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Abstract— High temperature shape memory alloys Ti50Ni25Pd25 and Ti50Ni20Pd25Cu5 were developed and 
characterized for microstructural analysis and transformation temperatures. Both ternary and quaternary alloys were 
consisted of single martensite phase having second phase precipitates; Ti2Ni (Pd, Cu) randomly distributed along the grain 
boundaries. The average grain size 13µm of the ternary alloy Ti50Ni25Pd25 was increased to 16µm by replacing Ni with 5 
at%Cu. Martensite start temperatures of ternary Ti50Ni25Pd25 alloy was increased by 12.5 °C by substitution of Ni with 5 
at% Cu. At the same time, transformation heat absorbed and released during forward and reverse martensitic transformation 
was also increased. The overall results suggested that by addition of 5 at% Cu in place of Ni in Ti50Ni25Pd25 alloy, the 
microstructure remained almost same, however the transformation temperatures was increased significantly. 
 
Index Terms— Phase Transformation Temperature; High Temperature Shape memory alloy; Transformation Heat; Second 
Phase Precipitate. 
 
I.  INTRODUCTION 
 
Recently the application of NiTi alloys has been 
extended in the industries like power generation, 
automotive, oil and gas exploration and aerospace as 
solid state actuators [1-3]. However, in the mentioned 
applications, the actuators are to be operated at higher 
temperature due to high temperature environment 
(temperature greater than 100°C). Therefore it is 
needed for the NiTi shape memory alloys to raise 
their phase transformation temperatures. The 
transformation temperatures of the NiTi base alloys 
have been successfully 
increased by alloying with some elements like Pd, Pt, 
Au, Zr and Hf [4-9]. However, alloying of Pd and Pt 
has got relatively more attention as compared to other 
ternary alloying elements; due to its comparable 
properties of high work output and good workability 
like NiTi alloys [10-13]. In addition to these 
properties, TiNiPd has narrow thermal hysteresis 
which is desired for fast and active control of 
actuators [10]. 
As the actuators are exposed to high temperature 
environment during operation, therefore, for reliable 
and long-life performance, it is necessary for the high 
temperature SMAs to have microstructural stability 
and resistance to oxidation at elevated temperatures. 
It should have enough strength in the martensite 
phase to resist transformation induced plasticity [14]. 
Apart from that, it should also have high critical 
stress for slip deformation to resist against recovery, 
recrystallization and creep in the high temperature 
austenite phase. The proposed techniques for 
strengthening the alloy against plastic deformation, 
thermal driven mechanisms and enhancing the 
dimensional stability includes solid solution 

strengthening [15-18], precipitation hardening [19, 
20], thermomechanical treatment [20] and annealing 
after cold working [21]. 
Alloying of different quaternary elements to TiNiPd 
has been investigated by very few researchers [10, 
15-18] . Solid solution strengthening has been carried 
out by addition of 0.12 and 0.2 at.% boron in TiNiPd 
[15, 16]. It has been reported that the ductility of 
TiNiPd alloy at room and high temperature was 
improved due to formation of fine TiB2 precipitates. 
Due to addition of boron, grain size of the alloy was 
refined and resulted in improved ultimate 
tensile strength, however, no improvement in the 
shape memory properties was observed. Substitution 
of 0.5 at% scandium with Ti in Ti50.5Ni24.5Pd25 
high temperature shape memory alloys has been 
reported by Atli et al. [10]. By addition of scandium, 
the transformation temperatures were decreased by 6 
°C in Ms and 10 °C in Mf. The strength against 
irreversible deformation was observed to be improved 
as compared with ternary base alloy. Both the ternary 
Ti50.5Ni24.5Pd25 and quaternary 
Ti50Ni24.5Pd25Sc0.5 alloys exhibited very narrow 
thermal hysteresis as compared to NiTi binary alloys. 
The effects of addition of 1.0 at.% scandium in place 
of Ti in Ti50.3Ni24.7Pd25 on microstructure and 
transformation temperatures were also investigated 
by Ramaiah et al. [22]. It was reported that the 
transformation temperatures were significantly 
decreased by 42 °C; Mf temperature of 181 °C of 
ternary Ti50.3Ni24.7Pd25 base alloy decreased to 
139 °C for quaternary Ti49.3Ni24.7Pd25Sc1.0 alloy. 
However at the same time, thermal hysteresis also 
decreased from 15 °C to 7 °C. In our previous work 
[20, 23], it has been shown that after 
thermomechanical training and precipitation 
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hardening process, thermal stability and recovery 
ratio were improved significantly in 
Ti50Ni15Pd25Cu10 alloys, however the 
transformation temperatures were decreased. 
In the present study, Ni has been replaced with 5 at% 
Cu in ternary Ti50Ni25Pd25 to study the effect of Cu 
addition on microstructure and transformation 
temperatures. 
 
