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Abstract: Mechanical behavior of nickel-titanium shape memory alloy (NiTi SMA) under hot deformation was investigated
according to the true stress—strain curves of NiTi samples under compression at the strain rates of 0.001-1 s' and at the
temperatures of 600—1000 °C. Dynamic recovery and dynamic recrystallization of NiTi SMA were systematically investigated by
microstructural evolution. The influence of the strain rates, the deformation temperatures and the deformation degree on the dynamic
recovery and dynamic recrystallization of NiTi SMA was obtained as well. NiTi SMA was characterized by the combination of
dynamic recovery and dynamic recrystallization at 600 °C and 700 °C, but the complete dynamic recrystallization occurred at other
deformation temperatures. Increasing the deformation temperatures or decreasing the stain rates leads to larger equiaxed grains. The
deformation degree has an important influence on the dynamic recrystallization of NiTi SMA. There exists the critical deformation
degree during the dynamic recrystallization of NiTi SMA, beyond which the larger deformation degree contributes to obtaining the

finer equiaxed grains.
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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 [1,2]. Hot
working plays an important role in the application of
NiTi SMA to engineering fields. For example, many hot
working methods, such as hot rolling, hot forging, hot
extrusion, hot drawing, are the necessary approaches to
transform as-cast NiTi ingots into NiTi bar, sheet, strip,
tube and wire [3—5]. Hot working of NiTi SMA based on
plastic deformation is of great importance in obtaining
the perfect microstructure, which has a significant
influence on the mechanical and functional properties of
NiTi SMA [6—8]. Occurrence of dynamic recovery or
dynamic recrystallization is unavoidable during the hot
plastic deformation of NiTi SMA. Understanding the
mechanism of dynamic recovery or dynamic
recrystallization of NiTi SMA during the hot plastic
deformation lays the foundations for obtaining the
desired microstructure. MORAKABATI et al [9,10]

investigated hot tensile properties and microstructural
evolution of as-cast NiTi SMA and found that at the
temperatures ranging from 800 °C to 1000 °C, dynamic
recrystallization is dominant, which is responsible for the
high ductility of NiTi SMA [9,10]. KHAMEI and
DEHGHANI [11-13] established the constitutive
behavior of NigTiy (mass fraction, %) alloy at the
temperatures ranging from 950 °C to 1050 °C and the
strain rates ranging from 0.001 s to 0.35 s' and
investigated the influence of the Zener-Hollomon
parameter on dynamic recrystallization of NiTi alloy.
MORAKABATI et al [14,15] devoted themselves to
obtaining the constitutive behavior of NigggTiso, (mole
fraction, %) alloy at the broader temperatures ranging
from 700 °C to 1000 °C and at the broader strain rates
ranging from 0.001 s to 1 s ' and investigated the
influence of dynamic recovery and dynamic
recrystallization on the hot workability of NiTi alloy
[14,15].

In the present work, the dynamic recovery and
dynamic recrystallization of NiTi SMA was
systematically investigated according to the compression
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tests at the strain rates ranging from 0.001 s to 1 s 'and
at the temperatures ranging from 600 °C to 1000 °C.

2 Experimental

The as-received NiTi SMA with a nominal
composition of NisgoTise; (mole fraction, %) was
prepared by vacuum induction melting method, and was
then rolled at 800 °C, and was drawn to the NiTi bar with
a diameter of 12 mm at 400 °C. The as-received NiTi bar
was heated to 850 °C for 2 h, followed by quenching into
the ice water. The NiTi samples with a diameter of 4 mm
and a height of 6 mm which were cut from the
solution-treated NiTi bar by electro-discharge machining
(EDM) were used for the compressive tests at various
strain rates and temperatures. The microstructures of the
as-received, the solution-treated and the compressed
NiTi samples were observed by optical microscopy. All
the specimens were etched in a solution containing HF,
HNO; and H,0, whose volume ratio is V(HF):/(HNOs):
V(H,0)=1:4:5. Figure 1 demonstrates the optical
microstructures of the as-received and solution-treated
NiTi samples.

Fig. 1 Optical microstructures of NiTi samples: (a) As-received,;
(b) Solution-treated

3 Results and discussion
3.1 Mechanical behavior of NiTi

compression deformation
Figure 2 shows the true stress—strain curves of the

alloy under

NiTi samples under the compression deformation of 70%
at the strain rates of 0.001-1 s ' and temperatures of
600—1000 °C. It can be seen from Fig. 2 that the flow
stresses of NiTi samples increase with increasing the
strain rate and decrease with increasing the deformation
temperature, which reveals that NiTi alloy is sensitive to
the strain rate at elevated temperatures. Furthermore, all
the stress—strain curves were characterized by dynamic
recovery or dynamic recrystallization, which can be
divided into three stages, namely working hardening,
occurrence of dynamic recovery or dynamic
recrystallization and final steady flow. Therefore, the
dynamic recovery or dynamic recrystallization of NiTi
alloy is unable to be judged only by the stress—strain
curves and microstructure analysis is a necessary
approach.

