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Abstract
The high flexibility of die-less spinning has great potential for industrial applications. The severe wall thinning of die-less
spinning can be suppressed using the ball-crown-shape roller (BCSR). However, the mechanical properties of the spun parts
need to be investigated. In view of this, a truncated cone was formed by die-less spinning using the BCSR, and the mechanical
performance and microstructure of the spun workpiece were investigated. The micro-hardness distribution on the spun cone was
larger than that of the disk blank. The stress-strain curves from the tensile tests also emerged to have greater stress during the
engineering strain of 0.05 to 0.225. The spinning results revealed that almost no wall thinning occurred on the die-less spun cone.
The processing strengthening effect can be found on the die-less spun cone wall using the BCSR through micro-hardness and
tensile tests. However, no grain refinement occurred in thickness direction after deforming. The processing strengthening
mechanism was revealed as that the circumferential metal accumulation, which was caused by the unique shape of the BCSR,
leading to greater compressive stress.
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1 Introduction

Spinning is an energy-saving and material-saving manufactur-
ing technology for thin-walled revolving parts, which has
been widely used in aviation, aerospace, automobile, and oth-
er industrial fields [1–4]. Die-less spinning has obvious ad-
vantages in the manufacturing of small batch and difficult-
demolding parts. Therefore, there is great application potential
for complex shaped parts (such as parts with concave curve
profile) formed by die-less spinning. Furthermore, many stud-
ies on die-less spinning have been carried out during the recent
decades.

Li et al. [5] investigated the effects of roller paths on di-
mensional precision in the die-less spinning of sheet metal by
numerical simulation and reported that a combined roller path
with a convex-concave curve is advantageous to shape accu-
racy, while better thickness precision can be obtained through
an inverse combined roller path. The effects of roller path
profiles on wall thickness variation in conventional metal
spinning were also investigated by Wang and Long [6]. In
the die-less spinning process of non-axisymmetric truncated
cones, the wall thickness distribution in the circumferential
direction was found to be consistent with the sine law by
Han et al. [7–9], although the half cone angles differ in the
circumferential 360° direction. By means of mechanics and
mathematics theoretical analysis, Kim et al. [10, 11] investi-
gated the stress and wall thickness distribution of die-less
shear spinning in detail and demonstrated the sine-law wall
thickness distribution for shear spun parts. Zhao [12] and
Kawai [13] also explained that the wall thickness distribution
of shear spinning is proportional to the sinusoidal value of the
half cone angle. Therefore, the wall thickness thinning of die-
less spinning is hard to avoid (the smaller half cone angle the
workpiece has, the more severe the wall thinning will be-
come). Furthermore, this has become a bottleneck problem
that restricts the application of die-less spinning.
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According to present reports, there are few studies on the
wall thickness control of die-less spinning. Sekiguchi et al.
[14] proposed a method to control the uniformity of wall
thickness distribution by tilting the feed surface of the roller.
An inclined rotating central axis in the non-axisymmetric
shear spinning system was fabricated by Han et al. [15] to
design a roller path that makes the half cone angle around
the axis equal in the circumferential direction, thereby control-
ling the wall thickness uniformity. Unfortunately, the above
two methods for wall thickness distribution control were still
unable to prevent the wall thinning in die-less spinning.

Jia et al. [16] reported that the wall thickness thinning in
die-less spinning can be effectively suppressed using a ball-
crown-shape roller (BCSR) instead of a conventional roller.
However, the mechanical performance (such as the well-
known spinning strengthening effect [1–3, 9, and]) of a spun
workpiece with a tiny wall thickness thinning (or evenwithout
wall thickness thinning) remains unclear. The mechanical
properties of the spun workpiece would determine whether it
can be applied or not, which is very important for spinning
technology. Therefore, the mechanical properties of die-less
spinning using a ball-crown-shape roller with near-unthinned
wall thickness were investigated.

2 Spinning experiment

In order to keep the wall thickness from severely thinning, die-
less spinning was carried out using the BCSR to replace the
conventional roller, as shown in Figure 1. The BCSR, as the
name implies, is a spherical crown-shaped roller that is cut off
from a sphere. It has three main parameters: the radius of the
sphere R, the height of the crown L, and the radius of the

chamfer on the edge of the crown base r. The three parameters
of the BCSR were set based on a study [16]. The roller path of
a single inclined line would be designed to form the truncated
cone. Since the BCSR is used instead of the conventional
roller, an analytical calculation is needed for the roller path,
in order to define the forming trajectory and ensure the
forming shape.

Initially, the center of the spindle end face was defined as
the coordinate origin (Fig. 1). According to the shape of the
BCSR and the convenience of its tool setting, the starting
position of the BCSR was calculated, as follows:

X 0 ¼ Rs þ δð Þ þ Rcosα− R‐Rsinαð Þtanα‐
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R−rð Þ2− R−Lþ rð Þ2
q

¼ Rs þ δð Þ þ Rcosα− R‐Rsinαð Þtanα‐
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2R−Lð Þ L−2rð Þ
p

ð1Þ
Z0 ¼ − t0 þ Lð Þ ð2Þ

Then, the end position of the BCSR was calculated, as
follows:

X 1 ¼ X 0 þMTtanα ð3Þ
Z1 ¼ Z0 þMT ð4Þ

where: δ is the minimum clearance between the spindle end
face and the BCSR along the roller path;MT is the movement
distance of the BCSR in the spinning process; t0 is the thick-
ness of the disk blank. All geometric dimensions are illustrated
in Figure 1.

