
Microstructure and Phase Transformation Behavior
of a Stress-Assisted Heat-Treated Ti-Rich

NiTi Shape Memory Alloy
A. Ahadi and E. Rezaei

(Submitted April 5, 2011; in revised form September 29, 2011)

In this study, the effects of stress-assisted heat treatment on the microstructure and phase transformation of
a Ti-rich (Ti-49.52 at.% Ni) shape memory alloy were investigated. For this purpose, the alloy was heat
treated at temperature of 500 �C for 10 h under applied stresses of 100 and 200 MPa. XRD, TEM, and
repeated thermal cycling were employed to study the microstructure and transformation behavior of the
heat-treated materials. Room temperature XRD diffractogram of the stress-free heat-treated material
showed a weak reflection of austenite (B2), while that for the stress-assisted heat-treated materials had a
high intensity implying the presence of residual austenite in the microstructure. TEM observations con-
firmed the presence of residual austenite and revealed mechanical twins as another constituent of the
microstructure in the stress-assisted heat-treated materials. Moreover, with increasing the value of applied
stress the size of mechanical twins was increased and a high density of structural defects was observed at the
interfaces of the twins. DSC results demonstrated two-stage transformation in the initial cycles of trans-
formation in the stress-assisted heat-treated material. After about eight cycles of transformation, the two-
stage transformation has vanished, and a single-stage transformation remained up to 100 cycles. It was
suggested that the accommodation of stresses at Ti2Ni/matrix interface provides a suitable condition for
local transformation of B2 to B19¢ that is manifested by a two-stage phase transformation. Introduction of
structural defects during repeated thermal cycling may counteract the stress field at Ti2Ni/matrix interface
leading to a single-stage transformation.
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1. Introduction

During the past few decades, NiTi shape memory materials
have been exploited for myriad medical and industrial applica-
tions (Ref 1, 2). A thermoplastic martensitic transformation is
responsible for the interesting properties observed in shape
memory materials such as shape memory and Two-way shape
memory effect. In order to modify the martensitic phase
transformation, different approaches have been employed with
respect to the alloy system. In near equi-atomic alloys, owing to
lack of precipitates, thermomechanical processing is used for
modification of phase transformation (Ref 3). Since precipitation
is prevalent in Ni-rich alloys, aging is commonly used to modify
transformation (Ref 4, 5). The stress field around fine and
coherent Ni-rich precipitates is very effective in modification of
martensitic transformation. However, in Ti-rich alloys, aging is
less effective in alteration of transformation (Ref 6) due to

vertical solubility in NiTi phase diagram at Ti-rich side (Ref 7).
Therefore, just as with equi-atomic alloys, thermomechanical
processing has been mostly employed for modification of phase
transformation. It is generally achieved by cold working and
subsequent heat treatment (Ref 8). However, poor workability is
an obstacle during cold working of NiTi alloys (Ref 9). In the
literatures, most of the published studies have been focused on
development of innovative techniques to modify phase trans-
formation in Ni-rich and equi-atomic alloys, while little attention
has been paid to Ti-rich alloys. As an appropriate candidate for
high-temperature shape memory applications, it is worth study-
ing new approaches to modify phase transformation in Ti-rich
alloys. In this study, we investigate the effect of stress-assisted
heat treatment on the microstructure and phase transformation of
a Ti-rich alloy.

2. Experimental

An as-received rod of Ti-rich alloy with composition of
Ti-49.52 at.% Ni provided by Special Metals Co. was used as
the starting material. The rod then was annealed at temperature
of 900 �C for 1 h in vacuum furnace followed by water
quenching to room temperature (RT). The transformation
temperatures of the annealed material were Ms = 79.72 �C,
Mf = 60.08 �C, As = 95.86 �C, and Af = 110.33 �C. In order to
investigate the effect of applied stress during heat treatment, a
creep instrument was used. The creep samples were prepared
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according to B577M ASTM standard with gauge diameter of
9 mm. Following cycles of heat treatment were conducted:

1- Heat treating at 500 �C without applied stress for 10 h
(500-0-10).

