen that the ratio of the radial strain (RS) to the circumfer-
ential strain (CS) of the bottom surface of the un-supported
flange edge is positioned near the uniaxial compression
zone of the strain diagram, while the RS/CS ratio of the top
surface of the un-supported flange edge is positioned near
the uniaxial tension zone of the strain diagram. The RS/CS

Time history (s)

ratios of both surfaces have correctly reflected the strain
paths of wrinkling top and wrinkling bottom of the wrinkled
flange.

2.5 Strain diagram and wrinkling mechanisms

From the results shown in Figs. 3, 4 and 6 and evaluations in
Sect. 2.3 and 2.4, the wrinkling initiation is a consequence
of a rapid accumulation of the circumferential strain at the
edge of the un-supported flange during the deformation of
the nearby area of the blank by the roller, due to a large roller
feed per mandrel revolution greater than its limit. To fur-
ther evaluate the evolution of the circumferential strain and
radial strain that leading to wrinkling initiation, a node set
on the top surface of the wrinkled flange in FE Model No.10
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Fig. 6 Strain variation of top and bottom surfaces at the edge of wrin-
kled flange, FE Model No. 10

is selected, numbered from 1 to 14, where the maximum
circumferential and radial strains have occurred. The strain
diagram is drawn by using the radial strain as minor strain
and the circumferential strain as major strain, as shown in
Fig. 7. At the early stage of the spinning process, the cir-
cumferential strain and radial strain at the top surface of the
wrinkled flange are compressive, however they propagate
to a wider space on the strain diagram starting after the 13th
mandrel revolution (0.7725 s) and leading to severe wrin-
kling in the later spinning stage of the 23rd mandrel revo-
lution. There is an obvious pattern that the strain space is
gradually expanded after each mandrel revolution because
the blank material has been continuously deformed by the
roller. The circumferential and radial strains on the wrin-
kling top (nodes No. 1~ 14) are mostly positioned between
strain paths from —1/2 to 1 (from uniaxial tension to equal-
biaxial tension). For these selected nodes, the closer to the
edge of the un-supported flange, the greater the circumfer-
ential strain, occurred at node No.14, as shown in Fig. 7.
The most important observation from the strain dia-
gram analysis is that the wrinkling is caused by the strain
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accumulation during each contact between the roller and
deformed flange section, creating a local bending effect of
the un-supported flange section along the circumferential
direction of the blank. The feed ratio determines the roller
feed distance per mandrel rotation and the degree of the
material deformation thus it governs the amount of strain
accumulated on the un-supported flange following each
roller contact. The wrinkling initiation is a result of the un-
supported flange being deformed beyond a strain limit by
the roller due to an excessive feed ratio applied to the blank.
An excessive feed ratio leads to a rapid increase of the maxi-
mum circumferential strain of the top surface that becomes
tensile and remains tensile during the subsequent roller feed-
ing, resulting in wrinkling initiation. Continued roller feed-
ing to the edge of the flange and wrinkling growth on the
flange cause further increases of the circumferential strain
leading to the final wrinkling failure in spinning. The identi-
fication of the wrinkling initiation and growth mechanisms
is essential for developing a new wrinkling test method to
obtain strain limits to prevent wrinkling in spinning.

3 Development of new wrinkling testing
method

The international standards have been established to
determine forming-limit curves for predicting material
deformation failures in sheet metal forming processes,
such as Nakajima and Marciniak testing methods in the
ISO EN12004-2:2021 [24]. However, there is no wrin-
kling testing method available to predict strain limits for
the onset of wrinkling in spinning processes. In this sec-
tion, the development of a wrinkling testing method is
presented aiming to produce wrinkling initiation similar
to that in the spinning process so that to predict wrinkling
strain limits.

3.1 Wrinkling testing method and specimen design

As observed and discussed in Sect. 2, wrinkling is localised
in the un-supported flange. The dynamic effect in spinning,
due to higher feed rate and higher mandrel rotational speed,
shows no effect on wrinkling initiation, as long as they
change proportionally to maintain the feed ratio unchanged,
as discussed in Sect. 2.2. Therefore, the flange deformation
leading to wrinkling can be treated independently when
developing the wrinkling test method.

