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a b s t r a c t

During cold spinning, the grain size, grain boundary angle and tensile strength of Cue Sn alloy show
quasi gradient changes in the thickness direction (TD) of hollow cylinder. According to a mechanical
analysis, electron backscattering diffraction observations (EBSD), and a finite element simulation, the
grain size of CueSn alloy after spinning increases from the outer surface to the inner surface. The number
of ultrafine grains was largest on the outer surface, and the original grain boundaries were retained on
the inner surface. All of the grain orientations from the outer surface to the inner surface were randomly
distributed. An analysis of the grain misorientation suggested that low-angle grain boundaries (LAGBs;
<10�), most of which were distributed in the large grain region, accounted for the largest proportion of
grains along the TD. The proportion of high-angle grain boundaries (HAGBs; >10�) was inversely pro-
portional to that of LAGBs, the grain boundary energy (GBE) of the HAGBs decreased with increasing
number of LAGBs, and the number of HAGBs also decreased gradually. According to tensile tests at room
temperature, the outer surface exhibited the highest ultimate tensile strength and the inner surface
exhibited the greatest plasticity.

© 2020 Published by Elsevier B.V.
1. Introduction

Spinning is a representative metal forming process in which
processes such as forging and extrusion are integrated [1e4]. In
spinning, friction is applied to a billet as a spinning wheel is rotated
[5,6]. The relationship between the position on the billet at which
friction is applied and the relative position of the spinning wheel
changes constantly during the rotation of each material point on
the billet [7e9]. As a result, the deformation flow of metal along the
radial direction of the billet is clearly uneven, causing the material
to exhibit discontinuous plastic deformation on the surface and
along the thickness direction (TD). Researchers have developed a
completely theoretical model of the plastic deformation mecha-
nism of a billet surface during spinning. Xu et al. [10e14] used an
elasticeplastic finite element method and microstructural charac-
terization to summarize the mechanism of hot spinning and the
relationship between the strength and toughness of a titanium
alloy. A three-dimensional finite element analysis mechanical
u), wangbiao@mail.sysu.edu.
model has been established, and the stress distribution and joint
force distribution in different stages of spinning have been
extracted; in addition, the effects of the spinning wheel attack
angle, feed ratio, and thinning rate on the spinning pressure during
spinning deformation have been analyzed, and the nature of the
microstructural changes during hot spinning has been determined
[15e20]. Zhan et al. [21,22] suggested that the spinning behaviour
of light alloys reflects mainly thermal deformation. However, little
research has been conducted on cold plastic deformation along the
TD, for two main reasons: (1) the material thinning rate is signifi-
cantly increased during hot spinning, and almost no tissue changes
occur along the TD during this process; and (2) under cold defor-
mation by spinning, the thinning rate of the material is limited, and
quasi-gradient variation of the microstructure may occur along the
TD. This variation results in unstable mechanical properties along
the TD, which can easily cause material failure.

To investigate this problem, a single-phase CueSn alloy with
good plasticity was selected to perform cold-spinning deformation
experiments using a single spinning wheel [23]. Because the
spinning part is a hollow cylinder, the wall thickness is small, and
the plasticity is low. The use of a transmission electron microscope
to characterize the sample increases the risk of further sample
deformation during sample preparation. Alternatively, samples can
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Fig. 1. Grain microstructure of the original CueSn alloy sample.

Fig. 2. Force analysis and simple diagram of spinning mode [13].
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be characterized by mechanical derivation, simulation, and elec-
tron backscattering diffraction. Considering the changes in the
microstructure and mechanical properties along the TD compared
to those of the original billet, a comprehensive understanding of
the local regional variation in cold deformation is crucial. According
to the Keeg relation [24], the ultimate deformation rate of cold
deformation is equal to the section shrinkage (~35%) of the mate-
rial. However, one study [25] reported that the strength of a CueSn
alloy increased by 70%, whereas its plasticity remained in the range
of 15%e20% after cold spinning. Unfortunately, after spinning,
CueSn alloys have low softening resistance and are in a substable
state. This may be attributable to the considerable microstructural
differences along the TD, which are the focus of the current study
and represent a problem that must be solved in the future.