2- Applied stress of +100 MPa at 500 �C for 10 h (500-
100-10).

3- Applied stress of +200 MPa at 500 �C for 0.75 h (500-
200-0.75).

The samples were heated up to 500 �C in 80 min under a
very small preload of about 1 MPa. After completion of the
tests, the stress was removed, and the samples were cooled
down to RT in the chamber of creep furnace. Buttons with
thickness of 1 mm were electro-discharge machined (EDM)
from the mid-height of the heat-treated rods. Smaller buttons
with diameter of 3 mm were EDM cut, mechanically ground to
a thickness of 80 lm, and jet-electropolished in a solution
composed of 30 vol.% HNO3 and 70 vol.% methanol at
temperature of �10 �C and voltage of 20 kV. A steady flow
of cold water was used during mechanical grounding to
preclude any possible phase transformation. Figure 1 shows
schematic of the regions where the samples were extracted. The
objective of extracting samples from the center of the buttons
was to assure that they are not affected by oxidation at the
extremities of the heat-treated rods. Microstructural observa-
tions were monitored with a Philips CM 200 instrument
operated at an acceleration voltage of 200 kV. Room temper-
ature XRD measurements were conducted using a Philips XRD
apparatus operated at 40 kVand 30 mA equipped with a Cu-Ka

radiation. Buttons with diameter of 3 mm and weight of 15 mg
were thermal cycled up to 100 cycles with a TA Q-100
instrument with heating/cooling rates of 10 �C/min. After EDM
cutting, surfaces of the samples were gently removed using a
grit paper of 2500 to eliminate the effect of EDM cutting.

3. Results and Discussion

3.1 Microstructural Observation

In Fig. 2, the TEM microstructure of the material annealed
at temperature of 900 �C for 1 h shows a relatively large Ti2Ni
precipitate together with regions of residual austenite (white

areas) near the precipitate. The presence of residual austenite
needs to be clarified, since at RT the material is below Mf and
that a fully martensitic structure is expected. In NiTi alloys, due
to severe affinity of Ti for oxidation, the Ti concentration of the
layers near the oxidized surface decreases leading to a Ni-rich
layer that decreases transformation temperatures drastically to
below RT (Ref 10). Therefore, near the regions affected by
oxidation, there is austenite phase at RT. It should be mentioned
that the TEM thin foils were extracted from the center of the
heat-treated rods, far enough from the extremities, so that they
are not possibly affected by oxidation. The oxidation caused by
EDM cutting was also removed as described in the experi-
mental section. Thus, oxidation seems not to be the reason for
the observation of residual austenite at RT. The presence of

Fig. 1 A schematic of the regions studied for XRD, TEM, and DSC

Fig. 2 TEM microstructure of the material annealed at 900 �C for
1 h. (a) Demonstrating a large Ti2Ni precipitate and regions of resid-
ual austenite near the precipitate (b) Martensite plates (A, B, and C)
showing a self-accommodating morphology
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residual austenite can be attributed to local inhomogeneity in
chemical composition as well as Ni-enrichment near the Ti2Ni
precipitate (Ref 11). Moreover, in Fig. 2(a) a dark hallow area
within the Ti2Ni precipitate is presumably indicative of some
precipitate dissolution. Ti2Ni precipitates eutectoidally decom-
pose to TiNi at temperature of 984 �C (Ref 7), therefore, some
partial dissolution at temperature of 900 �C seems to be
reasonable. Figure 2(b) illustrates a self-accommodating mor-
phology of the martensite plates demonstrating all the charac-
teristics of an undeformed microstructure in NiTi alloys, i.e. the
interface between two martensite plates is straight and a strain
contrast exists along the junction plane area (Ref 12). In Fig. 3
the microstructures of the 500-0-10 material shows the same
features for the morphology of martensite similar to those
observed in the annealed material. However, martensite plates
have higher length in 500-0-10 material and residual austenite
is not considerably present in the microstructure. Bringing in

