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Equal channel angular extrusion of NiTi shape memory alloy tube
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Abstract: As a new attempt, equal channel angular extrusion (ECAE) of nickel-titanium shape memory alloy (NiTi SMA) tube was
investigated by means of process experiment, finite element method (FEM) and microscopy. NiTi SMA tube with the steel core in it
was inserted into the steel can during ECAE of NiTi SMA tube. Based on rigid-viscoplastic FEM, multiple coupled boundary
conditions and multiple constitutive models were used for finite element simulation of ECAE of NiTi SMA tube, where the effective
stress field, the effective strain field and the velocity field were obtained. Finite element simulation results are in good accordance
with the experimental ones. Finite element simulation results reveal that the velocity field shows the minimum value in the corner of
NiTi SMA tube, where severe shear deformation occurs. Microstructural observation results reveal that severe plastic deformation
leads to a certain grain orientation as well as occurrence of substructures in the grain interior and dynamic recovery occurs during
ECAE of NiTi SMA tube. ECAE of NiTi SMA tube provides a new approach to manufacturing ultrafine-grained NiTi SMA tube.
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1 Introduction

The remarkable attractiveness of nickel—titanium
shape memory alloy (NiTi SMA) comes from its shape
memory effect and superelasticity. Shape memory effect
of NiTi SMA refers to its ability to recover original shape
when being heated to the temperature above the austenite
finish temperature (Ay) after experiencing a certain
deformation in the martensitic phase. Superelasticity of
NiTi SMA refers to its nonlinear recoverable
deformation behavior at temperatures above A, which is
attributed  to  the  stress-induced  martensitic
transformation under loading and the spontaneous
reversion of the transformation under unloading [1—4].

NiTi SMA tube possesses a lot of excellent
characteristics, such as kink resistance, crush resistance,
flexibility, large recoverable deformation, high plateau
stress and ultimate tensile strength, high potential energy
storage capability, high fatigue life, outstanding
superelastic behavior at or around the body temperature,
so it has been one of the best candidates for the
biomedical instruments so far [5—8]. However, NiTi
SMA tube is difficult to process because of high strain

hardening and large elastic resilience. So far, the NiTi
SMA tube has been mainly manufactured by the drawing
processes, such as the hollow sinking, the fixed plug
drawing, the floating plug drawing, the deformable
mandrel drawing and the non-deformable mandrel
drawing [9,10]. In addition to the drawing processes, the
extrusion process was also used to manufacture the NiTi
SMA tube [11].

Microstructures of NiTi SMA have a significant
influence on its shape memory effect as well as
superelasticity. In particular, grain refinement contributes
to enhancing the functional properties and the
mechanical properties of NiTi SMA. Severe plastic
deformation (SPD) plays a significant role in
microstructural refinement of NiTi SMA. As a SPD
technique, equal channel angular extrusion (ECAE) is of
great importance in refining the microstructures of NiTi
SMA by means of large shear plastic strain. VALIEV et
al [12,13] caused the microstructures of NiTi SMA to be
refined down to 250 nm by means of ECAE and found
that ECAE contributes to enhancing the yield strength,
ultimate tensile strength, recoverable strain and
maximum reaction stress. KOCKAR et al [14]
obtained ultrafine-grained NiTi SMA with the average
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grain size of 100 nm via ECAE, and found that ECAE
results in the occurrence of (011) compound twins in
addition to (011) II type and {11T} I type twins in the
martensitic microstructures at room temperature, and
leads to a considerable improvement in the thermal
stability of phase transformation temperatures and
thermal hysteresis as well as an increase in the critical
stress level for dislocation slip due to grain size
refinement. ECAE of NiTi SMA at high temperatures
such as 1123 K and 1023 K has been investigated and the
grain refinement is insufficient and dynamic recovery
occurs rather than dynamic recrystallization during
ECAE at high temperatures [15,16]. The two-step phase
transformations in the ECAE-processed NiTi sample
such as B2—R—B19' upon cooling and B19'=R—B2
upon heating have been reported [17,18].

