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Abstract: As-received nickel-titanium (NiTi) shape memory alloy with a nominal composition of Nisy ¢Tisg; (mole fraction, %) was
subjected to solution treatment at 1123 K for 2 h and subsequent aging for 2 h at 573 K, 723 K and 873 K, respectively. The influence
of solution treatment and aging on microstructural evolution and mechanical behavior of NiTi alloy was systematically investigated
by transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), scanning electron
microscopy (SEM) and compression test. Solution treatment contributes to eliminating the Ti,Ni phase in the as-received NiTi
sample, in which the TiC phase is unable to be removed. Solution treatment leads to ordered domain of atomic arrangement in NiTi
alloy. In all the aged NiTi samples, the NiyTi; precipitates, the R phase and the B2 austenite coexist in the NiTi matrix at room
temperature, while the martensitic twins can be observed in the NiTi samples aged at 873 K. In the NiTi samples aged at 573 and 723
K, the fine and dense Ni, Ti; precipitates distribute uniformly in the NiTi matrix, and thus they are coherent with the B2 matrix.
However, in the NiTi sample aged at 873 K, the NiyTi; precipitates exhibit the very inhomogeneous size, and they are coherent,
semi-coherent and incoherent with the B2 matrix. In the case of aging at 723 K, the NiTi sample exhibits the maximum yield strength,
where the fine and homogeneous Ni Ti; precipitates act as the effective obstacles against the dislocation motion, which results in the

maximum critical resolved shear stress for dislocation slip.
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1 Introduction

The remarkable attractiveness of nickel—titanium
shape memory alloy (NiTi SMA) comes from 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. Specifically, NiTi SMA is
imparted to a certain shape at the B2 austenite phase and
then is transformed into the B19' martensite phase, where
NiTi SMA undergoes a certain plastic deformation at the
martensite phase and then is able to go back to the
previous shape at the austenite phase on heating.
Superelasticity of NiTi SMA refers to its ability to
recover its original shape along with the release of stress
after NiTi SMA has been deformed beyond its elastic
limit by external mechanical stress. The perfect shape
memory effect and the superior superelasticity are

essential for the engineering application of NiTi SMA [1].

However, chemical composition, heat treatment and
plastic working history of NiTi SMA play a significant
role in its shape memory effect as well as superelasticity
[2—6]. In particular, solution treatment and aging are of
great importance in improving the functional properties
and the mechanical properties of NiTi SMA. In general,
the NiyTi; precipitates can arise in the Ni-rich NiTi
samples aged at a certain temperature. It is well known
that as a metastable phase, the NiyTi; precipitate belongs
to R3 space group and it possesses a rhombohedral unit
cell structure [7, 8]. The electron diffraction patterns of
the Ni,Ti; precipitate reveal that the diffraction spots are
located at 1/7 positions along (321) reciprocal vectors of
B2 austenite matrix [9,10]. The Ni, Ti; precipitate has an
important influence on microstructural evolution and
transformation behavior of NiTi SMA. It is generally
accepted that the presence of NisTi; precipitates is
responsible for the occurrence of R phase, which
plays a predominant role in multi-stage martensitic
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transformation of NiTi SMA, where the two-stage phase
transformation or the three-stage phase transformation
can occur [11-13]. In addition, it is of great importance
to investigate the size and distribution of the NiyTi;
precipitates in the microstructure of NiTi matrix. In
general, the size and distribution of the NiyTis
precipitates depend on the aging temperature, the aging
time, the external stress, the chemical composition and
so on. It is well known that the size of the NiyTis
precipitates increases with the increase of aging
temperature and aging time. It has been reported that the
small NiyTi; particles less than 100 nm are coherent with
the B2 austenite matrix, while the NiyTi; precipitates
shall gradually lose coherency with the increase of size
[14—16]. As compared to the stress-free aging, the
stress-assisted aging results in the microstructures with a
homogeneous distribution of NiyTi; precipitates in terms
of number density [17]. The homogeneous distribution of
the NiyTi; precipitates across the whole microstructure
occurs more easily in the aged NiTi samples with high Ni
content than in those with low Ni content, where the
grain boundary plays a predominant role [18—20]. In
addition to the transformation behavior, the Ni Ti;
precipitates have an important effect on the mechanical
properties and the shape memory behavior of NiTi SMA.
It has been reported that in the case of aging at the low
temperature, the dense and fine NiyTi; precipitates with
the size of about 10 nm can substantially increase the
critical stress for slip deformation, which contributes to
enhancing the hardness and yield strength of NiTi SMA
[15,21]. The small Ni Ti; precipitates which are coherent
with the NiTi matrix are capable of improving the fatigue
resistance of the NiTi SMA [16]. SHAKERI et al [22]
found that the orientation of the NiyTi; precipitates has
an important influence on the two-way shape memory
effect of NiTi SMA and the aging at 723 K for up to 2.5
h contributes to enhancing the recovery ratio.