It is necessary to establish the constitutive equation
to better describe the mechanical behavior of NiTi alloy
under hot compression deformation. It is well known that
the flow stress (¢) can be expressed as a function of the
strain (¢), the strain rate (£) and the temperature 7,
namely,

o=0(sé&,T) (€Y)

According to Eq. (1), the general form of the
constitutive equation is described by

da=(a—"j dg+(a—‘7j dé+(a—aj dT 2)
o¢ e o€ el oT .

where according to the compression or tension test, the
first term (0o/0¢); r can be derived from a constant
true strain-rate test, the second term (0o/0¢), r can be
derived from the strain-rate variation test, and the last
term (00/0T), ; can be derived from the temperature
variation test.

In the case of large plastic strain, Eq.(2) can be
expressed as

1 0o Oe o¢ [oe) 1 0o oT
— =y = |tm = = |+ ——— (3)
o Ot ot ot/ ot) o oT ot
where y = (1/0)(0o/0¢) is the strain softening rate, and
m = (& o)(00f0¢) is the strain rate sensitivity.

However, the Arrhenius type equation is valid in
describing the dependence of the flow stress of NiTi

alloy on the temperature as well as the strain rate and is
expressed as

. . 0
& = A[sinh(ao)]" exp| ——— 4
P RT
where Q is the activation energy, R is the universal gas
constant, and 4, « and » are the material constants.
In general, the Zener-Hollomon parameter Z
represents the combined influence of the strain rate and
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Fig. 2 True stress—strain curves of NiTi alloy at different strain rates and temperatures: (a) 0.001 s '; (b) 0.01 s™'; (¢) 0.1 s°';

(d1s™!

the temperature on the flow stress of NiTi alloy during
the hot deformation and is expressed as

Z=¢ exp(R—QT) ®)

Substitution Eq. (5) into Eq. (4) results in
Z = Alsinh(ao)]" (6)

Based on the stress—strain curves in Fig. 2, the
constitutive equation of NiTi alloy can be obtained,
which will be published in another literature.

3.2 Microstructural evolution of NiTi

different temperatures and strain rates

The microstructural evolution of NiTi samples
under compression deformation at the strain rates
ranging from 0.001 s’ to 1 s 'and at the temperatures
ranging from 600 °C to 1000 °C is observed in order to
further understand the dynamic recovery or dynamic
recrystallization, as shown in Figs. 3—7. It can be seen
from Fig. 3 to Fig. 7 that the microstructure of the NiTi
samples at 600 °C is considerably different from that at
the other temperatures. The former seems to be
characterized by the combination of dynamic recovery

alloy at

and dynamic recrystallization, but the dynamic recovery
is dominant since the grains are obviously elongated. The
microstructure of the NiTi samples at 700 °C reveals that
almost complete dynamic recrystallization occurs at the
strain rates of 0.001 s™' and 0.01 s, but the dynamic
recovery prevails at the strain rates of 0.1 s ' and 1 s™".
However, the microstructures of the NiTi samples at the
other temperatures exhibit complete  dynamic
recrystallization. While both the dynamic recovery and
dynamic recrystallization are characterized by the
simultaneous occurrence of working hardening and
dynamic softening, the softening mechanism of the two
is considerably distinct. The softening mechanism of the
dynamic recovery is based on the climb of edge
dislocations, cross-slip of screw dislocations and
counteraction of unlike dislocations, which contributes to
lowering the dislocation density. However, the softening
mechanism of dynamic recrystallization is attributed to
the nucleation and growth of new grains resulting from
the dynamic recrystallization. The balance between
working hardening and dynamic softening results in the
steady flow of NiTi alloy during the hot deformation.