II. ALLOYS DEVELOPMENT AND 
EXPERIMENTS 
 
Ti50Ni25Pd25 and Ti50Ni20Pd25Cu5 high 
temperature shape memory alloys were prepared by 
vacuum arc melting process using tungsten electrode 
and water cooled copper crucible. High purity 
elemental constituents 99.98 wt. % Ti, 99.98 wt. % 
Ni, 99.99 wt. % Pd and 99.99 wt. % Cu were used for 
preparation of these alloys. The cast buttons were 
melted 6 times and turned over after each melting 
cycle to ensure alloying homogeneity. The cast 
buttons were homogenized at 950°C for 2 hours and 
water quenched. The homogenized buttons were 
sliced into 0.4 mm thick strips by wire electrical 
discharge machine (EDM). The 0.4 mm thick strips 
were cold rolled by 25% and reduced their thickness 
to 0.3 mm. Samples for microstructural analysis and 
differential scanning calorimetry (DSC) were 
machined using wire EDM. All the samples were 
solution treated at 900°C for 1 hour and quenched in 
cold water without breaking the quartz tubes. 
Microstructural analysis was carried out using 
Scanning Electron Microscope (SEM) and optical 
microscope. For SEM analysis, the samples were first 
mechanically ground by 800 grit emery paper and 
then fine polished by 0.5 alumina slurry. For optical 
microscopy, the fine polished samples were etched 
using reagent in the given volume ratio (10%HF, 
15%HNO3, 75%H2O) to reveal the microstructure 
and grain boundaries. Phase 
transformationtemperatures were determined by DSC 
at a heating/cooling rate of 5°C/min under vacuum. 
The sample size for DSC analysis was kept as: 2 mm 
x 2 mm x 0.3 mm. 
 
III. RESULTS AND DISCUSSION  
 
A. Effect of Cu addition on microstructure  
Fig. 1a and 1b represent the optical micrographs of 
the Ti50Ni25Pd25 and Ti50Ni20Pd25Cu5 alloys 
respectively, at magnification of 200X for the 
solution treated condition. From these figures it can 
be observed that both alloys are consisted of single 
phase having typical twinned martensite structure 
with clearly visible grain boundaries. The average 
size of the grains of the Ti50Ni25Pd25 and 
Ti50Ni20Pd25Cu5 alloys were estimated and found 
to be in the range of 6 – 20 µm and 8 – 24 µm, 
respectively. This observation shows that replacing of 
Ni with Cu, resulted in an increase of grain size.  

The average grain size of Ti50Ni25Pd25 alloy which 
was estimated to be 13 µm was increased to 16 µm in 
Ti50Ni20Pd25Cu5 alloy showing about 23% increase 
in grain size. 
 
Fig. 2 shows the secondary electron SEM images of 
Ti50Ni25Pd25 and Ti50Ni20Pd25Cu5 alloys. From 
Fig. 1 and 2, it is observed that second phase 
precipitates of black colors with low density, 
randomly distributed along the grain boundaries are 
present in both alloys. The average size of these 
precipitates found in both alloys were measured to be 
in the range of 1.0 – 2.8 µm. The size of the second 
phase precipitates are almost same and their shapes 
are seems to be of circular or elliptical type. This 
observation shows that addition of Cu has no effect 
on the precipitate size. However the density of the 
precipitates decreased as the Ni was replaced by 5 
at% Cu.  
 
To confirm the chemical composition of the overall 
alloys and second phase precipitates, the EDS 
analysis was carried out and summarized in Table 1. 
The compositional data shown in Table 1 suggested 
that second phase precipitates formed at the grain 
boundaries were Ti2Ni(Pd) in Ti50Ni25Pd25 and 
Ti2Ni(Pd,Cu) in Ti50Ni20Pd25Cu5 alloys. Such type 
of precipitates is commonly observed in Ti-rich NiTi-
based alloys [24].  
 
It is believed that the Ti2Ni(Pd) second phase 
precipitates were formed during solidification, 
because these precipitates have lower melting point 
than the matrix [25]. Same type of precipitates were 
also reported to be formed in ternary TiNiPd alloys 
having Pd contents more than 10% [24]. From these 
observations it was concluded that by addition of Cu, 
the basic microstructure of quaternary alloys does not 
change. The alloying element Cu remains in the 
matrix of solid solution and does not generate any 
other second phase precipitate, as was reported in 
case of Sc addition to TiNiPd [8, 22] in form of 
Sc2O3. Similarly second phase precipitates of TiB2 is 
also reported by Suzuki et al. [16] to be formed when 
0.2% B was added in Ti50Pd30Ni20 in place of Ni. 
 
The increase in grain size due to replacement of Ni by 
Cu can be attributed to the decrease in Ni content and 
pinning effect. When the Ni content decreased in the 
alloy, the formation of the second phase precipitate 
(Ti2Ni) also decreased. Moreover, during 
homogenization and solution treatment, grain growth 
was greater in case of Ti50Ni20Pd25Cu5 alloy due to 
less pinning effect of second phase precipitates as 
compared to grain growth in Ti50Ni25Pd25 alloy. 
Therefore, due to reduction in pinning effect, the 
grain size of the alloys increased as the Ni content 
decreased and Cu content increased. 
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Fig. 1. Optical micrographs (at 200X) of (a) 
Ti50Ni25Pd25 (b) Ti50Ni20Pd25Cu5 alloys solution 
treated at 900 °C for1 h; representing the grain 
boundaries and twinned structure. 
 