In the present study, the influence of solution
treatment and aging on microstructural evolution and
mechanical behavior of NiTi SMA is investigated, where
the size and distribution of the NisTi; precipitates are
characterized, which lays the sound foundation for
understanding the functional properties and mechanical
properties of NiTi SMA.

2 Experimental

The as-received NiTi SMA with a nominal
composition of NisyoTig; (mole fraction, %) was
prepared by means of vacuum induction melting method,
and then was rolled at 1073 K, and finally was drawn to
the NiTi bar with the diameter of 12 mm at 673 K. The
NiTi samples with the diameter of 4 mm and height of 6
mm were cut from the NiTi bar by means of

electro-discharge machining (EDM). The NiTi samples
were subjected to a solution treatment, where the NiTi
samples were held for 2 h at 1123 K and then were
quenched into ice water. The solution-treated NiTi
samples were aged for 2 h at 573, 723 and 873 K,
respectively, followed by cooling to room temperature at
atmosphere. The heat treatment for all the NiTi samples
was carried out in the argon atmosphere. Microstructural
evolution of NiTi alloy was investigated by means of
transmission electron microscopy (TEM). Foils for TEM
observation were mechanically ground to 70 pm and then
thinned by twin-jet polishing in an electrolyte consisting
of 6% HCIO,, 34% C4H,,0 and 60% CH;0H (volume
fraction). TEM observations were conducted on a FEI
TECNAI G2 F30 microscope with a side-entry and
double-tilt specimen stage with angular ranges of +40° at
an accelerating voltage of 300 kV. High resolution
transmission electron microscopy (HRTEM) was also
conducted in order to investigate the atomic structure of
the NiTi sample subjected to solution treatment and
aging. The as-received, solution-treated and aged NiTi
samples were compressed on INSTRON-5500R at the
strain rate of 0.05 s at room temperature in order to
investigate the mechanical behavior of the corresponding
NiTi samples. The fracture photograph of the
compressed NiTi samples was observed by means of
scanning electron microscopy (SEM) on a FEI
Quanta200 microscope.

3 Results and discussion

3.1 Microstructural evolution
3.1.1 Microstructure of as-received NiTi sample

Figure 1 shows TEM photographs and the selected
area electron diffraction (SAED) pattern of as-received
NiTi alloy. It is clear that the as-received NiTi alloy
consists of a B2 austenite matrix and an extremely small
amount of Ti)Ni phase and TiC phase. Furthermore, it
can be seen from Fig. 1(f) that the as-received NiTi alloy
contains plenty of dislocations, which stem from the
processing of the NiTi bar. In general, Ti;Ni phase
frequently arises in the Ti-rich NiTi alloy. However, in
the present study, Ti,Ni particles occur in the Ni-rich
NiTi alloy, which is probably due to the fact that oxygen
leads to the stabilization of Ti,Ni particles [2]. Carbon is
introduced as an impurity and carbon atoms do not
dissolve in NiTi solid. Consequently, C reacts with Ti to
form TiC. In the present study, it is very difficult to
accurately determine the volume fraction of Ti,Ni and
TiC particles, which is out of the scope of the work.
However, it can not be denied that the presence of Ti,Ni
and TiC particles leads to the decrease of Ti
concentration in the NiTi matrix, which shall be
investigated in the future.
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Fig. 1 TEM images of as-received NiTi sample: (a) Image of matrix with Ti,Ni phase; (b) SAED pattern of matrix showing B2
austenite structure; (c) SAED pattern of Ti,Ni; (d) Image of matrix with TiC phase; (¢) SAED pattern of TiC; (f) Matrix with