Two specimen designs for wrinkling testing are devel-
oped, as illustrated in Fig. 8. The gauge area of each speci-
men is designed to have an identical geometry to the actual
arc section of a wrinkled flange in spinning, illustrated by
the overlapped arc section in Fig. 8. Specimen design details
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Fig. 7 Strain diagram of top
surface of wrinkled flange, FE
Model No. 10
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are provided in Appendix C. For Specimen Design 1, the
corresponding loadings are applied through the two arms of
the specimen, as illustrated in Fig. 8a. However, in spinning,
three sides of the arc section of the flange are constrained by
the adjacent material, marked as red-lined boundaries, while
the outside edge of the flange is free from any constraint.
This consideration leads to the development of Specimen
Design 2, as shown in Fig. 8b. In both designs, the thick-
ness of the gauge area is reduced to make the gauge area
less resistant to compressive loading therefore to ensure the
specimen always wrinkles in the gauge area. The material
of the specimen is AA5251-H22, the same as that used for
the spinning experiment and FE simulation as presented in
Sect. 2.

3.2 Experiment of wrinkling tests

The proposed wrinkling test method requires in-plane biax-
ial tension/compression deformation when the specimen is
also subjected to bending and compression loading in the
out-of-plane direction. The rig developed by Ai and Long
in [21] is modified to adopt the new design of wrinkling test
method developed in this study. The modified rig can apply
loading conditions and boundary constraints to the speci-
mens designed for the wrinkling test experiment, to ensure
similar loading conditions as that by the roller deforming

-0.03 000 003 006 0.09 012 0.15

Radial strain

the un-supported flange in the spinning process. Figure 9
shows the winkling test rig and its main components.

Four groups of wrinkling tests are conducted as outlined
in Table 3. For specimen design 1 in tests No.l and No.2,
the in-plane compression loading is applied by a 0.12 mm/s
compression speed on both arms of the specimen along axis
1 for 10 s. A total of 2.4 mm compression displacement is
applied to the specimen to cause the specimen to wrinkle
within the gauge area. For specimen design 2 in tests No.3
and No.4, an additional constraint is applied to the third arm
of the specimen fixed by the clamp on axis 2 throughout the
testing process. After the in-plane compressive loading, the
out-of-plane bending loading is applied using the bending
tool with a 5 mm radius hemispherical head via the hand-
wheel by applying a downward movement. This loading
bends the wrinkled specimen back to its initial horizontal
plane. To determine strains after testing, the laser grid etch-
ing method is applied, as suggested in the ISO EN12004-
2:2021 [23, 24]. Laser etched circle lines, in a diameter of
1 mm, are created on the gauge area of each specimen, as
shown in Fig. 10.

3.3 Finite element simulation of wrinkling testing

Corresponding to the wrinkling experiment as outlined in
Table 3, four FE simulation models of the wrinkling tests of
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Fig. 8 Development of wrinkling testing method and specimen design
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Table 3 Experimental wrinkling tests and specimen loading conditions

Test  Speci- Loading on Displacement Loading from
No. men axis 1 on axis 2 bending tool
Design
1 1 Compression - -
2 1 Compression - Bending (after
compression)
3 2 Compression Fixed -
2 Compression Fixed Bending (after
compression)

the two specimen designs are developed to simulate wrin-
kling formation under the same loading and boundary con-
ditions as that in the wrinkling experiment. For specimen
design 1, in FE test model 1, displacements on the arms of
specimen 1 are eliminated thus the deformation only con-
centrates on the thickness-reduced gauge area. In FE test
model 2, a bending tool is introduced to induce bending
deformation of the specimen after wrinkles occur in the
gauge area of the specimen, acting as the action of the roller

Specimen 2 |
¢ &

compressing the wrinkled flange in the spinning process.
The FE mesh, loading and boundary conditions of FE test
models 1 and 2 are detailed in Table 3; Fig. 11. For speci-
men design 2, it has a T-shape geometry with a thickness-
reduced arc-shaped gauge area connected to three arms of
the specimen. In FE test model 3, only in-plane compres-
sions are applied to the specimen; while for FE test model
4, both in-plane compressions and out-of-the plane bend-
ing are applied to the specimen. The details of loading and
boundary conditions are given in Table 3; Fig. 12.