2. Material and methods

An annealed CueSn alloy was selected as the test material.
Table 1 shows its chemical composition, and Fig. 1 shows the grain
structure of the billet. The grain size was approximately 9 mm, the
ultimate tensile strength was 430 MPa, and the elongation was
approximately 65%. Considering the spinning behaviour of CueSn
alloys, the main parameters of the spinning process were set as
follows. The thinning rate was approximately 35%, and the feed
ratio was approximately 0.7 mm/r. The spinning wheel moved
along the feed direction, mainly by rotary wheel extrusion, to
change the wall thickness; this further affected the material
strength (Fig. 2). Samples were taken along the outer surface
(0e1 mm), at an interior position (1e2 mm), and along the inner
surface (2e3 mm) of the spinning part; these samples, and the
original billet, were characterised by scanning electron microscopy
and EBSD. To analyse the changes in the mechanical properties
along the TD, tensile specimens with a thickness of 1 mm were
selected on the outer surface, at the interior position, and on the
inner surface of the spinning part and stretched at room
temperature.

Finite element modelling of the spinning process was per-
formed using a modelling method described elsewhere
[12,13,17,20,24,26]. A mesh with a unit length of 1 mmwas applied
to the spinning parts. The type of friction affecting the spinning
parts was shear friction, and the friction coefficient was set to 0.2.
The type of contact between the spinning parts and the roller was
automatic contact. Notably, the stressestrain variation along the TD
during spinning was studied using the stressestrain model. The
analysis results indicated that the stressestrain affected mainly the
changes in microstructure along the TD.

3. Results and discussion

3.1. Mechanics analysis

Force analysis of the spinning wheel and the contact surface
(Fig. 2) revealed that the contact surface was under triaxial stress
during spinning. The radial compression (Fr), elongation deforma-
tion of the billet along the axial stress direction (Fz), and tangential
stress (Ft) were small. After spinning, the billet extended mainly
along the axial direction. In addition, because the total strain of the
tangential deformation was very small, the triaxial deformation
Table 1
Elemental distribution in the CueSn alloy (wt%).

Sn Al Zn Ni Fe Pb P Cu

9.7 0.002 0.1 0.087 0.01 0.01 0.17 Bal
unit body can be simplified to a plane deformation model
[21,22,24]. In the spinning deformation region, an element body
with a width of dz (Fig. 3) was selected for stress analysis, and the
differential equation of spinning deformation was established.

The equilibrium equations of the axial and radial forces on the
unit body during spinning are as follows:
Fig. 3. Unit body in the deformation area was selected for force analysis neglecting
tangential deformation, and the mechanical analysis of the plane model was con-
ducted. (a) The shadow part represents the contact area between the roller and the
tube. The deformation and the undeformed areas are defined as the area that the roller
has passed through and the one that the roller has not passed, respectively. (b) The
mechanical analysis of the contact area between roller and tube.



Fig. 4. The curve shows the relationship between sz
st

and L
L0

under different d (1.2, 1.5,
and 2.).
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where L is the height of the unit volume, sr is the radial stress, sz is
the axial stress, sm is the force of the mandrel on dz, and m is the
friction coefficient. Combining (1) and (2) and using dL ¼ dz tanq
gives

Ldsz þ sZdL þ dsmdL ¼ 0 (3)

In Eq. (3), d ¼ 1þm2

1�mtanq. Under plane deformation, the plastic
conditions satisfied by the stress are as follows:

sz þ sm ¼ 2
. ffiffiffi

3
p

ss (4)

where ss is the yield point of the alloy. By substituting Eq. (4) into
Eq. (3), the differential equation for spinning deformation is
obtained:

dsz
ðd � 1Þsz � dst

¼dL
L

(5)

