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Abstract: Mechanical and shape memory properties of a TisoNig;Fe; alloy annealed at 450—750 °C for 1 h after a cold-rolled
reduction of 25% were investigated by phase transformation analysis and microstructure characterization using tensile tests, Vickers
hardness tests, electrical resistivity—temperature tests, SEM and TEM. From the results of the tensile, it can be inferred that the
fracture stress and yield stress decreased and the fracture elongation increased as the annealing temperature increased for the rolled
TisoNigsFes alloy. They reached stead values when the temperature was above 650 °C. The change in Vickers hardness corresponded
to the change in the fracture stress and yield stress. The electrical resistivity—temperature curves suggest that a two- stage martensitic
transformation (B2—R—B19’) occurred during cooling and heating. The transformation temperatures decreased to lower temperatures
when the annealing temperature was increased and maintained the same after the annealing temperature reached 650 °C. TEM

revealed the distinct processes occurring at elevated temperatures: recovery, polygonization, and recrystallization.
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1 Introduction

TiNi-based shape memory alloys are attractive for
structural and functional applications in engineering and
medicine due to their unique and important mechanical
and functional properties. Severe plastic deformation or
thermomechanical treatment is necessary to improve
shape memory effects and mechanical properties [1-3].
Much research has been focused on severe plastic
deformation, which can significantly influence the
microstructure and phase transformation of TiNi alloys
[4-8]; in addition, the mechanical and shape memory
properties are improved by forming nanostructures in the
alloys. VALIEV et al [2] demonstrated that the
nanocrystalline Tig4Nisge alloy produced using severe
plastic deformation through high pressure torsion
exhibited an unusual increase in strength but low
ductility at room temperature, and the strength and
ductility were enhanced at higher temperatures. PUSHIN
et al [8] pointed out that severe plastic deformation
processing did not alter the phase transformation
sequence of the alloys but changed the morphology of
the martensite. In addition, the processing resulted in a

greater recovery stress and a maximum reverse strain of
the shape memory.

Among all the TiNi-based shape memory alloys, the
TiNiFe alloy has the lowest martensitic transformation
temperature and maintains good mechanical properties
that are well used in the application of couplings in jet
fighters [9,10]. Some research [11-13] has been carried
out to study the effect of composition change or
thermomechanical treatments on the microstructure and
mechanical properties of TiNiFe alloys. Recently, the
focus of the research has been the effect on
microstructure and mechanical properties of TiNiFe
shape memory alloys after severe plastic deformation
treatment (40%—70%). Medium-scale plastic
deformation treatment (10%—30%) and its effects have
hardly been studied. The purpose of the present work is
to reveal the evolution of microstructure and mechanical
properties as a function of the TiNiFe alloy after plastic
deformation treatment.

2 Experimental

A Ti—47%Ni—3%Fe alloy, produced by vacuum
induction melting using a CaO crucible, was used for this
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study. Samples of 10 mmx1 mmx1.2 mm were spark cut
from this alloy and homogenized at 850 °C for 4 h under
vacuum. They were then cold rolled at room temperature
to a 25% reduction. Subsequent annealing was done at
450—750 °C for 1 h. With a heating/cooling rate of 3—5
K/min an electrical resistance apparatus was used to
study the phase transformation. The microstructural
characterization of the alloys was carried out by SEM
(JSM—7001F, equipped with EDA) and TEM. The TEM
specimens were electro-polished in an electrolyte with
90% (volume fraction) grain alcohol and 10% perchloric
acid at —40 °C. Furthermore, these specimens were
studied on an analytical transmission electron
microscope (JEM—2000FX) at a nominal acceleration
voltage of 200 kV. The mechanical properties were
investigated by tensile tests carried out on a SHIMADZU
AG—250KNIS type universal tensile test machine with a
strain rate of 0.5 mm/min.

3 Results and discussion

In order to understand the mechanical properties of
cold-rolled TisoNiy;Fe; alloys annealed at 450—750 °C
for 1 h, tensile tests were carried out at room temperature
and the typical stress versus strain curves obtained are
shown in Fig. 1. Elastic deformation with 2% strain can
be seen beside the stress reduced R phase transformation
with a strain of 0.3%—0.6%. Plastic deformation
occurred following the elastic deformation. For all the
cold-rolled TisoNiy;Fe; alloy samples, the fracture stress
Ry and yield stress Ry, decreased following the increase
of the annealing temperature and kept stable after the
annealing temperature reached 650 °C.
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Fig. 1 Stress—strain curves for TisoNiy;Fe; alloy annealed at
450 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, and 750 °C
for 1 h after cold rolling of 25% reduction

The fracture stress R, values and fracture
elongations for TisoNis;Fe; alloys annealed at 450—750
°C for 1 h are listed in Table 1. This phenomenon is

believed to be due to the elimination of the residual
stress field and vacancies caused by cold rolling as well
as a decrease in dislocation density with the increasing
annealing temperatures.

Table 1 Fracture stress and elongation for TisoNig;Fe; alloy
annealed at 450-750 °C for 1 h after cold rolling of 25%
reduction

Heat treatment

temperature/°C

Fracture stress/MPa 900 870 840 780 778 775 774

450 500 550 600 650 700 750

Elongation/% 7.0 11.0 10.5 10.6 16.5 15.0 152

It is an interesting discovery that in the tensile tests
a stress-induced R-phase transformation stage appeared
in all the cold-rolled TisoNig;Fe; alloys. The induced
stress is about 40 MPa with a strain of 0.3%—0.6%. It is
inferred that the austenite B2 phase transforms to the
R-phase although the temperature is far higher than R;.
This is stress-induced R-phase transformation. The
dislocations cause the stress concentration, which
promotes the nucleation for the R-phase under external
stress and makes it easy to transform to the R-phase from
the austenite B2 phase even at a temperature higher than
R..