So far, how to manufacture the ultrafine-grained
NiTi SMA tube has never been reported in the literatures.
In the present study, ECAE of NiTi SMA tube is
preliminarily investigated by means of the process
experiments, finite element method (FEM) and
microscopy.

2 Experimental

2.1 Fundamentals of ECAE

The schematic diagram of ECAE of NiTi SMA tube
is shown in Fig. 1. The NiTi SMA tube in which the steel
core is placed is inserted into the steel can and is sealed
by means of the NiTi plug. According to the
fundamentals of ECAE of the bulk metal material, the
steel can with the NiTi SMA tube in it is placed into the
ECAE die and then is imparted to SPD which leads to
the grain refinement of the NiTi SMA tube. In the study,
the cross-section of the steel can is selected as the square.
The channel angle is determined as 120°.

2.2 Experimental materials
The NiTi SMA tube sample for ECAE is shown in

Fig. 1 Schematic diagram of ECAE of NiTi SMA tube

Fig. 2. The NiTi SMA tube, which possesses the inner
diameter of 3 mm, the wall thickness of 0.5 mm and the
height of 15 mm, was fabricated from the NiTi SMA bar
with the diameter of 12 mm by means of electro-
discharge machining (EDM). The NiTi SMA bar with a
nominal composition of NisgoTig; (mole fraction, %)
was prepared by vacuum induction melting method
before it was rolled at 800 °C, and finally was drawn to
the NiTi bar at 400 °C. As a sealed part, the NiTi plug
with the diameter of 4 mm and the height of 5 mm was
also fabricated from the NiTi SMA bar. The steel can and
the steel core were made of low carbon steel. The steel
can had a square cross-section of 6 mmx6 mm and a
height of 25 mm. Furthermore, there was a blind hole
with the inner diameter of 4 mm and the height of 20 mm
in the steel can. The steel core possessed the diameter of
3 mm and the height of 15 mm. The lubricant was coated
between the steel core and the NiTi SMA tube as well as
between the steel can and the NiTi tube in order to make
it easy to remove the NiTi SMA tube after ECAE. The
original microstructure of the NiTi SMA tube before
ECAE is shown in Fig. 3, where the original
microstructure of the NiTi SMA tube belongs to the
equiaxed grains.

NiTi plug
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Fig. 2 Schematic diagram of NiTi SMA tube samples for
ECAE: (a) Unassembled parts; (b) Assembled sample (section)
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Fig. 3 Optical microstructure of original NiTi SMA tube

2.3 ECAE process

The assembled NiTi SMA tube samples were placed
into the ECAE die and then they were put into the
Instron—5500R universal testing machine, where the
assembled SMA NiTi tube samples were heated to 500
°C. Subsequently, the pressing punch moved down at the
speed of 1 mm/s. Consequently, the assembled SMA
NiTi tube samples were forced to go across the channel
of the die and thus the ECAE process was finished.

2.4 Compression test

The NiTi SMA samples with the diameter of 4 mm
and the height of 6 mm were prepared from the NiTi
SMA bar whose state was identical to the NiTi SMA tube
for ECAE and were used for compression test in order to
obtain the constitutive model of the NiTi SMA. In the
same manner, the steel samples with the diameter of
4 mm and the height of 6 mm were prepared from the
low carbon steel used for the steel can and the steel core
for ECAE and were used for compression test in order to
obtain the involved constitutive model. The compression
experiments were carried out on the Instron—5500R
universal testing machine at the strain rates ranging from
0.001s 'to 15" and at 500 °C.

2.5 Microstructural observation

The microstructures of the compressed NiTi SMA
samples as well as the NiTi SMA tubes before ECAE and
after ECAE were observed by means of optical
microscopy. All the specimens for optical microscopy
were etched in a solution of 10% HF + 40% HNO; +
50% H,0.