In Eq. (5), st ¼ sz þ sm. Integrating Eq. (5) and removing the
logarithm gives

sz ¼ d

d� 1

�
stþ td � 1

d
C
�

(6)

where C is an integral constant that depends on the boundary
conditions, L ¼ L0, and sz0 ¼ 0. C is given by

C ¼ dst

td � 1
0

(7)

Substituting Eq. (7) into Eq. (6) gives

sz

st
¼ d
d� 1

(
1�

�
L
L0

�d�1
)

(8)

First, under normal spinning deformation, sz
st

in Eq. (8) is less
than 1; q does not change during spinning. The thinning rate has
the strongest effect on the stress distribution. The d value is
generally between 1.2 and 2 [24]. Next, the d value (1.2 � 1.5 � 2)
were substituted in Eq. (8), and the results were calculated, as
shown in Fig. 4. It can be clearly found that as L

L0
increases, sz

st
de-

creases, and the curves for different d values decreased mono-
tonically. Because st ¼ sz þ sm, Eq. (8) can be written as

sz
sz þ sm

¼ d

d� 1

(
1�

�
L
L0

�d�1
)

(9)

As the thickness L increases, the value of the right-hand side of
Eq. (9) decreases gradually. The right-hand side of the equation
divided by sm/sz was found to be proportional to L. That is, a larger
thickness corresponded to a greater sm/sz ratio and vice versa.
However, the sensitivity to sm was much greater than that to sz.
Therefore, sm, sz, and sr were all found to change the TD structure
during spinning; that is, these changes were not the effect of the
radial force alone. Mechanical analysis revealed that the forces
acting on the spinning parts represented the combined action of
three-dimensional forces. As the thickness of the spinning parts
gradually decreases, the difference in the local force acting on the
spinning parts may lead to a gradual decrease in plastic deforma-
tion from the outer surface to the inner surface.
3.2. Microstructure during spinning

After spinning, samples were taken from the outer surface, the
inner surface, and the middle of the spinning part. The grain size
and grain orientation were analyzed by EBSD, and the results are
shown in Fig. 5. In Fig. 5(a1)e5(c1), each colour represents a grain
orientation; the grain orientation diagram indicates that the grain
orientation varied randomly. Furthermore, the inverse pole graphs
in Fig. 5(a2)e5(c2) indicate that the density of the texture pole was
low and the texture arrangement was scattered. Thus, the grains
exhibited no preferred orientations. In Fig. 5(a3)e5(c3), the grain
sizes of the outer surface, the middle part and the inner surface are
analyzed, respectively.

Based on the finite element analysis, the spinning process of Cu
Sn alloy was simulated, The stress and strain changes during
spinning were simulated. Fig. 6(a) presents a cross-sectional view
of the stress distribution of the spinning piece. Area I represent the
spinning failure region, area III indicates the base of the screwdriver
without spinning, and area II is the effective observation region.
Fig. 6(b) shows the stress variation during spinning. The stress
along the TD was observed to decrease gradually. The stress
increased gradually along the spinning direction as a result of metal
accumulation. Similarly, Fig. 6(c) presents a cross-sectional view of
the strain distribution of the spinning piece; the strain decreases
gradually along the TD. In particular, the inner surface strain was
less than 1%(Fig. 6(d)); this observation also explains why the inner
surface grains retained many of the original GBs.

Fig. 7 displays the GB misorientation of the original sample and
the spinning piece in the TD; the green and black lines represent
low-angle grain boundaries (LAGBs) and high-angle grain bound-
aries (HAGBs), respectively. As shown in Fig. 7(a), most of the GBs
were HAGBs. The peak misorientation value appeared at 60�. After
spinning, as shown in Fig. 7(b), the peak GB misorientation on the
outer surface of the spun piece shifted leftward, and the peak
appeared at 0�e5�. Most of the LAGBs were distributed in the
coarse grain region, which is particularly evident in Fig. 7(b)e(c).