mind that the annealed material has been water-quenched from
900 �C and the 500-0-10 material was slowly cooled in the
chamber of creep furnace, these differences may be attributed to
the different thermal stresses resulting from different cooling
rates. By comparing Fig. 3(b) with morphology of martensite in
other TEM studies (Ref 13), (100) compound twining of the
martensite is noticed in the 500-0-10 material. This type of
martensite is a deformation twin and has been frequently
observed near the edge of polishing hole in TEM samples
(Ref 13). However, it is not clear that why this type of
martensite was not observed in the annealed sample. Figure 4
demonstrates the diffractogram of the 500-0-10, 500-100-10,
and 500-200-0.75 materials. From this figure one can notice the
presence of different B19¢ martensite reflections in the stress-
free heat-treated material in conjunction with an almost weak
reflection of austenite, implying a dominant martensitic micro-
structure. Although martensitic structure was expected (it will
be described in ‘‘Phase Transformation’’ section where trans-
formation temperatures are slightly shifted as a result of stress-
assisted heat treatment), both stress-assisted heat-treated
materials have a high intensity of austenite, indicating austenite
phase as the main constituent of the microstructure. This is
further confirmed by the TEM microstructure of the 500-100-
10 material, Fig. 5(a) and (b), in which the microstructure
mainly consists of austenite phase (bright regions). The XRD
and TEM results provide enough evidence to claim the
occurrence of austenite stabilization during stress-assisted heat
treatment. Moreover, in Fig. 5(a) and (b), a high density of thin
and long mechanical twins are also obvious in the microstruc-
ture. It is worth noting that mechanical twins were uniformly
observed within the TEM thin foil. In Fig. 6, the TEM
microstructure of the 500-200-0.75 material reveals thicker
mechanical twins in conjunction with a relatively high density
of structural defects at the interface of the twin plates.
Furthermore, the interface of the twins is not straight. The
observation of mechanical twins suggests that the austenite
phase has experienced deformation during heat treatment and
twinning is possibly an active mechanism of deformation. As
such, the following discussion is crucial for interpretation of the
results:

In general, the high temperature mechanism of deformation
in NiTi shape memory alloys with B2 structure is dependent on
the temperature. Since at low temperatures dislocation, motion

Fig. 3 TEM microstructure of the 500-0-10 material. (a) Self-
accommodating morphology of the martensite and long martensite
plates and (b) (100) compound twinning Fig. 4 XRD diffractograms of the heat-treated materials
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is not easy, the NiTi alloys deform via mechanical twinning
which provides new slip systems (Ref 14). By increasing the
deformation temperature, more slip systems become active and
slip is the dominant mode of deformation. About the occur-
rence of mechanical twinning three aspects must be taken into
account:

1. The extreme temperature at which deformation mecha-
nism is changed.

2. The degree of deformation and its influence on degree of
mechanical twinning.

3. Rate of deformation.

To the knowledge of the authors, there is no consensus about
the extreme temperature. Hornbogen et al. reported the

temperature of 700 �C as the extreme temperature above which
dislocation slip is the deformation mechanism, while, below
700 �C, a combination of mechanical twinning and dislocation
slip are active (Ref 15). Formation of long mechanical twins
has been also reported during warm severe plastic deformation
at 450 �C (Ref 16) and warm rolling at temperature of 500 �C
(Ref 17). From the perspective of temperature, the observation
of mechanical twins during stress-assisted heat treatment at
temperature of 500 �C is consistent with previous researches.
However, this observation is peculiar with respect to the degree
of deformation imposed to NiTi. In previous studies in which
mechanical twins have been observed during warm deforma-
tion, (Ref 15-17), a high degree of deformation such as 20 and
50% elongation have been imposed to the NiTi while in this
study, the deformation is small. To show the degree of
deformation in the stress-assisted heat-treated materials the
creep curves are shown in Fig. 7. The curves show significant
differences in terms of the creep stage as well as the degree of

Fig. 5 TEM microstructure of the 500-100-10 material (a) showing mechanical twins stretched in austenitic matrix and (b) a different region in
the TEM thin foil

