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Abstract: Effects of cold rolling followed by annealing on microstructural evolution and superelastic properties of the TisoNizgCo,
shape memory alloy were investigated. Results showed that during cold rolling, the alloy microstructure evolved through six basic
stages including stress-induced martensite transformation and plastic deformation of martensite, deformation twinning, accumulation
of dislocations along twin and variant boundaries in martensite, nanocrystallization, amorphization and reverse transformation of
martensite to austenite. After annealing at 400 °C for 1 h, the amorphous phase formed in the cold-rolled specimens was completely
crystallized and an entirely nanocrystalline structure was achieved. The value of stress level of the upper plateau in this
nanocrystalline alloy was measured as high as 730 MPa which was significantly higher than that of the coarse-grained NisoTisoand
TiseNiggCo, alloys. Moreover, the nanocrystalline TisoNiggCo, alloy had a high damping capacity and considerable efficiency for

energy storage.
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1 Introduction

Superelasticity refers to large recoverable
deformation associated with stress-induced forward and
reverse transformation occurred in shape memory alloys
(SMAs) at constant temperature. The magnitude of
such recoverable strain can be 20 times higher than the
elastic strain of steels [1—4]. The superelastic properties
of SMAs, such as the recovery and residual strains, the
stress level of upper and lower plateaus, are all structure-
Therefore, thermomechanical
treatments causing a well-developed dislocation sub-
structure or nanocrystalline structure are effectively used
for improving the superelastic properties of SMAs [5—7].
TSUCHIA et al [8] produced nanocrystalline NiTi wire
with high tensile strength and high elastic modulus.
DELVILLE et al [9] and MALARD et al [10] prepared
nanostructured NiTi wire by means of cold drawing and
heat treatments. They found that the NiTi wire with
nanocrystalline possesses  the  perfect
superelasticity with a recoverable strain of 8%.

It is shown that the addition of Co in NiTi alloy may
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structure

increase the loading and unloading plateaus and
workability when compared with the binary NiTi
alloy [11,12]. FASCHING et al [12] studied the effect of
Co addition as a substitute for Ni on the stiffness and
plateau stresses of a superelastic NiTi alloy and
compared the mechanical properties of the TiNiCo with
those of the binary NiTi alloy. It was found that
TisoNiso-,Co, (x=1-2, mole fraction, %) alloys exhibited
about 30% higher modulus, loading plateau, and
unloading plateau as compared to the binary alloy [12].
JING and LIU [13] investigated the influence of Co
addition (ranging from 2% to 10%) on the mechanical
properties of NiTi alloy. It was found that the addition of
Co resulted in high yield strength [13].

The tensile properties and transformation behavior
of the nanostructured TisoNiggCo, shape memory alloy
prepared by copper boat induction melting followed by
thermomechanical treatment were discussed [14,15].
The present work attempted to investigate effects
of the thermomechanical processing comprised of cold
rolling followed by annealing on the superelastic
properties of the nanocrystalline TisoNissCo, shape
memory alloy.
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2 Experimental

TisoNiggCo, (mole fraction, %) cast ingot was
prepared by a copper-boat vacuum induction melting
system. The ingot was homogenized at 900 °C for 4 h
and then hot rolled at 900 °C into a sheet of 2.5 mm in
thickness. The rolled sample was annealed at 900 °C for
I h in vacuum followed by water quenching. The
annealed specimens were cold rolled with 20%—70%
thickness reduction at room temperature. Based on
crystallization temperatures determined from
calorimetric measurements, post deformation annealing
was conducted at 400 °C for 1 h in vacuum.

Calorimetric  analyses were performed by
differential scanning calorimetry (DSC), wusing a
NETZSCH 200F3 instrument with a heating—cooling rate
of 10 °C/min. X-ray diffraction (XRD) was performed
using a Philips X’Pert diffractometer with Cu K,
radiation. Transmission electron microscopy (TEM)
observations were conducted in a JEOL-2100F
instrument operated at 200 kV. Samples for TEM were
prepared by polishing with a twin-jet electro-polisher
(Struers, Tenupol—5) in a solution of 90% acetic acid
glacial and 10% perchloric acid at 15 °C under 35 V.

The crystallite size, residual microstrain and
dislocation density of all samples that were subjected to
various cold reductions were determined by analyzing
the XRD patterns via the Rietveld software, materials
analysis using diffraction (MAUD) [16]. Details of
analysis method have been reported elsewhere [16—19].
After fitting the theoretical curve on the XRD pattern of
samples, related values of microstructural parameters
(such as crystallite size and microstrain) for each XRD
peak were provided by software. The value of the
dislocation density (p) was calculated [20] from the
average values of the crystallite size (D) and microstrain
()" (output data of MAUD software) by the following
equation:

3\/%(82)0‘5
p=——

b (1

where b is the absolute value of Burgers vector.

