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Abstract. The effect of hydrostatic pressure on the behaviour of reverse and forward transformation temperatures and
physical properties of NiTi shape memory alloy has been investigated. The transformation temperatures and physical prop-
erties of the alloy change with applied pressure. It has been clearly seen from differential scanning calorimetry that with the
increase of applied pressure, while As, Af and Mf transformation temperatures decrease, Ms value increases. Moreover, it
is obvious that with the increase of applied pressure, Gibbs free energy increases by 5.2883 J, while elastic energy increases
by 1.4687 J. In addition, entropy of the alloys decreases by 0.2335 J (g ◦C)−1 with applied pressure. Additionally, it is
evident from the scanning electron microscopy images of the samples that there is an obvious difference in the grain sizes of
the unpressured sample and the samples on which pressure is applied, the sizes being 10–100 and 30–150 μm, respectively.
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1. Introduction

NiTi shape memory alloys (SMAs) are attractive materi-
als for engineering and medical applications because they
show the one-way effect (thermal memory) and pseudoe-
lasticity (mechanical memory) [1,2]. Moreover, they have
good chemical resistance and cyclic stability [3]. Martensitic
transformation is a first-order diffusionless structural phase
transformation between a high-temperature austenite phase
and a low-temperature martensite phase [4–6]. Thermoe-
lastic martensitic transformations are diffusionless crystal
structural changes that proceed with the shear motion of
crystallographic planes at the transformation interface. Fur-
thermore, thermoelastic martensitic transformation is both a
mechanical process and a thermal transformation process.
Owing to this unique combination, specific thermodynamic
conditions have been established to express the effects of
stress and temperature, as the external driving forces, on the
transformation. The shape memory effect is also related to
the martensitic transformation that is essential, and an alloy
exhibiting thermoelastic martensitic transition is deformed or
bent at a temperature below the martensite finish temperature,
Mf . The specimen remains in the deformed shape on unload-
ing and recovers the undeformed original shape on being
heated over the austenite start temperature, As, and regains
the deformed shape on being recooled below Mf [7]. This
shape change reoccurs during the heating and cooling pro-
cesses within the martensitic region and a usable force arises
during the martensite ↔ austenite transformation with ther-
mal cycling due to the shape recoverable properties. SMAs
based on NiTi show the largest shape memory effect. In

order to establish new fields of application, the knowledge
of machining these materials is essential [8]. The martensitic
transformation has also been studied from a technological
viewpoint, partly because fine martensite structures formed in
quenched ferrous alloys and steels are effective for strength-
ening and are thus used as structural materials, and partly
because the shape memory effect and the pseudoelastisity
effect appear in relation to the thermoelastic martensitic trans-
formation and these effects are useful for practical purposes
as functional materials. Thus, the martensitic transformation
has recently been actively studied. Furthermore, NiTi SMAs
are promising materials for impact applications because of
their high damping capacity related to the hysteresis of the
stress-induced martensitic B2 ↔ B19 (B2 cubic type↔B19
orthorhombic type or B19′ monoclinic type) transforma-
tion. Moreover, these materials appear promising for civil
engineering applications due to the high damping capac-
ity [9–13], coupling with good strength, ductility and very
good corrosion resistance. The aim of this study is to investi-
gate the effect of hydrostatic pressure on the thermodynamic
properties and physical properties transformation in NiTi
SMA.

2. Experimental

The NiTi alloy used in this study was supplied by the
Memory-Metalle Gmbh, Germany. The nominal composi-
tion is Ni–44.74Ti (wt%). Samples cut from this alloy were
annealed in the β-phase field for 30 min at 850◦C for beta
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sizing and later rapidly quenched in iced brine in order to
form the β martensites. After different pressures (70, 140,
210, 280, and 350 MPa) were applied on the samples at room
temperature the pressure was removed. Later, differential
scanning calorimetry (DSC) measurements of unpressured
and pressured 44 mg samples were performed to deter-
mine the transformation enthalpies and the forward–reverse
transformation temperatures of martensite⇔austenite phase.
Perkin-Elmer Sapphire DSC was performed with 10◦C min−1

heating and cooling rates in −20 to 140◦C range. The phase
transformation parameters, martensite start temperature Ms,
martensite finish temperature Mf , austenite start temperature
As, austenite finish temperature Af , austenite peak tempera-
ture Ap, martensite peak temperature Mp and absorbed energy
values during cooling and heating were automatically deter-
mined from DSC curves using Perkin-Elmer Sapphire DSC

software programming. Microstructures of the alloy were
investigated by scanning electron microscopy (SEM) using
a JSM-7001F.

