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Abstract
Phase transformation characteristics of an aged NiTiHfPd shape memory alloy were investigated through thermal cycling 
experiments via the differential scanning calorimetry technique. Effects of heating/cooling rate and thermal cycling on the 
phase transformation temperatures, enthalpies, and thermal hysteresis values were revealed. It was found that phase transfor-
mation temperatures and thermal hysteresis values alter considerably with thermal cycling. The transformation temperatures 
were found to be above 80 °C for all the heating rates, which makes this alloy a promising candidate for high-temperature 
applications in the selected aging conditions.

1  Introduction

Shape memory alloys (SMAs) are metallic smart materials 
that have current and promising potentials in many indus-
tries including medical, aerospace, building and construction 
in addition to electronics [1]. This potential originates from 
their unique ability to have reversible thermoelastic marten-
sitic phase transformations. Due to this distinct behavior, 
two main properties of shape memory effect and superelas-
ticity can be observed in shape memory alloys [1].

In experimental characterization of SMAs, differential 
scanning calorimetry (DSC) is an important technique to 
determine some shape memory properties including trans-
formation temperatures (TTs), transformation enthalpies, 
and thermal hysteresis from the temperature-dependent heat 
flow curves [2]. Since it requires small samples for testing, 
DSC is generally one of the first methods utilized in experi-
mental characterization of shape memory alloys.

NiTi alloys (Nitinol) are the most widely used SMAs in 
many industries owing to their excellent properties such 
as good mechanical strength and corrosion resistance in 

addition to recoverable strain of 8–10% [1]. Thus, NiTi and 
NiTi-based alloys (NiTiHf, NiTiCu etc.) have been exten-
sively studied by researchers up-to-date. For high-temper-
ature (> 100 °C) applications, NiTiHf alloys have attracted 
great deal of attention due to their high TTs in addition to 
good functional properties [3, 4]. Besides high transfor-
mation temperatures, high strength is another concern for 
applications that requires high force and/or small and light-
weight devices. Thus, studies have focused on developing 
new materials that have high TTs and high strength [5, 6]. 
NiTiHfPd alloy system has been one of the most promising 
high strength and high-temperature SMAs to date [5, 7, 8].

Shape memory properties of NiTiHfPd alloys have been 
investigated in both polycrystalline [5, 7, 8] and single crys-
tal forms [9–12]. Superelastic behavior with reversible strain 
of up to 4% was observed even when compressive stress 
levels as high as 2 GPa were applied in the polycrystalline 
forms [5]. Moreover, it was revealed that [111]-oriented 
Ni45.3Ti29.7Hf20Pd5 single crystals can handle reversible 
strain of 2% under ultra-high stress of 1500 MPa [9]. Sin-
gle crystal NiTiHfPd alloys can show full shape recovery 
at stress levels of up to 2.5 GPa, have a large superelastic 
temperature window (100 °C) and mechanical hysteresis 
(> 1200 MPa) [11]. On the other hand, TTs of NiTiHfPd 
alloys could be increased above 100 °C following by proper 
aging conditions [5]. Thus, NiTiHfPd alloys could be prom-
ising for high strength and high-temperature applications 
such as aerospace, automobile and oil–gas industry.

Besides high strength and high TTs, the phase trans-
formation stability is an important requirement for SMAs 
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since thermal cycling is an inevitable process in operation 
of devices designed using shape memory alloys. On the 
other hand, cycling rate is also important, because it gives 
idea in designing the most optimum version of an SMA for 
a specific application. The main objective of this study is 
to analyze the relationships between phase transformation 
characteristics (e.g., TTs, enthalpy, thermal hysteresis, etc.) 
and thermal cycling rates in aged Ni45.3Ti29.7Hf20Pd5 alloys 
through the DSC thermal analysis technique.

2 � Experimental procedure

Ni45,3Ti29,7Hf20Pd5 polycrystalline shape memory alloys 
were manufactured by induction melting technique as cast-
ing of rods with diameter of 1″ and length of 4″. The alloys 
were homogenized at 1050 °C for 72 h followed by an extru-
sion process at a 7:1 ratio in diameter at 900 °C. It was 
previously found that NiTiHfPd alloys have the higher TTs 
if they are aged at around 650–700 °C. Since the focus was 
on their high-temperature behavior, the alloys were aged at 
650 °C for 10 h in air followed by water quenching. The 
materials will be called “aged NiTiHfPd” throughout the 
manuscript for simplicity. The differential scanning calo-
rimetry technique was used to capture heat flow curves in a 
Perkin-Elmer DSC Pyris 1 instrument. TTs were calculated 

from the heat flow curves by the intersection method. The 
samples (in weight of 20–40 mg) were capsulated in dis-
posable Perkin-Elmer or Thermal Support aluminum pans. 
Heating/cooling rate in the calorimetric measurements was 
selected to be 40 °C/min, 60 °C/min, and 80 °C/min to study 
the rate effects.