4 Wrinkling test results and discussion

Wrinkling test results and FE strain diagram for specimen
design 1 and 2 under different loading and boundary condi-
tions are presented in Figs. 13 and 14, respectively. Strain
values from the corresponding FE wrinkling simulation of
the spinning process (FE model No. 10), at two stages of

Diameter of etched

circles =1mm

Fig. 10 Winkling test specimens 1 and 2 and laser etching for strain measurements

Fig. 11 Loading conditions of
wrinkling test of specimen design
1, FE test No.1 and No.2

Bending tool

Axis 1

Axis 2 =

A. 0.12 mm/s for 10 seconds

Axes centre

FE simulation loading steps:

A: Two arms with compression
along Axis-1;

B: Out-of-plane bending at the
centre of the two axes;

C: Removal of bending at the
centre of the two axes.

C.1mm/s for 10 seconds

B. 1 mm/s for 10 seconds

<
.
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=

A. 0.12 mm/s for 10 seconds
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Fig. 12 Loading conditions of
wrinkling test of specimen design
2, FE test No. 3 and No. 4

Axes centre

10 seconds

A. 0.12 mm/s for 10 seconds

g

the 19th and 23rd mandrel revolution, are also presented
together with the wrinkling test results for comparison. As
shown in Fig. 13a, by comparing the circumferential strain
of the FE wrinkling test No.1 of specimen design 1 with
that of the FE spinning process model No.10, it is clear that
the wrinkling test simulates an earlier stage of the wrinkling
development, close to the 19th mandrel revolution in the
spinning process.

In the FE simulation of wrinkling test No.2 of specimen
design 1 shown in Fig. 13b, by employing the bending tool,
it creates a dent on the specimen surface, similar to that in
the spinning process. When compared with the FE wrin-
kling test No. 1, the circumferential strains of the FE wrin-
kling test No.2 are slightly closer to that of the 19th mandrel
revolution in the FE spinning model No. 10. However, the
edge of the specimen design | has not reached higher strain
conditions, not high enough to be comparable to that in
the final stage of the spinning process in the 23rd mandrel
revolution. This may be because the compression applied
by the bending tool to the arc gauge area is evenly distrib-
uted, not localised enough to produce sufficient compres-
sion to induce a greater circumferential strain to the edge
of the specimen in the wrinkling test. The strains measured
from the wrinkling tests are scattered in the strain diagram
due to difficulties to obtain accurate measurements of the
deformed circles etched on the specimen. However, the
measured strains from the wrinkling Test No.2 show a better
correlation with that of the FE wrinkling test simulation at
19th mandrel revolution, mostly located between the strain
path between —1/2 and 0, as shown in Fig. 13b.

@ Springer

FE simulation loading steps:

A: Two arms with compression

along Axis-1 and fixed arm at

both Axis-1 and Axis-2;

Out-of-plane bending at the

centre of the two axes;

C: Removal of bending at the
centre of the two axes.

1]

A. 012 mm/s for
10 seconds

C.1mm/s for 15 seconds

B.1 mm/s for 15 seconds

Fixed arm

-

A. 012 mm/s for 10 seconds

For wrinkling tests No.3 and No.4 of specimen design
2, the FE circumferential strains and their comparison with
that of the FE simulation of the spinning process are pre-
sented in Fig. 14. The difference between wrinkling tests
No.3 and No.4 with tests No.1 and No.2 is the additional
constraint of the third arm of specimen design 2. The width
of the first two arms of the arc gauge area in specimen 1 is
reduced in specimen 2 to only cover the partial size of the
wrinkled flange in the spinning process. The compression of
the bending tool in wrinkling test No.4 of specimen design 2
is only applied to the partial arc gauge area thus the bending
is not as severely as that in specimen design 1 in test No.2.
From the FE strain results of wrinkling test No.3 shown in
Fig. 14a, it can be seen that the circumferential strain distri-
bution at the top surface has a maximum value of 0.033 at
the edge of the wrinkle top surface.