dislocations

3.1.2 Microstructure of solution-treated NiTi sample
Figure 2 illustrates TEM photographs and SAED
patterns of solution-treated NiTi specimen. It can be
observed from Fig. 2 that after NiTi sample is subjected
to solution treatment, the matrix still belongs to B2
austenite and TiC phase still exists on the matrix of B2
austenite, but Ti,Ni phase disappears. Therefore, Ti,Ni

phase can be dissolved in the NiTi sample undergoing
solution treatment, but TiC particles are unable to be
removed from NiTi sample in the case of solution
treatment since TiC particles possess very high thermal
stability. In addition, solution treatment of NiTi sample at
1123 K for 2 h is capable of making dislocation defects
eliminated completely.
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Fig. 2 TEM images of solution-treated NiTi sample: (a)
Photograph of matrix; (b) SAED pattern of matrix showing B2
austenite structure; (c¢) SAED pattern of TiC

Figure 3 indicates HRTEM image of solution
treated NiTi specimen and the corresponding fast Fourier
transform (FFT). It can be seen from FFT in Fig. 3 that
the atomic arrangement is characterized by woven
pattern, which indicates that the ordered domain occurs

Fig. 3 HRTEM images of solution treated NiTi sample:
(a) HRTEM image; (b) FFT image

in the NiTi matrix subjected to solution treatment.
According to the phase diagram of binary NiTi alloy, as
for NiTi alloy with a Ni-rich composition of Nisy¢Tigg
(mole fraction, %), the NiTi phase belongs to a single
phase zone with a complete solubility at 1123 K [1].
Furthermore, the solubility limit decreases greatly with
the decrease in the temperature on the Ni-rich side. When
the NiTi samples are held for 2 h at 1123 K and then
followed by quenching in ice water, supersaturated solid
solution occurs so that the Ni atoms are unable to
uniformly distribute in the NiTi matrix. The Ni atoms
shall be partially accumulated on the (110) plane, which
leads to the occurrence of the short-range order structure
in the NiTi matrix.
3.1.3 Microstructure of aged NiTi samples

Figures 4—6 indicate TEM photographs of the NiTi
samples aged at 573, 723 and 873 K, respectively. In the
NiTi samples aged at 573 K and 723 K, the fine NiyTis
precipitate phases are homogeneously dispersed in the
NiTi matrix, while the NisTi; precipitates exhibit the
inhomogeneous distribution in the matrix of NiTi sample
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between R phase and B2 austenite matrix

between R phase and B2 austenite matrix

aged at 873 K. Furthermore, it can be found from Fig. 6
that the NiyTi; precipitates are relatively coarser in the
grain interior than in the grain boundary, and they are
characterized by the typical lenticular shape. It can be
observed by means of the corresponding SAED pattern
that in the NiTi samples aged at 573, 723 and 873 K, the
NiyTi; precipitates, the R phase and the B2 austenite
coexist in the NiTi matrix at room temperature. In
addition, in the NiTi samples aged at 873 K, the
martensitic twins are observed and thus the martensitic
transformation occurs.

The size of the NiyTi; precipitates was estimated by
means of TEM images, in which the diameter of the
NisTi; precipitates can be obtained by combining

DigitalMicrograph software with equal perimeter method.