With the roller path, the spinning experiment is carried on
the PS-CNCSXY 5 spinning machine, as shown in Figure 2.
The rotation velocity of the spindle was 200 r/min, and the feed
rate of the BCSR was 0.5 mm/r. The Rs was 50 mm, and α and
δ were set at 45° and 2.5 mm, respectively. The material of the

Fig. 1 Schematic of the spinning
methodology using BCSR
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disk blank was 2024-O aluminum alloy, and its mechanical
property is shown in Table 1. The blank diameter and thickness
were 150 and 2.1 mm, respectively. In order to ensure the
repeatability of the experiment, the spinning process was car-
ried out three times under the same process parameters.

3 Results and discussion

3.1 Experiment results

A truncated cone was spun by die-less spinning using BCSR
after every experiment. The spun part is presented in Figure 3.
The geometric dimensions of the cone were tested, as shown
in Figure 3. The wall thickness along the cone wall was mea-
sured by the PX-7 ultrasonic thickness gauge (As the ultra-
sonic probe contacts the surface of the measuring positions
with the coupling agent, the thickness data can be achieved).
The positions of the measuring points and the wall thickness
distribution are shown in Figure 4 (The shapes and sizes of the
spun cones were almost the same. The wall thickness distri-
bution trends of the three specimens were coincident, and one
of these was randomly selected to be investigated). This
proves that the wall thickness of the die-less spun cone using
BCSR is almost the same as that of the blank and that this was
much bigger than that of the sine-law value of shear spinning
(Fig. 4b, the sine-law thickness ts was obtained from ts =
t0×sinα. Where: t0 is the blank thickness; α is the half cone
angle; as shown in Fig. 1.). This means that the severe

thinning of wall thickness caused by the application of a con-
ventional roller in die-less spinning can be effectively sup-
pressed using the BCSR. The mechanism on how wall thin-
ning is suppressed using BCSR in the die-less spinning pro-
cess can be explained as that of the cone-cylinder combined
with die-less spinning in a study [16]: As the BCSR moves
along the direction that depends on the half cone angle, the
blank flange leans against the arc of the BCSR profile, and its
slope gradually decreases to approach the roller path, as
shown in Figure 1. This way, the amount of material brought
out by the BCSR in the tapered-surface direction decreases,
and the cone wall thinning would be suppressed.

3.2 Mechanical performance of the spun workpiece

It is common knowledge that spinning has a processing
strengthening effect, and this also applies to die-less
spinning [9]. However, regardless of whether the mechanical
performance of the die-less spun workpiece without intense

Table 1 Mechanical
properties of 2024-O
aluminum alloy

Elastic modulus E (MPa) 71,000

Poisson’s ratio υ 0.33

Yield strength σs (MPa) 93.5

Tensile strength σb (MPa) 188

Elongation (%) 26.3

Fig. 2 PS-CNCSXY-5 spinning
machine

Fig. 3 The spun part and its geometric dimensions
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wall thickness thinning follows this rule, further exploration is
needed. Therefore, the Vickers micro-hardness of the truncat-
ed cone wall was investigated. The spun cone wall was axially
cut and made into a specimen that displays its cross section.
Then, five points on the cross section along the oblique wall
were selected to test the micro-hardness, as shown in
Figure 5a, with a load of 300 g. By comparison, five test
points on the cross section of the unformed blank (Fig. 5b)
were also selected for the hardness testing.

The micro-hardness distributions on the spun cone wall by
die-less spinning using the BCSR and disk blank are
expressed in Figure 6. The micro-hardness of the spun cone
shows a general strengthening in contrast to that of the disk
blank. Both specimens exhibited a slightly fluctuating micro-
hardness on the five test positions. The maximum micro-
hardness values were 60 HV and 47 HV for the spun wall
and blank, respectively. The corresponding minimum ones
were 56 HV and 44 HV, respectively. Including these points,
the micro-hardness of the workpiece was bigger than that of
the blank on each pair of corresponding test positions. In order
to further prove the strengthening effect of die-less spinning
using BCSR, the tensile tests of the cone wall and disk blank
were conducted and compared. The standard tensile speci-
mens are cut from the truncated cone wall (Fig. 3) and disk
blank, respectively, according to GB/T228.1-2010. Then, the
tensile tests were carried out at a strain rate of 2.5 × 10−4s−1

(before yielding) and 0.002 s−1 (after yielding). The stress-
strain curves from the tensile tests are presented in Figure 7.
As shown in Figure 7, the yield stress of the blank material
increased after spinning. The tensile stress of the spun work-
piece was also higher than that of the disk blank during the
engineering strain, from 0.05 to 0.225. However, the elonga-
tion of the spunmaterial went down. Therefore, processing the
strengthening effect can be considered to occur on die-less
spinning using BCSR without serious wall thinning.

