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Finite element simulation of ball spinning of NiTi shape memory alloy tube
based on variable temperature field
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Abstract: As a new attempt, ball spinning was used to manufacture the nickel—titanium shape memory alloy (NiTi SMA) tube at
elevated temperature. The NiTi bar with a nominal composition of Nis¢Tisg ; (mole fraction, %) was solution treated and was used as
the original tube blank for ball spinning. Based on the variable temperature field and the constitutive equation, rigid-viscoplastic
finite element method (FEM) was applied in order to simulate the ball spinning of NiTi SMA tube. The temperature field, the stress
field, the strain field and the load prediction were obtained by means of FEM. FEM results reveal that there is a temperature increase
of about 160 °C in the principal deformation zone of the spun part. It can be found from the stress fields and the strain fields that the
outer wall of NiTi SMA tube is easier to meet the plastic yield criterion than the inner wall, and the plastic deformation zone is
caused to be in a three-dimensional compressive stress state. The radial strain and the tangential strain are characterized by the
compressive strain, while the axial strain belongs to the tensile strain. The variation of spinning loads with the progression of the ball
is of great importance in predicting the stable flow of the spun part.
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1 Introduction

Nickel—titanium shape memory alloy (NiTi SMA) is
widely used in engineering fields because of its shape
memory effect as well as superelasticity. Shape memory
effect of NiTi SMA refers to its ability to remember the
shape at a certain state when being heated to the
temperature above the austenite finish temperature (4y)
after undergoing a certain deformation in the martensitic
phase. Superelasticity of NiTi SMA refers to its
nonlinear recoverable deformation behavior at the
temperatures above A¢. Superelasticity is attributed to the
stress-induced martensitic transformation by loading
as well as the spontaneous martensitic
transformation after unloading [1].

NiTi SMA tube has been one of the best candidates
for the biomedical instruments so far because it
possesses perfect shape memory effect, good corrosion
resistance, high plateau stress, ultimate tensile strength,
high fatigue life and outstanding superelastic behavior at
or around the body temperature [2—6]. The thin-walled

reverse

superelastic NiTi SMA tube is typically used for
endovascular stents [7].

However, NiTi SMA tube is difficult to process
because of high strain hardening and large elastic
resilience [8]. Plastic working plays a significant role in
fabricating NiTi SMA tube. Furthermore, plastic working
has a predominant influence on shape memory effect as
well as superelasticity of NiTi SMA tube. So far, the
NiTi SMA tube has been mainly manufactured by means
of drawing [9,10]. In addition, the extrusion process was
also used to manufacture the NiTi SMA tube [11].

As a locally and successively plastic deformation
process, ball spinning is the best candidate for
manufacturing the thin-walled tube with high precision
and high strength [12—15]. As compared to the drawing
and the extrusion, ball spinning makes a more great
contribution to manufacturing the thin-walled NiTi SMA
tube. In the present study, ball spinning is used to form
the thin-walled NiTi SMA tube at elevated temperature.
Rigid viscoplastic finite element method (FEM) based on
the variable temperature field as well as the constitutive
equation is investigated in order to understand the
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deformation mechanism with respect to ball spinning of
NiTi SMA tube.

2 Experimental

2.1 Spinning mode

The backward ball spinning was adopted in order to
enhance the plasticity of the metal material. In the course
of backward ball spinning, the spinning head was fixed
in the chuck of the spinning lathe and turned with the
principal axis of the spinning lathe. At the same time, the
tubular blank was mounted on the mandrel and fed with
the mandrel along the axial direction.

As shown in Fig. 1, the spinning tools were made
up of the mandrel, the stripper and the spinning head
which consists of die ring, balls, bolt and stop plate. The
mandrel was made from high temperature alloy steel.

1 2 3

4 5 67 8

Fig. 1 Schematic diagram of spinning tools: 1—Die ring;
2—Mandrel; 3—Ball; 4—Bolt; 5—Stop plate; 6—NiTi tube;
7—Bolt; 8—Stripper

2.2 Spinning material

The as-received NiTi alloy with a nominal
composition of NisgyTig; (mole fraction, %) was
prepared by vacuum induction melting method, and was
then rolled at 800 °C, and finally was drawn to the NiTi
bar with the diameter of 12 mm at 400 °C. The NiTi bar
was subjected to a solution treatment which referred to
annealing at 850 °C for 2 h followed by quenching in ice
water. The solution-treated NiTi bar was made into the
NiTi tube blank with the inner diameter of 10 mm and
the wall thickness of 1 mm. Figure 2 indicates the
microstructures of the original NiTi tube blank. It can be
observed from the optical microstructures in Fig. 2(a)
that NiTi tube blank consists of the equiaxed grains.
Furthermore, transmission electron microscopy (TEM)
photograph in Fig. 2(b) and the selected area electron
diffraction (SAED) pattern in Figs. 2(c) and (d) indicate
that NiTi tube blank is composed of B2 austenite
structure and a small amount of TiC phase. The spun
NiTi alloy tube is shown in Fig. 3.