Fig. 5. After spinning, EBSD experiments were carried out on the outer surface, middle part and inner surface, respectively. (a1), (b1), and (c1) show the grain orientations, and each
colour represents a different grain orientation. (a2), (b2), and (c2) are the Polar graphs. (a3), (b3), and (c3) show the grain size distributions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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This phenomenon is associated mainly with the GB angle of ul-
trafine grains. The deformation behaviour of ultrafine grains is
controlled by dislocation. Dislocation source activation is sup-
pressed in superfine grains, making it difficult for a subgrain
boundary to form. In addition, dislocation sources are often no
longer present in the grain interior of ultrafine-grained materials
[26e31]. Notably, an ultrafine GB is a high-energy GB [32,33], and
the annihilation probability of dislocation is much greater in a high-
energy GB than in a low-energy LAGB. Most of the LAGBs were
distributed in large deformed grains. Because of the effect of strain
hardening, the dislocations accumulate in the deformed coarse
grain, and it is easy for the dislocations tomove outward and form a
subgrain boundary. The grain size increased gradually from the
outer surface to the inner surface, and the ultrafine grains were
gradually replaced by common coarse grains, indicating that the
LAGB increased, and the distribution of the subgrain boundary
became denser.

Fig. 7 shows that the GB energy (GBE) changed as the misori-
entation migrated. To explain this phenomenon, we attempted to
construct the energy relationship of the GB and model the GBE at
different GB angles. The LAGB had a dislocation network structure,
and its energy was approximately equal to the dislocation energy;
therefore, the dislocation energy of a unit length on the GB can be
expressed as follows [34]:

Ed¼
Gb2

4pð1 � vÞ ln
D
r0

þ E0 (10)

where G is the shear modulus, E0 is the core energy of the dislo-
cation, D is the dislocation spacing, r0 is the radius of the dislocation
of the elastic stress field (r0 z b), and b is the Burgers vector. The
number of dislocations per unit area is the GB misorientation, q/b.
Therefore, the GBE per unit area can be obtained [35].

ELAGB ¼
q

b
Ed ¼ Ed

D
¼ Gbq

4pð1 � vÞ ln
1
q
þ q

b
E0 (11)

The GBE per unit length, ELAGB, was obtained according to the
dislocation of the stress field [34,35].



Fig. 6. The effective positions of spinning parts as obtained by finite element simulation and the calculated stressestrain variation along the TD. (a) Stress distribution of spinning
parts along TD after spinning simulation, (b) the calculated numerical distribution of stress on different surfaces, (c) strain distribution of spinning parts along TD after spinning
simulation, and (d) the calculated numerical distribution of strain on different surfaces.
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ELAGBz
Gb2

4pð1 � vÞ ln
eD

2mpb
(12)

where e is a constant, m ¼ r0
b , and D¼ b/q. We can rewrite Eq. (12) as

ELAGB ¼
Gb2q

4pð1 � vÞ ln
eD
8pq

¼ Eqðf� lnqÞ (13)

In Eq. (13), E ¼ Gb
4pð1 � vÞ, and f ¼ 1� ln

�
2pr0
b

�
.

In Eq. (13), ELAGB initially increases with increasing q. The
calculated GBmisorientation is displayed in Fig. 8. By evaluating the
behaviour of the two curves, we discovered that the frequency of
LAGBs increased gradually along the TD. Notably, LAGBs weremuch
more common than HAGBs; therefore, it can be concluded that an
approximate gradient change in the GBE occurred along the TD, and
it decreased gradually along the TD.

It was impossible to construct HAGBs with dislocations [35]. Eq.
(13) shows that the energy of LAGBs is mainly an elastic property of
the dislocation stress field, whereas the energy of HAGBs is mainly



Fig. 7. The distribution characteristics of the grain boundary angle on the different surfaces of the spinning parts were measured by EBSD. Histogram indicates the changes in grain
misorientation. In the misorientation diagram, the green and black curves represent the LAGBs and ordinary grain boundaries, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Distribution of proportions of the LAGBs and HAGBs along the TD. Fig. 9. Ultimate tensile strength (UTS), yield strength (YT) and the elongation of CueSn
alloys at different sampling positions.
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Fig. 10. Grain distribution characteristics of tensile specimens: (a) outer surface, (b) middle, and (c) inner surface.