For the wrinkling test FE model No.4 in Fig. 14b, the
bending tool applied to specimen design 2 with the third
arm as an additional boundary constraint has created one
fully completed wrinkling wave with one wrinkling top and
one wrinkling bottom, similar to that in the spinning pro-
cess. A maximum circumferential strain of 0.016 from the
wrinkling test No.4 occurs at the edge of the specimen. The
strain diagram of the wrinkling test No.4 is similar to that
in the earlier stage of the spinning process, at the 14th or
15th mandrel revolution as simulated by FE spinning model
No.10, shown in Fig. 14b. The strains measured from the
wrinkling tested specimens are also scattered around strain
paths between —1 and 0. A better correlation with that of
the FE wrinkling test simulation is observed for specimen
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Fig. 13 Wrinkling test and FE
simulation results of specimen
1, compared with FE spinning
model No. 10

design 2 (Fig. 14) in comparison with specimen design 1

(Fig. 13).

Figure 15 shows the comparison of circumferential stress
distributions obtained from wrinkling test No.4 with that
from the spinning process of FE spinning model No.10. Dif-
ferent to other three wrinkling tests No.1, 2, and 3, the FE
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(b) Experiment and FE strain diagram of specimen 1 Test No.2 with bending tool

simulation of the wrinkling test No.4 shows that the bend-
ing tool creates tensile circumferential stresses adjacent to
the bending tool contact but the circumferential stress is
compressive at the roller contact zone. The loading of the
bending tool has started to create a full wrinkling wave
with top and bottom in the un-supported flange around the
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Fig. 14 Wrinkling test and FE simulation results of specimen 2, compared with FE spinning model No. 10

@ Springer



The International Journal of Advanced Manufacturing Technology

Fig. 15 Comparison of circumfer-
ential stress distributions of wrin-
kling test and spinning process
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(b) FE spinning simulation model No.10 at roller contact, time at 0.75 seconds

bending tool, as shown in Fig. 15a. This is very similar to
the flange deformation and circumferential stress distribu-
tion in the FE spinning simulation (FE Model No.10) shown
in Fig. 15b. These are at the equivalent time of deformation
in both processes, 0.75 s for spinning process and 5 s for
wrinkling test. Table 4 shows a comparison of the maximum
circumferential stress and strain in values at five selected
areas, with the maximum stress deviation of 13.8%. As can

be seen, both FE wrinkling test model No.4 and FE spinning
model No.10 indicate a similar pattern of compressive cir-
cumferential stresses in Area-5 and tensile circumferential
stresses at Area-1 and Area-4, creating a wrinkling wave.
As shown in Figs. 13 and 14, the circumferential strains
of all the wrinkling tests based on specimen designs 1
and 2 are much smaller than the final strains at the 23rd
mandrel revolution in the FE spinning model No.10. This
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Table 4 Comparison of circumferential stress and strain of FE wrin-
kling test and FE spinning

Area No. Stress: FE wrinkling ~ Stress: FE spinning  Devia-
test No.4 (MPa) model No.10 (MPa) tion
1 223.5 254.4 13.8%
2 —293.5 -306.8 4.53%
3 294.2 3124 6.19%
4 261.5 272.2 4.09%
5 —259.9 —262.5 1.00%
Area No. Strain: FE wrinkling ~ Strain: FE spinning  Devia-
test No.4 model No.10 tion
1 0.0028 0.0023 21.7%
2 —0.2446 —0.0547 >100%
3 0.0088 0.0072 22.2%
4 0.0161 0.0159 1.26%
5 —0.0073 —0.0066 10.6%