It can be found that the size of the NiyTi; precipitates
increases with the increase of the aging temperature. In
the NiTi sample aged at 573 K, the Ni Ti; precipitates

show the uniform size, where the average size of the
NisTi; precipitates is about 5 nm. In the NiTi sample
aged at 723 K, the NiyTi; precipitates also show the
uniform size, where the average size of the NiyTis
precipitates is about 50 nm. However, in the NiTi sample
aged at 873 K, the Ni,Ti; precipitates exhibit the very
inhomogeneous size, where the average size of the NiyTi;
precipitates is about 200 nm, while the maximum
precipitation size is about 1200 nm, and the minimum
precipitation size is about 40 nm. It is necessary to
investigate the size of the NiyTi; precipitates since
whether the NiyTi; phase is coherent with the B2 matrix
or not depends on the size of the NiyTi; precipitates. It
has been reported that the fine NisTi; precipitate is
coherent with the B2 matrix in the Ni-rich NiTi sample
aged at 723 K for 3 h, where the size of the NiyTi;
precipitate is approximately 60 nm [14]. However, in the
Ni-rich NiTi sample aged at 873 K for 20 h, the large
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NiyTi; precipitate possesses a semi-coherent interface
with the B2 matrix, where the size of the NiyTis
precipitate is not measured [14]. GALL et al [15,16]
found that the Ni Ti; precipitates up to approximately
100 nm in size remain coherent with the B2 matrix, while
the NiyTi; precipitates with 500 nm lose coherency with

)]

0.5 um]

the B2 matrix completely. In our study, it can be inferred
that the Ni, Ti; precipitates keep the coherent interface
with the B2 matrix in the NiTi sample aged at 573 and
723 K, while the Ni Ti; precipitates which are coherent,
semi-coherent and incoherent with the B2 matrix
coexist in the NiTi sample aged at 873 K. Figure 7 shows

N g

Fig. 6 TEM images of NiTi sample aged at 873 K: (a) Precipitation of Ni,Ti; in grain interior; (b) SAED pattern of matrix showing
orientation relationship between R phase and B2 austenite matrix; (c) Precipitation of Ni,Ti; in grain boundary; (d) Martensitic twins

in (a) showing coherent relationship between Ni,yTi; precipitate and NiTi matrix
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HRTEM image of the NiTi sample aged at 723 K and the
corresponding FFT. It can be seen from Fig. 7 that the
NisTi; precipitate keeps the completely coherent
relationship with the NiTi matrix.

The size of Ni,Ti; precipitates has an important
influence on the phase transformation of the NiTi alloy.
When the NisTi; precipitate is coherent with the B2
austenite matrix, the R phase nucleates more easily at the
interface between the NiyTi; precipitate and the B2
austenite matrix in order to relax the coherent stress.
However, when the NiyTi; precipitate is incoherent with
the B2 austenite, the dislocation networks occur at the
interface between the NiyTi; precipitate and the B2
austenite matrix, which probably suppresses the
formation of the R phase and thus leads to the occurrence
of the martensitic transformation. The small-scale
chemical composition inhomogeneity in the B2 austenite
matrix between the NiyTi; precipitates leads to one B2—R
phase transformation and two R-B19' phase
transformations.  Furthermore, the two R-B19'
transformations occur at low Ni region near the NigTi;
precipitate and at high Ni region away from the Ni,Ti;
precipitate, respectively [11,12]. The large-scale
inhomogeneity between grain boundary region and grain
interior region plays a considerable role in the
three-stage transformation on cooling, where the first
transformation and the second transformation correspond
to the transformation from B2 austenite to R-phase and
then the transformation from R-phase to B19' martensite
at the grain boundary regions containing the NisTi;
precipitates, respectively, and the third transformation
corresponds to the transformation from B2 austenite to
B19' martensite in the grain interior regions which are
free of NiyTi; precipitates [17]. However, it is generally
accepted that the homogeneous distribution of the Ni,Tis
precipitates in the NiTi matrix can result in the two-stage
transformation of B2—R—B19', where the R-phase first
nucleates and grows at the interface between the NiyTi;
precipitate and the B2 austenite matrix, and the B19'
martensite nucleates and grows at the interface between
the Ni,Ti; precipitate and the R-phase [20]. In the present
study, whether the aged NiTi samples exhibit the
muliti-stage phase transformation or not needs to be
further investigated by differential scanning calorimetry
(DSC) in the future, which is out of the scope of the
work and shall be published in another literature.