Fig. 6 TEM microstructure of 500-200-0.75 material. Notice that
mechanical twins become larger

Fig. 7 Creep curves for (a) 500-100-10 and (b) 500-200-0.75
samples
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creep strain. While the 500-100-10 material is in the primary
creep stage (first stage of the creep) with small tensile strain of
0.03, the 500-200-0.75 material is in the tertiary creep stage
(third stage of the creep) and has experienced a tensile strain of
about 0.13. Thus, we report the presence of a high density of
mechanical twins at very small tensile strain of about 0.03
which has not been reported before. Tensile deformation is
likely to be responsible for the observation of high density of
mechanical twins at such a small strain. In the deformation
processes used in (Ref 15-17) (Rolling, swaging, and Equal-
channel angular pressing), due to the complex stress state more
slip systems are possibly activated and slip tends to be the
dominant mode of deformation. While, in tensile deformation, a
limited number of slip systems are activated and mechanical
twinning is more necessitated even at small strains to accom-
modate deformation. The degree of deformation is also an
influential parameter on the density of mechanical twins. The
larger the degree of deformation, the higher the density of twins
(Ref 18). The increase in size of twins resulting from increasing
applied stress during heat treatment, as was noted by comparing
Fig. 5 and Fig. 6, is in accordance with previous studies. Rate
of deformation is also important as deformation heating is
significant in NiTi shape memory alloys (Ref 19). The
temperature increase during deformation, if considerable, can
cause slip to become active as a deformation mechanism.

However, the rate of deformation during creep is slow and
cannot cause deformation heating.

The results reported here on the observation of a high
density of mechanical twins at very small tensile strain and low
rates of deformation is of great importance. However; the
detailed mechanisms supporting this phenomenon is not clear
and yet to be explained.

3.2 Phase transformation

In Fig. 8(a) and (b) the evolution of transformation during
repeated thermal cycling of 500-0-10 and 500-100-10 materials
are shown, respectively. It is worth noting that the term
��thermal cycling,�� refers to cycling tests in the differential
scanning calorimeter and should not be misunderstood by
thermo-mechanical cycling. Obviously, stress-assisted heat
treatment does not suppress martensitic transformation, and
the change in transformation temperatures is not considerable,
see Fig. 8(a). A single-stage transformation during forward
tends to a small two-stage transformation in the cycles of
reverse transformation in the 500-0-10 material. In the 500-
100-10 material, the two-stage transformations are more
conspicuous during both heating and cooling cycles. On further
increasing the number of thermal cycles, the transformation
temperatures decrease with almost the same rate for both
materials, and the two-stage transformation gradually dimin-
ishes. A single-stage transformation evolves after about eight
cycles of transformation. The decrease in transformation
temperatures during thermal cycling is well-documented
(Ref 20) and is not discussed here for the purpose of brevity.
However, the observation of two-stage transformation and its
disappearance after thermal cycling is of great importance since
it has been observed by Liu et al. (Ref 21) and Paula et al.
(Ref 22) for Ti-rich alloys, but has not been discussed.

Often two or multi-stage transformation is attributed to the
intermediate (R-phase) or inhomogeneous transformation. The
observed two-stage transformation in the 500-100-10 material
is not attributed to R-phase transformation, inasmuch as it is not
developing or stabilizing during thermal cycling (Ref 20). The
inhomogeneous transformation has been observed in Ni-rich
alloys (Ref 23) as well as in alloys where there has been an
unequal distribution of grain size (Ref 24). The latter case has
been reported in intensively cold-rolled and annealed NiTi and
is not likely to be responsible for the observed two-stage
transformation in 500-100-10 material. In Ni-rich alloys, fine
Ti3Ni4 precipitates account for multi-stage transformation,
while, in the case of Ti-rich alloys, it is not clear if the stress
field around Ti2Ni precipitates is able to promote local
transformation. In Ti-rich alloys the elastic moduli mismatches
between Ti2Ni/matrix interface is the main reason for devel-
opment of interfacial stresses (Ref 25). In addition, externally
induced stresses can also cause significant stress concentration
at Ti2Ni/matrix interface. The presence of stress field surround-
ing a precipitate can promote local transformation manifested
by different peaks in DSC curves (Ref 4, 5). The local stress
fields are well-manifested by dark regions around precipitates
in TEM images (Ref 26). The interface of Ti2Ni/matrix in the
annealed sample, Fig. 1(a), was bright indicating insignificant
stress field being likely due to the large size of the precipitate.
However, when a stress is applied during heat treatment, a dark
region around the Ti2Ni precipitate appeared and deformation
lines passed through the precipitate as is observed in Fig. 9(a)
and (b). Therefore, it is suggested that the accommodation of