3. Results and discussion

The results of DSC studies of the samples unpressured and
pressured at 10◦C min−1 heating and cooling rates are pre-
sented in figure 1. The austenite and martensite transformation
temperatures were determined from the DSC curves and are
given in table 1. During heating and cooling, a one-stage trans-
formation is observed, namely, from the martensite (B19′) to
the parent phase (B2). The martensitic transformation is a dif-
fusionless first-order phase transition in crystalline solids, in
which atoms move cooperatively [14,15]. The change in the

Figure 1. The DSC curves at the heating and cooling rates of 10◦C min−1 of samples unpressured
and with applied pressure.

Table 1. The reverse and forward transformation temperatures and the absorbed energies
obtained from the heating and cooling curves in figure 1.

Pressure (MPa) Ms (◦C) Mf (◦C) As (◦C) Af (◦C) �HH (J g−1) �HC (J g−1)

0 32.7 17.4 51.5 69.9 −19.1 22.3
70 35.4 7.3 44.1 69.8 −14.5 15.2
140 34.3 8.4 45.6 67.5 −13.6 15.6
210 32.6 6.2 44.8 67.1 −14 14.3
280 35.9 5.7 45.7 66.9 −13.5 13.5
350 38.3 2.8 40.6 66.1 −10.6 10.5
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Figure 2. The change emerging in the transformation temperatures
with applied pressure.

phase transformation temperatures with the applied pressure
on the sample is given in table 1. It is obvious from the values
given in table 1 that there have been changes in transforma-
tion temperatures due to the effect of the pressure applied on
the sample. Figure 2 indicates the changes in the transforma-
tion temperatures of the sample resulting from the applied
pressure. It is clearly seen that the As, Af and Mf transfor-
mation temperatures decrease, while Ms value increases with
the increase of applied pressure. This indicates that the rela-
tive phase stability is altered by the applied pressure. Applied
pressure leads to a decrease of 10.9◦C in austenite start trans-
formation temperature, while it causes an increase of 5.6◦C
in the martensite start transformation temperature. This sug-
gests that the increase in pressure has the effect of conversion
to more and more residual austenite and furthermore, it has
the effect of causing a large shift in transformation temper-
atures. Additionally, it is clear from figure 1 that increase
of applied pressure on the alloy causes reverse and forward
transformation peak temperatures to decrease. The absorbed
and released energy values of the alloy on which pressure
was applied and the alloy that was unpressured, determined
from DSC measurements, are shown in figure 3. The pressure
applied on the sample results in change in the absorbed and
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Figure 3. The enthalpy variation emerging in the alloy with pres-
sure applied.

released energy values. This suggests that the pressure causes
a decrease in the amount of the martensite phase. The decrease
in the energy values results in a higher driving force for the
reverse transformation. The decrease in the transformation
temperatures of the alloys can be explained by the presence
of cubic B2 structure in the parent phase in NiTi-based SMAs.
Furthermore, according to the articles [3,16,17], thermoelas-
tic martensitic transformations develop in three mechanisms:
nucleation, growth and impingement of growing new phase
particles. The applied pressure on the sample contributes pos-
itively to the three mechanisms in thermoelastic martensitic
transformations mentioned here. The driving force for the
nucleation of martensite at the temperature Ms is given by
[17,18]

�G M→P = −(To − Ms)�SM→P (1)

where �SM→P is the entropy change, and is calculated from
the equation

�SM→P = �H M→P/To. (2)

Table 2. Pressure effect on To (◦C), �H M→P (J g−1), �SM→P (J (g ◦C)−1), �G M→P (J) and �Ee
(J).