3 � Results and discussion

Figure 1 shows the DSC results of the materials with thermal 
cycling rates of 40, 60, and 80 °C/min. The upper peaks (in 
blue color) show the austenite to martensite transformations 
via cooling, whereas the lower peaks (in red color) show 
the martensite to austenite phase transformations through 
heating. The transformation peaks are generally broad and 
transformation temperatures decreased with cycling for the 
all heating/cooling rates. It is clear that TTs above 80 °C 
were possible for the aged alloy.

Figure 2 shows the first thermal cycling DSC response 
of aged NiTiHfPd alloys for all the rates. It’s clear that the 
transformation peaks were similar at the rates of 40 and 
60 °C/min and they became sharper at the cycling rate of 
80 °C/min. On the other hand, Ms temperature was observed 
to decrease as the cycling rate increased. Ms temperature was 
150 °C for 40°C/min while it decreased to 142 °C for 80°C/

Fig. 1   DSC results of aged NiTiHfPd with thermal cycling rates of a 40 °C/min, b 60 °C/min, and c 80 °C/min
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min. It was also observed that Ms and As temperatures were 
comparable.

For the rate of 40 °C/min (Fig. 1a), the TTs of martensite 
finish (Mf), martensite start (Ms), austenite start (As) and aus-
tenite finish (Af) temperatures were 98 °C, 153 °C, 149 °C, 
and 190 °C, respectively, in the first thermal cycle. The Mf, 
Ms, As and Af were 99 °C, 150 °C, 149 °C, and 191 °C, 
respectively, in the first thermal cycle of thermal cycling 
rate of 60 °C/min. The measured TTs of the first cycle are 
104 °C, 142 °C, 166 °C, and 194 °C for Mf, Ms, As, and Af, 
respectively, for the rate of 80 °C/min.

Figure 3 shows the change in TTs (e.g., Ms and Af) with 
cycling number. It is evident that TTs decreased with further 
thermal cycling for all the cycling rates.

The Ms temperatures were 153 °C and 142 °C for the 
cooling rates of 40 °C/min and 80 °C/min in the first cycles. 
It is clear that the temperature for the nucleation of mar-
tensite (e.g., Ms) shifted to lower temperatures with the 
increasing cooling rate. This is a similar phenomenon that 
was also observed in Ni50Ti50 shape memory alloys. It 
was observed that Ms temperatures of Ni50Ti50 alloys were 

shifted to lower temperatures by increased cooling rates 
[13].

On the other hand, it was noted that the cycling has tan-
gible effects on the TTs. For instance, the Ms temperature of 
the first cycle was 153 °C while it deceased to 135 °C after 
the fifth thermal cycle for the rate of 40 °C/min. For the 
same cycling rate, the Af temperature decreased from 190 °C 
to 135 °C after five thermal cycles. Similar alterations were 
observed for the rest of the heating/cooling rates.

The decrease in the TTs could be explained by the hard-
ening effect of dislocations generated in the microstruc-
tures during the thermal cycling process. It was previously 
reported that thermal cycling even under zero stress might 
cause dislocation generation in shape memory alloys [14]. 
Dislocations generated in the materials might hinder the 
motion of martensite phase front and consequently, extra 
energy might be required to start and complete the phase 
transformation [15]. This extra energy could be supplied 
with undercooling, ΔT  . This behavior could be explained 
by the equation of Ms = To − ΔT  , where To is the thermo-
dynamical equilibrium temperature. The decrease in TTs 
with cycling has been reported before [16] for many shape 
memory alloys including NiTi-based and Fe-based shape 
memory alloys [17, 18].

Figure 4 shows the change of first cycle TTs (e.g., Ms and 
Af) with thermal cycling rates. The Ms decreased and the Af 
slightly increased with increasing thermal cycling rate. The 
Ms temperatures were 153 °C and 142 °C for the cycling 
rates of 40 °C/min and 80 °C/min, respectively. On the other 
hand, the Af temperatures were 180 °C and 184 °C for the 
cycling rates of 40 °C/min and 80 °C/min, respectively.

Figure  5 shows the thermal hysteresis calculated by 
(Af–Ms) as functions of thermal cycling rate and cycle 
number. It is clear that hysteresis generally increased with 
increasing rate and cycle number followed by a saturation or 
decrease. This behavior of NiTiHfPd is different than what 
was observed in NiTi alloys. In NiTi alloys, thermal hyster-
esis was decreased with cycling and increased with rate [19].

Fig. 2   DSC curves with heating/cooling rates of 40, 60, and 80  °C/
min (note that the results belong to the first cycles for each cases for 
comparison)

Fig. 3   Transformation temperatures as a function thermal cycling for the rates of 40 °C/min, 60 °C/min and 80 °C/min
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It is widely known that hysteresis in SMAs originates 
from internal frictions. Possible internal friction mecha-
nisms in SMAs could be stated as follows [20]:

1.	 Friction between austenite and martensite phase during 
phase transformation,

2.	 Friction between martensite plates,
3.	 Friction occurred between possible internal twins in 

martensite plates,
4.	 Friction between martensite phase and obstacles such as 

second phases, precipitates, defects, etc.