3.2 Mechanical behavior of NiTi sample under
compression
Figure 8 shows the stress—strain curves of the
as-received, solution-treated and aged NiTi samples
before compressive fracture, respectively. It can be found
from Fig. 8 that as compared to the as-received NiTi
sample, the NiTi sample aged at 573 and 723 K

possesses the higher yield strength and the solution-
treated NiTi sample exhibits the lower yield strength.
However, the NiTi sample aged at 873 K shows the
similar stress—strain curve with the as-received NiTi
sample. In addition, it can be seen from Fig. 8 that as
compared to the solution-treated NiTi sample, all the
aged NiTi samples exhibit higher yield strength.
Furthermore, among all the aged NiTi samples, the NiTi
sample aged at 723 K possesses the maximum yield
strength and the NiTi sample aged at 873 K possesses the
minimum yield strength. Figure 9 shows fractographs of
the corresponding compressed NiTi samples. It can be
found from Fig. 9 that all the fractographs are
characterized by a mixture of brittle fracture and ductile
fracture, and the ductile fracture features are gradually
dominant with the increase of the aged temperature. For
instance, it can be obviously seen in the NiTi sample
aged at 873 K that the cleavage fracture surface plays a
slight role, but the void growth prevails which reveal that
the ductile fracture is more dominant.
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Fig. 8 Stress—strain curves of NiTi samples under compression

According to the above results, it can be found that
in the NiTi samples aged at 573, 723 and 873 K, the
NisTi; precipitates, the R phase and the B2 austenite
coexist in the NiTi matrix at room temperature.
Therefore, the mechanical behavior of the aged NiTi
samples under compressive loading is very complicated
since the reorientation of the R phase, the stress-induced
martensite transformation of the R phase and the
stress-induced martensite transformation of the B2
austenite probably  during compression
deformation. To investigate the transformation behavior
of the aged NiTi samples under compressive loading is
out of the scope of the work. In the present study, the
emphasis is laid on the influence of the NiyTis
precipitates on the mechanical properties of the NiTi
samples. It can be seen from Fig. 8§ that the NiTi samples
aged at the three temperatures exhibit higher
yield strength than those subjected to solution treatment,

occur
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which indicates that the NiyTi; precipitates play an
important role in strengthening the NiTi matrix, where
the size of the NiyTi; precipitates is a crucial factor. It is
well known that the physical mechanism of NiyTi;
precipitates for enhancing the yield strength of the NiTi
sample is attributed to the impediment of the NisTis
precipitates to dislocation motion, which leads to the
increase of the critical resolved shear stress for
dislocation slip. However, it is evident from Fig. 8§ that in
the case of the three different aging temperatures, the
NiyTi; precipitates have a different effect on enhancing
the yield strength of the NiTi samples, which is closely
associated with the size of the NisTi; precipitates. In the
NiTi samples aged at 573 K, the fine Ni Ti; precipitates
have only the size of about 5 nm, and they are coherent

Fig. 9 Fractographs of NiTi samples

under compression: (a) As-received;
(b) Solution-treated; (c) Aged at 573 K;
(d) Aged at 723 K; (e) Aged at 873 K