The strain rates and the deformation temperatures
have an important influence on the dynamic recovery
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sion at 600 °C: (a) 0.001 s 5 (6) 0.01s ' (c) 0.1 s "5 (d) 15"

Fig. 4 Optical microstructures of NiTi samples under compression at 700 °C: (a) 0.001 s (b) 0.01 s (¢) 0.1s'; (d) 15

and dynamic recrystallization of NiTi alloy. In general, stress of the NiTi alloy.

the lower strain rates and the higher temperatures In addition, the strain rates and the deformation
provide longer time for energy accumulation and higher temperatures have remarkable effects on the size of the
interface migration for the nucleation and growth of grains from dynamic recrystallization. It can be seen
dynamically recrystallized grains as well as dislocation from Fig. 5 to Fig. 7 that increasing the deformation

annihilation, which contributes to lowering the flow temperature or decreasing the stain rate contributes to
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Fig. 6 Optical microstructures of NiTi samples under compression at 900 °C: (a) 0.001 s '; (b) 0.01s™'; () 0.1 s ;(d) 1 s "

obtaining the large equiaxed grains. 30%, 50% and 90%, respectively. It can be seen from Fig.
8 and Fig. 5(c) that microstructures of NiTi alloy at the

3.3 Microstructural evolution of NiTi alloy at compression deformation degrees of 10% and 30% are
different deformation degrees characterized by the much coarser recrystallized grains,
Figure 8 shows the microstructures of the NiTi but the size of the recrystallized grains decreases with
samples at the compression deformation degrees of 10%, the increase of the strain at the compression deformation
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Fig. 8 Optical microstructures of NiTi samples under compression at temperature of 800 °C and strain rate of 0.1 s~ at different

deformation degrees: (a) 10%; (b) 30%; (c) 50%; (d) 90%

degrees of 50%, 70% and 90%, respectively. Accordingly,
it can be concluded that the deformation degree has an
important influence on the dynamic recrystallization of
the NiTi alloy. In general, there exist two critical
deformation degrees of ¢ and &. When the deformation

degree is less than ¢, there is no occurrence of dynamic
recrystallization. When the deformation degree is
between ¢ and ¢, dynamic recrystallization takes place,
but the recrystallized grains are very coarse. When the
deformation degree is greater than ¢,, the recrystallized
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grains are gradually refined with the increase of the

strain. It can be seen from the stress—strain curves in Fig.

2 that the values of the two critical deformation degrees
are associated with the deformation temperatures and the
strain rates. In general, the two critical deformation
degrees decrease with the increase of the deformation
temperature and increase with the increase of the strain
rate. The compression deformation degrees of 10% and
30% will belong to the range from ¢; to &, but the
compression deformation degrees of 50%, 70% and 90%
are greater than &,, respectively.

When the deformation degree is less than ¢, the
accumulation of energy is unable to provide a sufficient
driving force for the nucleation of dynamically
recrystallized grains in the NiTi sample. When the
deformation degree is between ¢; and ¢,, along with the
increase of the intracrystalline and intercrystalline
deformation, the nucleation of dynamically recrystallized
grains occurs, but there is a small amount of nucleation
centers. The local damage in the intercrystalline
substance leads to the contact of the adjacent grains,
which contributes to the bonding of the atoms in the
original grains with the counterparts in the dynamically
recrystallized grains, and finally a few grains merge into
large grains. When the deformation degree is greater than
&, a great number of nucleation centers arise along with
the increase of the deformation and thus the number of
the dynamically recrystallized grains increases
considerably, so the dynamically recrystallized grains are
very fine.

4 Conclusions

1) The flow stress of NiTi alloy depends on the
strain rate and the deformation temperature and increases
with increasing the strain rate and decreases with
increasing the deformation temperature.

2) The microstructure of NiTi alloy at 600 °C is
characterized by the combination of dynamic recovery
and dynamic recrystallization, but the dynamic recovery
is dominant since the grains are obviously elongated. The
microstructure of NiTi samples at 700 °C reveals that
almost complete dynamic recrystallization occurs at the
strain rates of 0.001 s™' and 0.01 s, but the dynamic
recovery prevails at the strain rates of 0.1 s and 1 s .
The microstructures of NiTi samples at 800—1000 °C
exhibit complete dynamic recrystallization. Increasing
the deformation temperature or decreasing the stain rate
contributes to obtaining larger equiaxed grains.

3) In general, there exist two critical deformation
degrees of ¢ and &,. When the deformation degree is less
than ¢, there is no occurrence of dynamic
recrystallization. When the deformation degree is
between ¢ and ¢&,, dynamic recrystallization takes place

and the recrystallized grains are very coarse. The
compression deformation degrees of 10% and 30% will
belong to the range from ¢ to &, but the compression
deformation degrees of 50%, 70% and 90% are greater
than &, respectively. Therefore, the dynamically
recrystallized grains are very coarse at the compression
deformation degrees of 10% and 30%, but the size of the
dynamically recrystallized grains decreases with the
increase of the strain at the compression deformation
degrees of 50%, 70% and 90%, respectively.
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