Fig. 11. Tensile fracture characteristics of CueSn alloy spinning parts: (a) outer surface, (b) middle, and (c) inner surface.
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the core energy of the dislocation stress field [35,36], which has
remained a challenge in related research [36e39]. According to an
empirical formula, the total strain energy of dislocations can be
expressed as follows [31]:

E¼aGbqþ ELAGB þ EHAGB (14)

where a is a constant. Therefore, the GBE of the HAGBs can be
obtained [30]:

EHAGB ¼aGbq� Eqðf� lnqÞ (15)

In Fig. 8, the distribution frequency of grain boundary angles is
quantitatively analyzed. It can be found that the distribution fre-
quency of LAGBs increases and that of HAGBs decreases. According
to the results of Eq. (15), the GBE of the HAGBs decreases with
increasing number of LAGBs, and the proportion of HAGBs also
decreases gradually. With regard to the microstructural changes,
because cold deformation was applied, the probability of LAGBs
merging and growing to form a HAGB was very low [37,38]. That is,
the increase in the GBE along the TD represented mainly the in-
crease in LAGBs, and the proportion of LAGBs was inversely pro-
portional to that of HAGBs. This result suggests that the GBE is a
function of the misorientation.

3.3. Mechanical properties and microstructural analysis after
tensile testing

3.3.1. Mechanical properties analysis
To further understand the tensile properties of the outer, middle

and inner surfaces of CueSn alloy spinning parts, the mechanical
properties of different samples of the CueSn alloys were tested and
shown in Fig. 9, the mechanical properties of different samples of
the CueSn alloyswere tested. Because ultrafine grains were present
and the grain size was smallest, the GBE was highest on the outer
surface, indicating maximum strength and minimal plasticity on
that surface. Along the TD, the ultimate tensile strength decreased
from 753 to 503 MPa, and the elongation increased from 2.7% to
16.6%. Interestingly, the strength of the spinning part of the outer
surface sample was comparable to that of the interior sample, and
the plasticity of the interior sample was only lower than that of the
inner surface sample. The spinning part combined the character-
istics of the outer surface, interior, and inner surface samples;
therefore, the spinning part had high strength and high elongation.
However, the inner surface had low strength, and the outer surface
had low plasticity.

3.3.2. Microstructural analysis
After the samples were stretched, the EBSD was observed at a

distance of approximately 1mm from the tensile fracture; the grain
distribution characteristics are displayed in Fig. 10. Fig. 10(a) shows
that the grains on the outer surface exhibited little elongation,
which also explains the low plasticity of the outer surface. As
indicated in Fig. 10(b) and (c), the grains were elongated along a
certain direction. Specifically, the coarse grains on the inner surface
were elongated and demonstrated greater plasticity during
stretching. This variation in the plasticity is reflected in the fracture
characteristics. As presented in Fig. 11, the number of dimples
increased gradually along the TD; this also reflects the trend of
increasing plasticity along the TD.

4. Conclusion

(1) The gradient distribution of the spinning deformation was
resulted from the gradual decrease in plastic deformation
from the outer layer to the inner layer caused by the local
spinning deformation load. Under strain hardening, the ul-
trafine grains on the outer surface also affected the distri-
bution of the work-hardening structures, such as the
subgrain boundaries. The strengthening of the outer surface
was induced by strain hardening and ultrafine grain
strengthening, and the GBE decreased gradually along the
TD.

(2) The strength improvement was attributed mainly to the high
strength near the outer surface of the spinning parts. The
high plasticity of the spinning parts resulted mainly from the
high plasticity of the inner surface. The coordination of the
TD ensured high strength and plasticity in the spinning parts.
Furthermore, the outer surface had the highest strength.
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