Tensile test was carried out according to ASTM-
F2516 (standard test method for tension testing of
nickel-titanium superelastic materials) with a strain rate
of 107 s ' at room temperature. All tensile test specimens
were cut along the rolling direction.

3 Results and discussion

3.1 Microstructural change and phase transformation
during thermomechanical processing

The as-homogenized microstructure was composed

of the coarse grained B2 austenite with an average size of

50 um. According to DSC results, the homogenized
TisoNiggCo, alloy had a two-stage transformation during
cooling including the austenite to R phase and the R
phase to martensite. The measured transformation
temperatures of the homogenized TisoNiyCo, alloy are
M=-18 °C, M~=13 °C, R=20 °C, R=31 °C, A~17 °C
and 4=44 °C.

Cold rolling of TisoNiggCo, alloy led to significant
peak broadening in X-ray diffraction pattern as a result
of introduction of high density of dislocations and crystal
refinement [21]. Peak broadening would also be related
to the occurrence of amorphization as a result of
subjecting the alloy to severe plastic deformation [22].
The average values of the crystallite size and microstrain
of cold-rolled specimens thickness
reductions which were calculated by MAUD software
are given in Table 1. It is noticed that the cold
rolling reduces the crystallite size and increases the
microstrain.

The calculated values of dislocation density (from
the data of Table 1 and Eq. (1)) are presented in Fig. 1. It
can be seen that dislocation density is increased to
8.55x10"* cm* with increasing thickness reduction up to
70%. Similar results were reported by KOIKE et al [23].
They estimated an extremely high dislocation density of
10" to 10" cm ?in cold-rolled NiTi. They suggested that

with various

Table 1 Average values of crystallite size (D) and microstrain
(&) of cold-rolled specimens with various thickness reductions

Thickness reduction/% D/A e
20 62 0.00301
30 52 0.00452
40 46 0.00582
50 39 0.00683
60 37 0.00874
70 27 0.00914
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Fig. 1 Calculated dislocation density as function of thickness
reduction in cold-rolled TisoNiggCo, specimens
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this dislocation density is a major driving force for
amorphization in cold-rolled NiTi.

Figure 2 shows the TEM image of the cold-rolled
TisoNiggCo, specimen by 40% reduction with the
corresponding selected area diffraction pattern (SADP).
It can be seen that after 40% thickness reduction, a
lamellar structure similar to the martensite deformation
twinning structure is formed in the cold-rolled
microstructure (Fig. 2(a)). However, the SADP shown in
Fig. 2(b) indicates that the structure is mainly nano-
crystalline B2 austenite and amorphous phase. Therefore,
it can be inferred that the initial deformation mechanism
of this alloy during cold rolling is stress-induced
martensitic  transformation  followed by plastic
deformation of martensite via dislocation slip and
subsequent martensite to austenite transformation via the
reverse transformation after cold rolling (unloading).

220 B2

Fig. 2 Bright field TEM image (a) and corresponding
diffraction pattern (b) of 40% cold-rolled TisoNiygCo, alloy

The twin boundaries in the martensite structure act
as the blocking site for the motion of dislocations during
the deformation and promote high density accumulation
of dislocations [24]. Figure 3(a) shows a TEM image
taken from a different position in the 40% cold rolled
specimen showing a high density arrays of dislocations
which seem to define original twin boundaries in the
stress-induced martensite [14,15]. Moreover, the SADP
in Fig. 3(b) confirms that this structure mainly consists
of the nanocrystalline B2 phase. Therefore, it can be
mentioned that along with the occurrence of high density
accumulation of dislocations and the interaction between
them, the cold-rolled specimen is gradually subjected to
nanocrystallization with the help of the dislocation cells.

Fig. 3 Bright field TEM image (a) and corresponding
diffraction pattern (b) taken from different positions in 40%
cold-rolled specimen

By increasing the cold deformation, the dislocation
density becomes greater than a critical value, beyond
which the nanocrystalline phase is further subjected to
amorphization [14,15,23]. Figure 4 shows TEM image
and the SADP of the 70% cold-rolled TisoNisgCo,
specimen. As seen in Fig. 4(a), the 70% cold-rolled
specimen  contains  heterogeneously  distributed
nanocrystals that are embedded in the dominant
amorphous matrix. The visible halo in the SADP
(Fig. 4(b)) indicates the formation of the amorphous
phase, while the continuous diffraction rings show the
formation of nanocrystalline B2 phase.

In summary, with the consecutive increase of the
plastic deformation, microstructural evolution of
TisoNiggCo, alloy has six basic stages, namely stress-
induced martensite transformation and plastic
deformation of martensite, deformation twinning,
accumulation of dislocations along twin and variant
boundaries in martensite, nanocrystallization,
amorphization and reverse transformation of martensite
to austenite. Figure 5 shows schematic diagrams of
deformation mechanisms of TisoNisgCo, alloy during
cold rolling via this transformation sequence.