(a)

Fig. 2 Microstructures of NiTi alloy tube blank: (a) Optical
microstructure; (b) TEM photograph; (c) SAED pattern of
matrix in Fig. 2(b); (d) SAED pattern of TiC in Fig. 2(b)
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NG
Fig. 3 Spun NiTi alloy tube

2.3 Spinning parameters

The involved process parameters during backward
ball spinning were as follows. The feed ratio of the balls
was 0.8 mm/r and the diameter of the balls was 10 mm.
The wall thickness reduction per pass was 0.3 mm. The
number of the balls can be calculated as 6 according to
Ref. [16]. The initial temperature of the NiTi tube blank
was heated to 750 °C.

3 Finite element model

3.1 Fundamentals of rigid-viscoplastic FEM

Rigid-viscoplastic FEM is based on the variational
principles. The functional 7 is established as follows
according to the plastic deformation body by adding the
incompressibility condition.

7r:jVE(éij)dV+jV%éde—JSEuidS (1)

where V" and S are the volume and the surface area of the
plastic deformation body, respectively; F; is the surface
tractions; u; is the velocity field; ¢, is the volume strain
rate; a is the penalty factor, which is a very large positive
constant and in general ranges from 10° to 10; E(g;)is
the work function and is expressed as follows.

Ey) = 0 oydé; = [ jEdE )

The actual solution makes the first-order variation
of the functional & vanish, namely

5n=jVaéédV+ajVév§évdV—jSI§&4idS=O 3)

Equation (3) is the basic equation for the finite
element discretization.

3.2 Fundamentals of heat conduction FEM

During plastic deformation of metal material,
according to heat transfer in the rigid—viscoplastic flow
of metal material, heat by plastic deformation and heat
by friction, the three-dimensional heat transfer
differential equation based on conservation of energy is
expressed by

2 2 2 :
A(a_a_a_)w_o @
pc\ ox~ oy Oz pc Ot

where 4 is the coefficient of heat conductivity; p is the

density; c is the specific heat capacity; ¢ is the time; 7 is
the thermodynamic temperature; Q is the heat quantity
per volume derived from plastic deformation work and is
expressed as follows:

O=poe 5)
where f represents the heat efficiency with respect to
transformation from the plastic deformation energy to the
heat energy and ranges from 0.9 to 0.95.

According to the initial temperature condition and
boundary condition, the temperature field can be solved

by finite element discretization of Eq. (4) at time domain
and at spatial domain.

3.3 Constitutive equation of NiTi alloy

According to the true stress—strain curves of NiTi
alloy under compression at the strain rates ranging from
0.001 s' to 1 s 'and at the temperatures ranging from
600 °C to 1000 °C, the constitutive equation of NiTi
alloy is established as follows.

é =5.26889 x10'°[sinh(4.7 x 107 ¢)]*9*!! x
{— 2.3003245x10° J
exp

RT ®)

The detailed description with respect to establishing
the constitutive equation of NiTi alloy shall be published
in another literature. Equation (6) is used as the material
model for finite element simulation.

3.4 Finite element model

DEFORMS3D finite element code is used to simulate
backward ball spinning of NiTi alloy tube. Finite element
model of backward ball spinning of NiTi alloy tube is
shown in Fig. 4, where the six balls are adopted
according to the actual spinning experiment. The
dimensions of the cross-section of the mandrel are
identical to those in the experiment. The balls have a
feed movement along the axial direction as well as a
revolution movement along the circumferential direction,
but the mandrel is constrained. The tube blank belongs to
the free surface at the entrance end of the balls, while the
tube blank possesses the constrained surface at the exit
end of the balls. The feed ratio of the balls is 0.8 mm/r,
and the diameter of balls is 10 mm. The tubular blank
with a length of 15 mm, an inner diameter of 10 mm and
a wall thickness of 1 mm is used as finite element model.
The wall thickness reduction per pass is 0.3 mm. The
stroke of the ball is determined as 7.8 mm. The NiTi tube
blank and the mandrel are heated at the same time, so the
initial temperatures of the NiTi tube blank, the mandrel
and the balls are determined as 750, 600 and 20 °C,
respectively.
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(a)

Fig. 4 Finite element model of ball spinning: (a) Before deformation; (b) After deformation