3 Finite element simulation of ECAE of NiTi
SMA tube

3.1 Constitutive model
Establishing the appropriate constitutive model of

NiTi SMA plays a significant role in simulating ECAE
of the NiTi SMA tube. Figure 4 demonstrates the
stress—strain curves of NiTi SMA at 500 °C and the
strain rates of 0.001, 0.01, 0.1 and 1 s, respectively. It
can be seen from Fig. 4 that the true stress of NiTi SMA
increases with increasing the strain rate, which indicates
that NiTi SMA is sensitive to the strain rates and thus
belongs to rigid-viscoplastic materials at 500 °C. Figure
5 shows the microstructures of the involved compressed
samples at different strain rates, which reveal that NiTi
SMA is obviously characterized by dynamic recovery at
all the strain rates instead of dynamic recrystallization.
Therefore, ECAE of NiTi SMA tube was carried out at
500 °C. The constitutive model of NiTi SMA in Fig. 4
shall be used as the material model in subsequent finite
element simulation of ECAE of NiTi SMA tube. The true
stress—strain curves of the low carbon steel for the steel
can and the steel core at 500 °C are illustrated in Fig. 6
and are used as the material model of the steel can and
the steel core during ECAE of NiTi SMA tube. Therefore,
multiple constitutive models including NiTi SMA tube,
NiTi plug, steel can and steel core are applied during
ECAE of NiTi SMA tube.

W
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Fig. 4 Stress—strain curves of NiTi SMA at 500 °C

3.2 Finite element model

DEFORMS3D finite element code was used to
simulate ECAE of NiTi shape memory alloy tube. Figure
7 indicates the finite element model of ECAE of NiTi
SMA tube. It can be seen from Fig. 7 that the boundary
conditions are very complicated and there exist multiple
coupled boundary conditions, such as between NiTi tube
and steel core, between NiTi tube and steel can, between
NiTi plug and steel can, between NiTi plug and NiTi tube,
between NiTi plug and steel core, between steel core and
steel can, between steel can and die, between steel can
and punch and between NiTi plug and punch. According
to the ECAE process parameters, the pressing speed of
the punch is selected as 1 mm/s, and the pressing stroke
of the punch is determined as 20 mm during the finite
element simulation.
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Fig. 5 Microstructures of compressed samples of NiTi SMA at 500 °C and different strain rates: (a) 0.001 s '; (b) 0.01 s™'; () 0.1 s ;
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Fig. 6 Stress—strain curves of low carbon steel at 500 °C

3.3 Finite element simulation results

Figure 8 shows the finite element simulation results
of ECAE of NiTi SMA tube along with steel can and
steel core, where the effective stress field, the effective
strain field and the velocity field are obtained.
Simultaneously, NiTi SMA tube is separated from the
finite element simulation results in order to better
understand the deformation mechanism of ECAE of NiTi
SMA tube, as shown in Fig. 9. It can bee seen from the
effective stress field that the effective stress distributes
uniformly along the cross-section of NiTi SMA tube and
possesses the maximum value in the inner and outer
corner. Three-dimensional compressive stress in the
deformation zone contributes to enhancing plasticity of
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Fig. 7 Finite element model of ECAE of NiTi SMA tube:
(a) Before deformation; (b) After deformation
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Fig. 8 Finite element simulation results of ECAE of NiTi SMA
tube along with steel can and steel core: (a) Effective stress
field; (b) Effective strain field; (c) Velocity field

NiTi SMA tube. However, the effective strain field
indicates that the effective strain distributes unevenly
along the cross-section of NiTi SMA tube. It is evident
that the effective strain value in the inner corner is
greater than that in the outer corner. It can be seen from
the velocity field that material particles flow uniformly
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Fig. 9 Finite element simulation results of ECAE of single NiTi
SMA tube: (a) Effective stress field; (b) Effective strain field;
(c) Velocity field

except those in the corner of NiTi SMA tube.
Furthermore, the velocity value of the material particles
in the corner of NiTi SMA tube is obviously lower than
that in the other zones. The phenomenon indicates that so
severe shear deformation occurs in the corner of NiTi
SMA tube that the flow of material particles is impeded
in the corner of NiTi SMA tube.