According to the crystallization temperatures
determined from the DSC measurements, annealing
treatment was performed at 400 °C for 1 h in vacuum in
order to crystallize the amorphous phase in the cold-
rolled specimens. TEM image and SADP of the 40% and
70% cold-rolled TisoNisgCo, specimens after annealing at
400 °C are shown in Figs. 6 and Fig. 7, respectively. A
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Fig. 5 Schematic diagram of deformation mechanisms of TisoNissCo, alloy during cold rolling

Fig. 6 Bright field TEM image (a) and SADP (b) of 40% cold-rolled TisoNissCo, specimen after annealing at 400 °C for 1 h

nanocrystalline structure (as verified by its continuous annealed specimen is 10—110 nm (Fig. 6), whereas it is
diffraction rings) is clearly observed in the annealed 5-60 nm for the 70% cold-rolled and annealed one
specimens. The grain size of the 40% cold-rolled and (Fig. 7). This shows the correlation between the final



E. MOHAMMAD SHARIFI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1351-1359 1355

grain size and the thickness reduction during cold rolling
prior to annealing treatment. For both specimens, the
SADP pattern is identified as the austenite and martensite
phases with no diffuse rings corresponding to the
amorphous phase, showing the completion of
crystallization. These are in agreement with the XRD
results [14,15].

Fig. 7 Bright field TEM image (a) and SADP (b) of 70% cold-
rolled TisoNiugCo, specimen after annealing at 400 °C for 1 h

Figure 8 illustrates the thermal transformation
behaviors of the 40% and 70% cold-rolled TisoNiggCos
specimens annealed at 400 °C. Unlike the cold-rolled
specimens whose DSC curves showed no transformation
peak (not shown), annealed specimens exhibited a
single-stage B2—B19' transformation on cooling and a
two-stage B19'—>R— B2 transformation on heating. This
implies that the post deformation annealing annihilates
defects such as dislocations and vacancies generated
during deformation which locked the austenite—
martensite transformation interfaces and as a result the
martensitic transformation emerges again in subsequent
thermal cycles [14,15,21].

3.2 Superelastic behavior of nanocrystalline

TisoNiyCo, alloy

Figure 9 illustrates tensile stress—strain curves of the
TisoNiggCo, specimens cold rolled up to 70% followed by
post deformation annealing at 400 °C. During loading,
elastic deformation of austenite is observed up to the
critical stress level for stress-induced martensitic
transformation. Further loading results in austenite to
martensite transformation which is associated with a
plateau region and then subsequent elastic deformation
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Fig. 8 DSC curves of 40% (a) and 70% (b) cold-rolled
Tis5oNiggCo, specimens after annealing at 400 °C for 1 h

of martensite. Upon unloading, martensite is unloaded
elastically and then the reverse transformation from
martensite to austenite is observed, followed by elastic
unloading of austenite.

Figure 10 summarizes the results extracted from
Fig. 9, showing changes in the upper plateau stress
(critical ~ stress  for  stress-induced  martensitic
transformation) and the residual (irrecoverable) strain
with increasing thickness reduction in cold rolling. It is
observed that the stress level of the upper plateau (ospv)
significantly improved by increasing thickness reduction
during cold rolling. It is noteworthy that in the 70% cold-
rolled—annealed specimen, the value of ogy was
measured as high as 730 MPa which is significantly
higher than that of the coarse-grained TisoNiggCo,
(190 MPa) [13] and NisTiso (160 MPa) [25] alloys.
Moreover, with increasing thickness reduction, the
irrecoverable strain (er) of TisoNiggCo, alloy was
decreased during superelastic experiments such that the
70% cold-rolled—annealed specimens exhibited about
11% of recoverable strain which is significantly higher
than that of the coarse-grained NisoTiso shape memory
alloy (~8%) [1].

The observed improvement in the superelastic
behavior of the TisoNisgCo, alloy can be attributed to the
enhancement of the critical dislocation-induced slip
stress as a result of grain size reduction and formation of
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Fig. 9 Engineering tensile stress—strain curves of cold-rolled (CR) TisoNisgCo, specimens with various thickness reductions after

annealing (AN) at 400 °C for 1 h

nanocrystalline structure [26]. As seen in Figs. 6 and 7,
the annealed specimen with the higher thickness
reduction (70%) had smaller grain size compared with
the annealed specimen with lower thickness reduction
(40%). The microstructure with smaller grin size
provides a higher density of grain boundaries and the
necessary strength to the austenite phase to avoid plastic
deformation by slip mechanism and as a result
stress-induced martensitic transformation could occur
during tensile loading [27]. SHI et al [28] investigated