with the NiTi matrix, but the coherent stress field is very
small. It has been reported that in terms of aging at the
low temperature, the critical resolved shear stress for
dislocation slip possesses the maximum value in the NiTi
sample with the NiyTi; precipitates of about 10 nm in
size [14,21]. Accordingly, the critical resolved shear
stress for dislocation slip increases with the increase of
the NiyTi; precipitate in size when the size of the NiyTi;
precipitate is less than a critical value. In the NiTi
samples aged at 573 K for 2 h, the Ni Ti; precipitates can
not reach the maximum size as well as the maximum
density due to the shorter aging time, so the critical
resolved shear stress for dislocation slip is unable to
reach the maximum value as well. In addition, the
oversaturated Ni atoms can not precipitate completely
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from the NiTi matrix at the shorter aging time, so the
matrix of the NiTi samples aged at 573 K for 2 h remains
a certain supersaturated state. It can be found from Figs.
9(c) and (d) that the NiTi sample aged at 573 K exhibits
the partially similar fractograph characteristic as that
subjected to solution treatment. In the NiTi samples aged
at 873 K, the Ni,Ti; precipitates are larger in size, and
some of the large precipitates lose coherency with the
NiTi matrix. As a result, the dislocation networks arise at
the interface between the Ni Ti; precipitate and the NiTi
matrix. The occurrence of the dislocation networks
contributes to the plastic deformation of the NiTi sample
for dislocation slip. Therefore, on the one hand, the
NiyTi; precipitates result in the resistance to dislocation
movement, which contributes to increasing the critical
resolved shear stress for dislocation slip. On the other
hand, the existence of the dislocation networks facilitates
the plastic deformation for dislocation slip, which leads
to decreasing the critical resolved shear stress for
dislocation slip. As a consequence, the competition
between the above two factors comes to a compromise in
terms of strengthening the NiTi matrix. In addition, the
inhomogeneous distribution of the NisTi; precipitates in
the NiTi matrix has an adverse influence on raising the
yield strength of the NiTi sample. However, it can not be
denied that as compared to the solution treatment, the
aging at 873 K plays a certain role in strengthening the
NiTi matrix and enhancing its plasticity, where the
fractograph is characterized by a more dominant ductile
fracture, as shown in Fig. 9(d). In the NiTi samples aged
at 723 K, the adequate precipitation of the Ni atoms in
the supersaturated NiTi matrix results in a high density
of NiyTi; particles, where the distance between the NiyTis
precipitates is very small. Therefore, the fine NisTis
precipitates disperse homogeneously in the NiTi matrix,
and they keep the perfect coherent interface with the
NiTi matrix, where the coherent stress field is very large.
The fine and dense Ni,Ti; precipitates act as the effective
obstacles against the movement of dislocations, which
results in the increase of the critical resolved shear stress
for dislocation slip. In addition, the interaction between
the coherent stress field and the dislocation stress field
leads to the increase of the critical resolved shear stress
for dislocation slip. It can be deduced that as compared
to the NiTi samples aged at 573 and 873 K, the NiTi
samples aged at 723 K exhibit the more comprehensive
mechanical properties. In particular, the NiTi samples
aged at 723 K shall probably possess the better
superelasticity and shape memory effect, which needs to
be investigated in the future.

4 Conclusions

1) Solution treatment contributes to eliminating the

Ti,Ni phase in the as-received NiTi sample. However,
the TiC phase is unable to be removed by means of
solution treatment since TiC particles possess very high
thermal stability. Solution treatment leads to ordered
domain of atomic arrangement in the NiTi alloy.
Furthermore, solution treatment is capable of eliminating
the total dislocation defects in the as-received NiTi
sample.

2) In all the aged NiTi samples, the NiyTi;
precipitates, the R phase and the B2 austenite coexist in
the NiTi matrix at room temperature, while the
martensitic twins are observed in the NiTi samples aged
at 873 K. In the NiTi samples aged at 573 and 723 K, the
fine and dense Ni4Ti; precipitates distribute uniformly in
the B2 matrix, and thus they are coherent with the B2
matrix. However, in the NiTi sample aged at 8§73 K, the
Ni,Ti; precipitates exhibit the very inhomogeneous size,
and they are coherent, semi-coherent and incoherent with
the B2 matrix.

3) As compared to the solution treatment, the aging
at 723 K leads to the maximum yield strength of NiTi
alloy, where the fine and homogeneous NiyTis
precipitates are coherent with the NiTi matrix, and thus
they act as the effective obstacles against the movement
of the dislocations, which results in the increase of the
critical resolved shear stress for dislocation slip.
However, the aging at 873 K leads to the minimum yield
strength of NiTi alloy, where the occurrence of the
dislocation networks at the interface between the
incoherent NiyTi; precipitates and the NiTi matrix
contributes to the plastic deformation of the NiTi sample
for dislocation slip, which results in the decrease of the
critical resolved shear stress for dislocation slip.
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