4 Microstructures of ECAE-processed NiTi
SMA tube

Figure 10 shows the sample obtained by means of
ECAE process experiment. Only one pass of extrusion
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was performed in order to investigate the deformation
law of ECAE of NiTi SMA tube. It can be obviously
seen from Fig. 10 that the experimental results agree well
with the finite element simulation ones. NiTi SMA tube
is divided into various zones in order to investigate the
influence of ECAE on microstructures of NiTi SMA tube,
as shown in Fig. 11. Figure 12 shows the microstructures
of all the marked zones in NiTi SMA tube in Fig. 11. It
can be found from Figs. 12 (a) and (b) that, compared
with the original microstructure of NiTi SMA tube, the
microstructure in zone A in Fig. 11 shows no too much
difference, but plenty of substructures occur in the grains
in zone B in Fig. 11. The phenomenon indicates that
larger plastic deformation takes place in zone B than in
zone A, and material particles in zone B are subjected to
plastic deformation more quickly than those in zone A. It
can be also found from Figs. 12 (c) and (d) that the
microstructures in zone C as well as in zone D are
characterized by intracrystalline stripes, which show a
certain orientation. Zones C and D belong to the zones
which are undergoing shear deformation.
Furthermore, a higher density of substructures arise in
zone D than in zone C, which indicates that plastic
deformation is larger in the inner corner of NiTi
SMA tube than in the outer corner of NiTi SMA tube.

severe

(b)
NiTi plug

Steel core

NiTi tube

Steel can

Fig. 10 Sample subjected to ECAE: (a) Integral structure;
(b) Longitudinal section

Fig. 11 Schematic diagram of deformation zones in NiTi SMA
tube subjected to ECAE

Similarly, intracrystalline stripes occur in the grains in
zones E and F which belong to deformed zones and are
characterized by a certain orientation as well. It seems
that dynamic recovery occurs during ECAE of NiTi
SMA tube [12,13]. However, it is interesting that there
are no intracrystalline stripes in zones G and H which
belong to deformed zones likewise. The phenomenon is
attributed to the occurrence of static recovery during
ECAE of NiTi SMA tube. Compared with the other
zones, zones G and H experience a longer recovery time,
and plastic deformation work and frictional work lead to
temperature rise in zones G and H, which provides a
sufficient energy to eliminate the substructures in the
grains. Certainly, the nature of the intracrystalline stripes
shall further be investigated in the future work.

5 Conclusions

1) Multiple coupled boundary conditions and
multiple constitutive models were used for finite element
simulation of ECAE of NiTi SMA tube. Finite element
simulation results are in good accordance with the
experimental ones. ECAE of NiTi SMA tube provides a
new approach to manufacturing ultrafine-grained NiTi
SMA tube.

2) The effective stress field, the effective strain field
and the velocity field were obtained by means of finite
element simulation of ECAE of NiTi SMA tube. The
effective strain field indicates that plastic deformation in
the inner corner is greater than that in the outer corner.
The velocity field indicates that the flow of material
particles is impeded in the corner during ECAE of NiTi
SMA tube.

3) ECAE of NiTi SMA tube leads to the orientation
of the grains as well as the occurrence of the
substructures in the grain interior. Furthermore, the
dynamic recovery occurs during ECAE of NiTi SMA
tube.
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Fig. 12 Optical microstructures of NiTi SMA tube subjected to ECAE deformation zones shown in Fig. 11: (a) Zone A; (b) Zone B;
(c) Zone C; (d) Zone D; (e) Zone E; (f) Zone F; (g) Zone G; (h) Zone H
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Microstructural refinement of NiTi SMA tube is not very
significant due to only one pass of extrusion. Multi-pass
ECAE of NiTi SMA tube shall be investigated in the
future work.
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