the grain size effect on the stress hysteresis of a
nanocrystalline NiTi alloy during superelastic cycling.
They reported that the stress hysteresis of the samples
after annealing was increased with decreasing grain size.
Moreover, their results showed that the accumulation of
dislocations affects the shape of the superelastic
stress—strain curves. AHADI and SUN [29] investigated
the effects of grain size on the rate-dependent
thermomechanical responses of superelastic NiTi
with an average grain size from 10 to 90 nm, under both
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Fig. 10 Variations of upper plateau stress (osp) and residual

strain (eg) versus applied thickness reduction for cold-rolled

and annealed TisoNizCo, specimens

monotonic and cyclic tensile loading—unloading. They
found that with the grain size reduction to the nanoscale,
the rate dependence of the transformation stress and the
hysteresis loop area gradually were weakened and finally
tended to vanish for a grain size of 10 nm.

The superelastic behavior has been used in a wide
range of applications. Developers of vibration control
devices in civil structures have shown interest in
superelastic behavior of NiTi-based shape memory alloys
due to their capabilities to dissipate energy through a
large hysteresis. The origin of hysteresis in superelastic
curves is related to the friction energy which originates
from the austenite/martensite interface motion [30]. In
Fig. 9, the area E; represents the energy density per unit
volume which is dissipated during one complete cycle,
while E, is the energy density per unit volume which is
stored and available to release upon unloading. It is well
known that the superelasticity characteristic can be
applied for storing mechanical energy and the
efficiency for the energy storage, #, can be defined as
E,)/(E\+E,) [31]. By comparing superelastic stress—strain
curve of 70% cold-rolled specimen with others, it is easy
to see that # increases with increasing cold-rolling (see
Table 2). In other words, the cold rolling process could
improve significantly energy storage -efficiency of
TisoNisgCo, alloy with increasing of ogpy.

Beside the high efficiency for the energy storage,

Table 2 Average efficiency for energy storage () and damping
capacities (Ep) of selected cold-rolled and annealed TisoNiygCo,

specimens
Specimen nl% Ep/(Jem®)
50% CR+AN 57 20
60% CR+AN 61 22
70% CR+AN 64 23

the nanostructured TisoNiggCo, alloy has considerable
damping capacity (Ep), which in simple terms is the
ability to repeatedly disperse unwanted energy from a
system. Damping capacity is related to the mechanical
hysteresis and transformation strain and can be
determined by calculating the area between the forward
and reverse transformations in the superelastic stress—
strain (Ep=FE)). High hysteresis and
transformation strain result in more energy dissipation
from a system [32]. Damping capacities of selected cold-
rolled and annealed TisoNisgCo, specimens are compared
in Table 2. It is noteworthy that in the 70% cold-rolled—
annealed specimens, the value of Ep was measured to be
23 J/em® which is significantly higher than that of
commercial NiTi alloys (10 J/cm®) [32]. So, because of
their energy-absorbing capabilities, nanocrystalline
TisoNiggCo, SMAs, could be employed as dampers in
aerospace and construction industries.

curves

4 Conclusions

1) The initial deformation mechanism of
TisoNiggCo, alloy during cold rolling was stress-induced
martensitic  transformation  followed by plastic
deformation of martensite via dislocation slip and
subsequent martensite to austenite transformation via the
reverse transformation after unloading. By increasing the
cold deformation, a high density of dislocations is
accumulated, leading gradually to nanocrystallization
and amorphization.

2) The calculated dislocation density of TisoNiygCo,
alloy was increased to 8.55x10'> cm™ with increasing
thickness reduction up to 70%.

3) After annealing at 400 °C for 1h, the amorphous
phase formed in the cold-rolled specimens was
completely crystallized and a fully nanocrystalline
structure was achieved in TisoNiugCo, alloy.

4) The grain size of the 40% cold-rolled and
annealed specimen was 10—110 nm, whereas it was 5—60
nm for the 70% cold-rolled and annealed one. This could
show the correlation between the final grain size and the
thickness reduction during cold rolling prior to annealing
treatment.

5) The stress level of the upper plateau (osp) of
TisoNisgCo, alloy significantly improved by increasing
thickness reduction during cold rolling. In the 70% cold-
rolled—annealed specimen, the value of ogy was
measured as high as 730 MPa. Moreover, with increasing
thickness reduction, the recoverable strain of TisoNisgCo,
alloy was increased such that the 70% cold-rolled—
annealed specimen exhibited about 11% of recoverable
strain.

6) The observed improvement in the superelastic
behavior of the TisoNiggCo, alloy could be attributed to
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the enhancement of the critical dislocation-induced slip
stress as a result of grain size reduction and formation of
nanocrystalline structure

7) The nanocrystalline TisoNisCo, alloy had a high

damping capacity and considerable efficiency for energy
storage. The damping capacity of the 70% cold-rolled—
annealed specimen was measured to be 23 J/em®.
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