Pressure (MPa) To (◦C) �H M→P (J g−1) �SM→P (J (g ◦C)−1) �G M→P (J) �Ee (J)

0 51.3 22.3 0.4346 −8.0835 6.6493
70 52.6 15.2 0.2889 −4.9690 8.1180
140 50.9 15.6 0.3064 −5.0862 7.9357
210 49.8 14.3 0.2871 −4.9381 7.5794
280 51.4 13.5 0.2626 −4.0703 7.9305
350 52.2 10.5 0.2011 −2.7952 7.1390
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Figure 4. The shift of the entropy with pressure for the alloy.
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Figure 5. The variation of the thermodynamic equilibrium tem-
perature of the alloy with pressure.

To is the equilibrium temperature, at which the Gibbs
free energies of martensite and austenite are equal, and
is calculated from the following equation as suggested
by [19,20]:

To =
(

Af + Ms

2

)
(3)

�SM→P values of the samples calculated from equation (2)
are given in table 2. Entropy change values of the alloy were
determined and are shown in figure 4. This shows that entropy
of the alloys decreases with applied pressure. The decrease
of entropy value with pressure increase can be explained as
follows. A strain occurs in the inner structure of alloy due to
the pressure applied. Since this strain leads to restriction in
the motion of the atoms in alloy, they are in a more stable sit-
uation. As this stable situation of the atoms decreases system
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Figure 6. Plots of Gibbs free energy �G M→P and elastic energy
�Ee vs. applied pressure of the alloy.

disorder, the forming phase becomes more stable. To values
for the unpressured and pressured samples were determined
from DSC curves and are given in table 2. Figure 5 shows
the variation of To with applied pressure. As seen in figure 5,
To values change with the applied pressure. This implies that
the applied pressure increases the Gibbs free energies of the
martensite and austenite phases and in turn, the transformation
temperatures increase. Due to the nucleation, growth and the
impingement mechanisms of thermoelastic martensitic trans-
formations, a difference between Ms and Mf temperatures
occurs on cooling the specimen, which is related to the elas-
tic energy �Ee stored in the self-accommodated martensitic
variants. The elastic energy can be calculated using [3,20] the
relation

�Ee = (Ms − Mf)�SM→P . (4)

The �Ee values of the alloy calculated using equation (4) are
given in table 2. With the increase of the pressure applied to
alloy, �Ee values increase. These changes may be due to the
stabilization of the martensite phase with respect to the parent
phase. Moreover, the reason for the increase with the pres-
sure can be explained as follows. While phase transformation
is accompanied with less elastic energy in the unpressured
sample, it is observed that strain in alloy increases with the
pressure; the value of elastic energy is thought to increase in
order to eliminate the strain and permit the transformation. As
a matter of fact, elastic energy is a significant feature in the for-
mation of thermoelastic phase transformation. To see clearly
the changes of these quantities with pressure, the graphs for
�G M→P and �Ee are given in figure 6.

It is seen in figure 6 that with the increase of applied pres-
sure, Gibbs free energy increases by 5.2883 J, while elastic
energy increases by 1.4687 J. Figure 7 shows the SEM images
of the samples. As seen in figure 7, there are grains with vari-
ous sizes in the SEM images. The surface morphology of the
samples changes with applied pressure.
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(a) Unpressured

(b) 70 MPa

(c) 280 MPa

Figure 7. SEM images of samples unpressured and with applied
pressure.

4. Conclusions

The effects of pressure on phase transformations tempera-
tures of NiTi SMAs were investigated. The applied pressure
causes some changes in austenite and martensite trans-
formation temperatures. It is clearly seen that with the
increase of applied pressure, Gibbs free energy increases
by 5.2883 J, while elastic energy increases by 1.4687 J.
The SEM images of the samples show that while grain
sizes of the unpressured sample in figure 7a are between
10 and 100 μm, the grain sizes increase to 30–150 μm in
the samples on which pressure is applied as shown in fig-
ure 7b and c. These grain sizes were determined by the
Image Analysis Method. It is thought that the applied pres-
sure increase the grain sizes based on the results obtained. The
obtained results indicate that the phase transformation tem-
peratures and microstructure of the alloy change with applied
pressure.
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