It is clear that thermal hysteresis as a result of energy 
dissipation increased with rate in the initial cycles in Fig. 5. 
Energy dissipation linked to the rate could be explained by 
the equation of Q−1

max
= K

df

dT

Ṫ

w
 [21]. In this equation, K is a 

constant, df
dT

 is the change of volume fraction of martensite 
with temperature, w is a shape change parameter and Ṫ  is 
the thermal cycling rate. Since df

dT
 and w are only chemical 

composition dependent, they should not change with rate 
or cycle number. Thus, Ṫ  is the decisive parameter in the 
abovementioned equation that could change considerable 
with rate or cycling. Based on this equation, energy dissipa-
tion and consequently, hysteresis should linearly increase 
with rate. Similar results have been reported for Ni2MnGa 
[22] and CuAlNi [23]. They also reported that internal fric-
tion increased as the cooling rates increased in those alloys.

On the other hand, thermal hysteresis generally increased 
with cycling number as shown in Fig. 5. A possible reason 
for this observation could be the generation/rearrangement 
of dislocations with cycling. As the dislocations are gener-
ated, energy dissipation could increase resulting in hyster-
esis in SMAs. The hysteresis tends to saturate or decrease 
after the fourth cycle. The reason behind this could be the 
saturation of dislocation density and consequently, energy 
dissipation due to dislocation density decreased in the alloys. 
Another possible reason for the decrease in the hysteresis 
could be the retained martensite in the microstructures with 
cycling. As the amount of material that could transform in 
each cycle decreases, lower hysteresis could be observed. 
Similar results have been reported for different alloy systems 
[24].

Another observation that gives idea about friction during 
transformation is the difference between Af and Ms in Fig. 4. 
It is clear that the difference between Af and Ms (Af–Ms) 
increased with increasing cycling rate. The Af–Ms increased 
from 37 to 52 °C as the cycling rate increased from 40 to 
80 °C/min. Based on this observation, it is possible to com-
ment on thermal hysteresis of the alloys through the for-
mulation of ΔG

fr
=

A
f
−M

s

2
ΔS [25]. In this formula, ΔG

fr
 is 

the elastic energy relaxed due to friction (e.g., dissipation 
energy) and ΔS is the entrophy change in phase transfor-
mation. According to the formula, as the Af–Ms increases, 
the friction energy also increases assuming the ΔS is con-
stant. The increase in the friction energy means an increase 
in hysteresis, which was discussed earlier by experimental 
observations after Fig. 5.

Due to thermo-elastic martensitic transformation, shape 
memory properties have been modeled by many scientists 
up-to-date [26] using thermodynamics. Thermodynamical 
factors influencing the shape memory properties could be 
divided into chemical and non-chemical free energies [26]. 
Chemical energies include Gibbs free energies while the 
non-chemical energies include stored and released elastic 
energies [26]. Elastic energy storage and relief could directly 
affect the shape memory properties and energy dissipation, 
respectively. High elastic energy storage during the mar-
tensitic phase transformation could result in more gradual 
strain–temperature response in constant-stress thermal 
cycling experiments. On the other hand, hysteresis could 
increase as the stored energy released in SMAs [21]. The 
hysteresis shows the need of energy addition to complete 
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phase transformation, which means that there is a resistance 
to shape change in SMAs [21].

Figure 6 shows the enthalpy values measured during mar-
tensite to austenite phase transformation as a function of 
thermal rate and cycle number. The enthalpy values were 
extracted from the DSC curves as shown in Fig. 1.

Transformation enthalpies were 12.5 J/g, 9.2 J/g and 
11.9 J/g for the rates of 40 °C/min, 60 °C/min and 80 °C/
min, respectively in the first cycle. The transformation 
enthalpies of binary NiTi alloys were reported to be in the 
range of 11–24 J/g for the NixTi100−x (x = 51–50.3) alloys 
[27].

The enthalpies of aged NiTiHfPd alloys slightly decreased 
with cycling for all the cycling rates. A possible reason for 
the decrease in enthalpy could be a decrease in transform-
able material by cycling. As the material was thermally 
cycled, some dislocations could be generated in the micro-
structure. These dislocations could hinder austenite phase to 
completely transform to martensite and this forms retained 
austenite in the microstructure with cycling. Thus, volume 
fraction of transformed material decreases that results in a 
decrease in transformation enthalpy.

4 � Conclusions

In this study, phase transformation characteristics of an aged 
NiTiHfPd shape memory alloy were investigated by analyz-
ing the cyclic heat flow curves. Effects of heating/cooling 
rate and cycling on the phase transformation temperatures, 
enthalpies and thermal hysteresis were revealed. It was 
found that phase transformation temperatures and thermal 
hysteresis values were strong functions of thermal cycling. 
Transformation temperatures above 80 °C were possible for 
all the heating rates. Ms and Af temperatures decreased after 
thermal cycling for all heating/cooling rates. On the other 

hand, Ms temperatures were decreased while Af tempera-
tures were increased with heating/cooling rates. Thermal 
hysteresis values from 30 to 55 °C were observed in the 
experiments.
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