Fig. 8 DSC thermograms during thermal cycling for (a) 500-0-10
and (b) 500-100-10 material
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stresses at Ti2Ni/matrix is effective in local modification
of phase transformation which leads to two-stage transforma-
tion in the stress-assisted heat-treated material. For the 500-
0-10 material, the elastic moduli mismatches between Ti2Ni/
matrix do not provide a strong stress field to assist local
transformation.

The reason that transformation is affected by the presence of
stress field surrounding a precipitate can be expressed by the
following equation (Ref 26, 27):

Ms ¼ T0 þ
DEd

e

DSA�M
ðEq 1Þ

where T0 is the equilibrium temperature between the martens-
itic and the parent phase at which the Gibbs free energies of
the two phases are equal, Ms is the martensitic start transfor-
mation temperature, DSA�M is the entropy change, and
DEd

e ¼ �rt
ije

t
ij is the elastic strain energy introduced by the

presence of a defect. The equation shows that the transforma-
tion temperature can be locally modified by the presence of a
stress field surrounding a precipitate. The resulting shift will
be proportional to the stress field and inversely to entropy. It
is believed that the first peak in cooling (marked by # in
Fig. 8a) belongs to local B2 to B19¢ transformation at Ti2Ni/
matrix interface and the second peak in heating (marked by *
in Fig. 8b) belongs to the reverse B19¢ to B2 transformation
at stressed regions around Ti2Ni precipitate. This is a rule that
the B2 to B19¢ transformation occurring at high temperatures
has a reverse B19¢ to B2 transition at higher temperatures.
Introduction of structural defects during thermal cycling coun-
teract the stress field at Ti2Ni/matrix interface giving rise to a
single-stage transformation. It is worth noting that due to the
complexity of the microstructure in the stress-assisted heat-
treated materials, it was not possible to reveal the martensite
plates nucleating at Ti2Ni/matrix interface to propose compel-
ling evidence as to the role of stress accommodation on mod-
ification of transformation. A further TEM work on the role
of precipitates as nucleation sites is under way, and the
results will be presented elsewhere.

4. Conclusions

In this study, the effect of stress applied during heat
treatment of a Ti-rich NiTi shape memory alloy was investi-
gated. The following are conclusions made in this study:

1. XRD and TEM results revealed that the RT microstruc-
ture of the stress-assisted heat-treated materials was partly
composed of austenite. This microstructure was signifi-
cantly different from the stress-free heat-treated material
in which long variants of self-accommodating martensite
were the prominent features of the microstructure.

2. A high density of mechanical twins was observed in the
microstructure at very small tensile strain of 0.03 indicat-
ing twinning as an active mode of deformation. The size
of mechanical twins was increased with increasing the
value of applied stress.

3. Stress-assisted heat treatment caused a two-stage phase
transformation in the initial cycles of transformation.
With further thermal cycling up to 100 cycles the two-
stage transformation was replaced by a single-stage
transformation.

4. It was proposed that the accommodation of stresses at
Ti2Ni/matrix interface brings about a thermodynamically
suitable condition for nucleation of martensite variants
which is manifested by a two-stage phase transformation.
Introduction of structural defects during thermal cycling
counteract the stress field causing a single-stage transfor-
mation after about eight cycles.
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