3.3 Microstructure

In order to explain the above mechanical performance of the
die-less spun workpiece using BCSR, the microstructures

Fig. 4 Wall thickness measuring points (a) and its distribution (b)

Fig. 5 Hardness testing positions on the cross sections of (a) the spun
cone and (b) the disk blank

Fig. 6 Contrast of the micro-hardness distribution on the spun cone wall
and the blank

1670 Int J Adv Manuf Technol (2021) 116:1667–1673



along the thickness direction were observed. The specimens
were cut from of the cone wall and the blank. Then, these were
polished using a sandpaper (from 150# to 2000#) and
polishing paste (All the polished surfaces show the thickness
direction). Afterwards, the polished surface was etched with
Keller reagent (HNO3+HCl+HF+H2O), and the microstruc-
ture of the specimens can be observed using an optical micro-
scope (OM), as shown in Figure 8. Figure 8 illustrates the
grains with boundaries. Both grain size grades were evaluated
through GB/T6394-2002, which were Level 9 for the spun
cone and the blank. This means that although deformation
occurs on the truncated cone, the grain size does not decrease
with the forming process. This is consistent with the macro-
scopic phenomenon that serious wall thinning has not oc-
curred on the workpiece using BCSR. However, it is known
that the finer the grain is, the more obvious the processing
hardening effect becomes. In the die-less spinning using
BCSR, the grains of higher hardening conewall have the same
size as the blank. Therefore, the mechanism of the relationship
between the macro-mechanical performance and microstruc-
ture would be discussed in the following section.

3.4 Discussion

In order to reveal the relationship between the macro-
mechanical performance and microstructure, the truncated
cone die-less spinning process using BCSR was initially ana-
lyzed. The disk blank was clamped and driven to rotate with
the spindle, and the BCSR was controlled to move along the
roller path, which was deduced as Eqs. 1– 4. When the BCSR
contacted the disk blank, the circular metal sheet is deformed
into the shape of a truncated cone. As the rotation speed
reached 200 r/min, the deformation in the circumferential di-
rection was considered to be uniform. In this deforming pro-
cess, the radius of the same point on the blank decreased as it

is being transferred to the cone wall (such as rC1′ to rC1, rC2′ to
rC2, and rCi′ to rCi in Fig. 9b). With the blank flange being
pushed down by the bulging part of the BCSR, more metal
flows into and accumulates in the circumferential direction, as
shown in Figure 9c. The process of pulling out the material
was greatly weakened by BCSR. Therefore, in the case of
using BCSR, the thickness reduction of die-less spinning is
very small. However, the material accumulated in the circum-
ferential direction would cause greater circumferential com-
pressive stress (Fig. 9a).

In order to determine the existence of this residual stress
accumulation in the circumferential direction, the spun work-
piece was cut open to detect the residual stress using the
PROTOLXRD system, as shown in Figure 10. Six testing
points on the cross section of the cone top (T1, T2, and T3)
and cone wall (C1, C2, and C3) were selected (Fig. 10b). The
cone top was not involved in the deformation, and the stress on
it can be considered as the initial state stress of the blank. The
measured values of the circumferential residual stress are listed
in Table 2. It can be found that from Table 2, the circumferen-
tial residual stress on the cone wall presented a compressive

Fig. 7 Comparison of the tensile curves between the die-less spun
workpiece and the blank

Fig. 8 Microstructure contrast of the spun cone (a) and the disk blank (b)
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stress, and this was obviously greater than that on the cone top.
The experimental result of the residual stress confirms the
above theoretical analysis. This means that in the spinning
process with the BCSR, the large-radius arc of the BCSR
pushes the blank flange down, fitting the BCSR profile.
Therefore, the metal flows along the movement direction of
the BCSR (Fig. 1) with the circumferential accumulation and
extrusion, causing the hardening and strengthening of the ma-
terials without the grain refinement in the thickness direction.

4 Conclusion

The die-less spinning of the truncated cone using BCSR under
a single-parameter condition was carried out in the present
study to investigate the relationship between the macroscopic
mechanical performance and microstructure of the novel
deforming process.

The strengthening effect of this process was reflected in
contrast to the micro-hardness and the tensile properties be-
tween the spun cone and the disk blank. Although the grain
sizes of the workpiece and the blank were observed to be the
same, the formation mechanism of the work hardening can be
revealed as that the unique shape of the BCSR, which causes
the serious material accumulation in the circumferential direc-
tion. Then, a greater circumferential compressive stress would
occur under this metal flow condition, resulting in the form
hardening and strengthening of the BCSR spinning without
the grain refinement in the thickness direction.

This is a process in which the mechanism was first discov-
ered, and the law would be formed and consolidated in the
following studies. Furthermore, various spinning parameters,
such as the roller feed rate, cone angle, and rotational speed of
the spindle, would be used to form the truncated cone, and the
effect of the BCSR shape would also be investigated. Further
investigations on more microstructural details, such as dislo-
cation density and grain orientation of the spun workpiece
using the BCSR, would be conducted in future studies.
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