4 Results and discussion

4.1 Temperature field

Figure 5 illustrates the temperature fields of the
spun part, the mandrel and the ball based on finite
element simulation of ball spinning of NiTi alloy tube,
respectively. It can be seen from Fig. 5(a) that the highest
temperature is able to achieve to 910 °C in the principal
deformation zone between the ball and the spun part,
which is attributed to the generation of heat resulting
from plastic deformation work. As compared to the
initial temperature of the NiTi alloy tube blank at the
beginning of spinning, the temperature rise in the
principal deformation zone is about 160 °C. The
excessive temperature rise has an adverse influence on
the ball spinning of the NiTi alloy tube since too high
temperature will lead to severe oxidization as well as
coarse dynamic recrystallized grains of the NiTi alloy
tube. Therefore, it is necessary to avoid the excessively
high temperature rise during the ball spinning of NiTi
alloy tube. It can be found from Fig. 5(b) that there is a
slight temperature increase in the contact region of the
mandrel with the NiTi tube blank, and the temperature
field distributes regularly and the temperature decreases
gradually toward the fixed end of the mandrel. The lower
temperature rise in the mandrel does not have an effect
on the strength and the rigidity of the mandrel. It can be
seen from Fig. 5(c) that there is a temperature increase of
about 300 °C in the center of the surface of the ball on
which the ball contacts the spun part. Furthermore, the
temperature field distributes uniformly around the center
of the surface of the ball and the temperature decreases
outward the center of the surface of the ball.

4.2 Stress field
Figure 6 indicates the stress field of the spun part
derived from finite element simulation. It can be seen
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Fig. 5 Temperature fields of spun part (a), mandrel (b) and
ball (c)
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Fig. 6 Stress field of spun part: (a) Effective stress; (b) Radial
stress; (c) Tangential stress; (d) Axial stress

from the effective stress distribution in Fig. 6 that the
effective stress decreases gradually from the outer wall to
the inner wall of the spun part, which reveals that the
outer wall of the spun part is more subjected to plastic
yield criterion. Therefore, it is necessary to select the
tube blank with the appropriate wall thickness in the case
of a given ball diameter. The larger wall thickness will
lead to the occurrence of the plastic deformation on the
outer wall rather than the inner wall of the spun part,
which has an adverse influence on the ball spinning
process of the NiTi alloy tube. In addition, it can be
found from the radial stress field, the tangential stress
field and the axial stress field in Fig. 6 that the radial
stress, the tangential stress and the axial stress in the
plastic deformation zone exhibit the compressive stress.
Therefore, the plastic deformation zone during the ball
spinning of NiTi alloy tube is caused to be in a
three-dimensional compressive stress state, which is of
great importance in enhancing the plasticity of the NiTi
alloy.

4.3 Strain field

Figure 7 shows the strain field of the spun part
derived from finite element simulation. It can be found
from the effective strain distribution in Fig. 7 that the
effective strain decreases gradually from the outer wall to
the inner wall of the spun part, which reveals that the
larger plastic deformation appears on the outer surface of
the spun part, while the less plastic deformation arises on
the inner surface of the spun part. It can be found from
the radial strain field, the tangential strain field and the
axial strain field in the plastic deformation zone in Fig. 7
that the radial strain and the tangential strain are
characterized by the compressive strain, while the axial
strain belongs to the tensile strain. The compressive
strain in the radial direction and the tensile strain in the
axial direction contribute to the plastic flow of the metal
material. However, the compressive strain in the
tangential direction will lead to the tendency of the spun
part toward the reduction of the inner diameter, which
has an adverse influence on the quality of the spun part.
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Fig. 7 Strain field of spun part: (a) Effective strain; (b) Radial

strain; (c) Tangential strain; (d) Axial strain
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4.4 Load prediction

The spinning force during ball spinning of the NiTi
alloy tube can be divided into three spinning force
components, namely the radial spinning force component,
the tangential spinning force component and the axial
spinning force component. Figure 8 indicates the
spinning load prediction curves obtained by finite
element simulation. It can be observed from Fig. 8 that
the three spinning force components increase with the
progression of the stroke of the ball at the initial stage
and exhibit the periodical variation at the subsequent
stage. The above phenomenon reveals that the metal
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Fig. 8 Prediction of spinning load by FEM: (a) Radial load; (b)
Tangential load; (c) Axial load

material exhibits the unstable flow at the initial stage
during the ball spinning of NiTi alloy tube, while the
metal material exhibits the stable flow at the subsequent
stage during the ball spinning of NiTi alloy tube.

5 Conclusions

1) Finite element simulation result reveals that there
is a temperature rise of about 160 °C in the principal
deformation zone of the NiTi alloy tube and there is a
temperature increase of about 300 °C in the center of the
surface of the ball on which the ball contacts the spun
part.

2) It can be found from the stress fields derived
from finite element simulation that the outer wall of the
NiTi alloy tube is easier to meet the plastic yield criterion
than the inner wall, and the plastic deformation zone is
caused to be in a three-dimensional compressive stress
state, which contributes to enhancing the plasticity of the
NiTi alloy.

3) Finite element simulation results reveal that the
compressive strain in the radial direction and the tensile
strain in the axial direction contribute to the plastic flow
of the metal material, but the compressive strain in the
tangential direction shall lead to the tendency of the spun
part toward the reduction of the inner diameter.

4) The variation of the spinning loads with the
progression of the stroke of the ball reveals that the metal
material exhibits the unstable flow at the initial stage of
spinning, but exhibits the stable flow at the subsequent
stage.
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