The experimental results of the Vickers hardness
test for the cold-rolled TisoNiy;Fe; alloy samples
annealed at 450—750 °C for 1 h are shown in Fig. 2. It
can be seen that as the annealing temperature increases,
the hardness decreases and the changes in the fracture
stress and yield stress correspond to this.
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Fig. 2 Vickers hardness for TisoNis;Fe; alloy annealed at
450—750 °C for 1 h after cold rolling of 25% reduction

The fractographs of the cold-rolled TisoNi4;Fes alloy
annealed at 450—750 °C for 1 h are shown in Fig. 3.
These can help to identify the fracture mechanism.
Dimples in the cold-rolled TisoNig;Fe; alloy annealed at
450 °C are rare and fine. They appear to be caused by the
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quasi-cleavage fracture mechanism [14]. As the
annealing temperatures increase, the dimples become
slightly bigger and easier to find. The fracture
mechanism turns into a dimple rupture fracture
mechanism. Correspondingly, as the temperature raises,
the fracture elongation increases and then after the
temperature reaches 650 °C, it remains stable.

Figure 4 shows the electrical resistivity versus
temperature curves of the cold-rolled TisNigFe;
annealed at 450—750 °C for 1 h. For the TisNisFes
alloys with following annealing at different temperatures,
a martensitic transformation occurs at the two-stage
transformation pass B2—R—B19'. The temperature range
of both B2-R and R-B19’' phase transformation (including
M, which is the martensite start temperature upon
cooling, and R, which is the R phase start temperature
upon cooling) decreased to lower temperatures when the

Fig. 3 SEM fractographs of TisoNig;Fe;
alloy annealed at 450 °C (a), 500 °C (b),
550 °C (c), 600 °C (d), 650 °C (e), 700
°C (f) and 750 °C (g) for 1 h after cold
rolling of 25% reduction

annealing temperature increased. These temperature
ranges maintained the same after the annealing
temperature reached 650 °C. OTSUKA and REN [15]
reported that the M; of TisoNis;Fe; alloy can be as low as
—120 °C. The present work shows that M; of the
cold-rolled TisoNiysFe; alloy is lower than —120 °C. The
result is believed to be due to a significant difference in
the influence of the cold rolling processing. The cold
rolling induces dislocations in the substructure and the
high dislocation density acts as a great impediment on
the interface movement, which results in the martensitic
transformation being suppressed by introduction of
elastic strain, lattice defects, and crystal refinement. The
corresponding curves exhibit elongated curves forward
of the martensitic transformation and the R-phase
transformation without typical temperature hysteresis.
This result is similar to that reported by LIN and WU [16]
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Fig. 4 Electrical resistivity vs temperature curves of TisoNig;Fe;
alloy annealed at 450 °C (a), 500 °C (b), 550 °C (c), 600 °C (d),
650 °C (e), 700 °C (f), and 750 °C (g) for 1 h after cold rolling
of 25% reduction

that the plastic deformation essentially stabilized the B2
phase by chemical disordering and/or a high density of
lattice defects, such as dislocations and vacancies.
Furthermore, the internal stress field interacts with the
newly formed martensite or R-phase plates. In the case of
cold-rolled alloy, as the B2—R phase transformation has a
smaller transformation strain than the R-B19Y’
transformation, the former is affected less by the stress
field. This leads to a larger martensitic transformation
interval.

The microstructures of the TisoNiyFe; alloys
annealed at 450—750 °C for 1 h after a cold rolling
reduction of 25% are illustrated in Fig. 5. The
post-deformation annealing results distinct
processes occurring at elevated temperatures: recovery,
polygonization, and recrystallization. When annealed
at 600 °C, new grains begin to form as very small nuclei

reveal

Fig. 5 Bright field TEM images of
TisoNig;Fe; alloy annealed at 450 °C (a),
500 °C (b), 550 °C (c), 600 °C (d), 650 °C
(e), 700 °C (f), and 750 °C (g) for 1 h after
cold rolling of 25% reduction



2894

with size varying from 50 to100 nm. The grains then
grow rapidly following the temperature elevated to 650
°C when the recovery is completed and the parent
material is completely replaced; the final sizes of the
grains are 20—30 pm. After annealing at 650 °C, no
noticeable differences can be observed in the structure;
the recrystallization results in the austenite grains a
similar size. Nanocrystalline and even amorphous
structures were not found, which is not in accordance
with the results from other studies [16—19] that the last
two structures appear in the TiNi alloy after cold rolling
of 40-70% reduction. The energy provided by a cold
rolling reduction of 25% cannot drive the formation of
the nanocrystalline and even amorphous structures.

4 Conclusions

1) The microstructures of a TisoNig;Fe; alloy
annealed at 450—750 °C for 1 h after a cold-rolled
reduction of 25% exhibited distinct processes occurring
at elevated temperatures: recovery, polygonization, and
recrystallization. The fracture stress and yield stress
decrease following an the annealing
temperatures and the fracture mechanism transforms

increase In

from quasi-cleavage fracture to dimple rupture fracture.

2) The cold-rolled TisoNis;Fe; alloy followed by
annealing at different temperatures exhibits a two-stage
martensitic transformation (B2—R—B19’) during cooling
and heating. The transformation temperatures decreased
as the annealing temperature increased and maintained
the same after the annealing temperature reached 650 °C.
All the cold-rolled Tis)Nig;Fe; alloys have R-phase
transformation stages.
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