is considered to be the result of only one loading cycle
being applied in each wrinkling test. However in the spin-
ning process, the same area of the flange is worked by the
roller over several loading cycles before the deformed area
of the sheet blank moves towards the edge of the flange. If
the developed wrinkling test rig could apply multiple load-
ing cycles of in-plane compression to the two-sided arms
and the out-of-plane bending to specimen 2 in test No.4,
the circumferential strain at the edge of the arc gauge area
of the specimen could be accumulated gradually to reach a
higher strain values, as that observed in the FE spinning pro-
cess, shown in Figs. 6 and 7. The maximum circumferential
strain values which result in wrinkling, such as that obtained
in wrinkling test No.4 using specimen design 2, could be
used as a guide to determine the strain limit and key process
parameters to prevent wrinkling in spinning.

5 Conclusions

In this study, the wrinkling initiation mechanisms and strain
limits in shear spinning are investigated. A new wrinkling
test method is developed; both experiment and FE simu-
lation of the wrinkling tests are conducted to evaluate the
strain evolution during wrinkling initiation. The strain dia-
grams from the FE spinning simulations and FE wrinkling
tests are investigated. The main conclusions are:

1) Wrinkling initiation is a result of the un-supported
flange being deformed beyond a strain limit by the roller
due to an excessive roller feed per mandrel revolution
applied to the blank in spinning. An excessive roller
feed leads to a rapid increase of the maximum circum-
ferential strain of the edge of the un-supported flange
during each roller contact with the nearby deformed
flange section;

@ Springer

2) When the maximum circumferential strain of the top
surface of the un-supported flange becomes tensile and
remains tensile during the subsequent roller feeding,
wrinkling initiates. Continued roller feeding to the edge
of the un-supported flange and wrinkling growth on the
un-supported flange cause further increases of the cir-
cumferential strain leading to the final wrinkling failure
in spinning;

3) The feed ratio is the most critical process parameter deter-
mining if wrinkling is to occur in a spinning process. When
the feed ratio is greater than a certain limit, which is spe-
cific to the spinning material and process design, wrinkling
is to occur. In this study, the feed ratio limit is found to be
0.5 mm/rev for the spinning process considered;

4) The dynamic effect in spinning is investigated by FE
simulation and experiment of two testing conditions of
the spinning process with the same feed ratio but differ-
ent mandrel rotational speeds and roller feed rates. The
higher roller feed rate and higher mandrel rotational
speed applied do not affect the wrinkling initiation and
severity, as long as the roller feed rate varies proportion-
ally with the mandrel rotational speed to keep the feed
ratio below the feed ratio limit;

5) To bridge the current research gap of lacking of stan-
dardised testing methods for predicting wrinkling
initiation in spinning, a new wrinkling test method is
proposed by developing two specimen designs which
are evaluated by conducting both wrinkling test experi-
ment and FE simulation;

6) Among the four types of the wrinkling tests performed,
wrinkling test No.4 using specimen design 2, loaded
by in-plane biaxial compression and out-of-pane bend-
ing using a bending tool, has achieved a closest cor-
relation of the wrinkling initiation and strain conditions
similar to that observed at the early stage of the spinning
process;

7) The wrinkling tests have achieved the wrinkling ini-
tiation and early-stage wrinkling growth of that in the
spinning process because of the application of only
one pass/feed in the wrinkling tests. To achieve the
same level of high circumference strains as that in the
final wrinkling stage of the spinning process, multiple
passes/feeds by using the bending tool is required;

8) This study identifies that the cause of wrinkling initia-
tion in spinning is because of a rapid accumulation of
the circumferential strain which resulted in permanent
tensile strains of the top surface of the un-supported
flange edge under cyclic loading induced by the roller,
when the roller feed ratio exceeds a limit. The new
wrinkling test method provides a new concept to fur-
ther develop standardised wrinkling tests for preventing
wrinkling in spinning processes.



The International Journal of Advanced Manufacturing Technology

Appendix A: Assembly of the shear Appendix B: Flow stress of AA5251-H22
spinning process and dimensions of main used in the FE spinning and FE wrinkling test
components models
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Appendix C: Specimen designs of wrinkling tests
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