Table 1 
 
Compositional analysis of the overall alloy and 
second phase precipitate in solution treated condition 
for Ti50Ni25Pd25, and Ti50Ni20Pd25Cu5 alloys. 
 

 

 
 
Fig. 2. Secondary electron SEM images showing the 
second phase precipitates formed along the grain 
boundaries in solution treated samples of (a) 
Ti50Ni25Pd25 and (b) Ti50Ni20Pd25Cu5alloys. 
 
B. Effect of Cu addition on transformation 
temperatures 
 
DSC analysis was carried out to investigate the effect 
of 5 at% Cu addition on phase transformation 
temperatures of Ti50Ni25Pd25. Fig. 3 shows the 
DSC heating and cooling cycles for Ti50Ni25Pd25 
and Ti50Ni20Pd25Cu5, solution treated at 900 °C for 
1 h. Phase transformation temperatures (Ms, 
Martensite start; Mf, Martensite finish; As, Austenite 
start; and Af, Austenite finish) of both samples were 
measured from the intersection of the base line and 
the linear portions of exothermic or endothermic 
peaks as shown in Fig. 3. The measured 
transformation temperatures of Fig. 3 were 
summarized in Table 2 to compare the change in 
transformation temperatures for Ti50Ni20Pd25Cu5 
with respect to the baseline Ti50Ni25Pd25 alloy. 
Both alloys exhibited very similar behavior with 
single-stage martensite transformation and 
demonstrated proper developed peaks with well 
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calculated transformation temperatures. However the 
transformation heat (ΔHc) released (area under 
cooling curve) during forward transformation cycle 
and transformation heat (ΔHh) absorbed (area under 
heating curve) during reverse transformation cycle for 
Ti50Ni20Pd25Cu5 is greater than that of 
Ti50Ni25Pd25. The transformation temperatures of 
quaternary Ti50Ni20Pd25Cu5 alloy are 11 to 12.5 °C 
are higher than the ternary baseline Ti50Ni25Pd25 
alloy as shown in Table 2. The Ms temperature of 
Ti50Ni25Pd25 increased by 12.5 °C from 142.5 °C to 
155 °C, while the Af temperature increased by 11 °C 
from 167 °C to 178 °C upon addition of 5 at% Cu in 
place of Ni. 
From the above experimental results it has been 
observed that substitution of Ni by 5 at% Cu 
increased the transformation temperatures and 
transformation heats significantly. The change in 
transformation temperatures and transformation heats 
are actually due to the change in Ni/Pd content, 
because Cu content does not affect the transformation 
temperatures [26]. In the referred study, it has been 
reported that according to the TiNi –TiPd pseudo-
binary phase diagram, the increase in Pd-content and 
decrease in Ni-content, increases the transformation 
temperatures [27]. Moreover, according to Clausius-
Clapeyron equation, the increase in transformation 
temperature causes an increases in the transformation 
heats [28]. Thus the increase in Ni/Pd ratio (as Ni 
content decreased and Pd content remained constant) 
resulted in increase in transformation temperatures 
and transformation heats absorbed and released 
during forward and reverse martensitic 
transformation, respectively. Moreover it can also be 
noted from Table 2, that by substitution of Ni with 5 
at% Cu, the thermal hysteresis decreased by 1.5 °C 
from 24.5 °C to 23°C. 

 
 
Fig. 3 DSC heating and cooling curves showing the 
transformation temperatures of Ti50Ni25Pd25 and 
Ti50Ni20Pd25Cu5 alloys. 
Table 1. Transformation temperatures determined 
from DSC cooling and heating cycles of Fig. 3 for 
Ti50Ni25Pd25 and Ti50Ni20Pd25Cu5. 

CONCLUSIONS 
 
Ti50Ni25Pd25 and Ti50Ni20Pd25Cu5 high 
temperature shape memory alloys were developed 
and characterized for microstructural analysis and 
measurement of phase transformation temperatures. 
The important conclusions are given as under. 
 

1) By replacing Ni with 5 at% Cu in 
Ti50Ni25Pd25 alloy, the average grain size of 
the alloy was increased by 23%. The increase 
in grain size was attributed to the decrease in 
Ni-content and pinning effect during 
homogenization and solution treatment.  
 

2) In both alloys, second phase precipitates of 
Ti2Ni (Pd, Cu) were observed, however their 
density was greater in ternary alloy 
Ti50Ni25Pd25 as compared to quaternary 
alloy Ti50Ni20Pd25Cu5. The alloying element 
Cu remains in the matrix of solid solution and 
does not generate any other second phase 
precipitate  
 

3) The transformation temperatures of ternary 
Ti50Ni25Pd25 alloy were increased by 11 to 
12.5 °C by substitution of Ni with 5 at% Cu; 
Ms temperature of Ti50Ni25Pd25 increased by 
12.5 °C from 142.5 °C to 155 °C, while the Af 
temperature increased by 11 °C from 167 °C to 
178 °C. The increase in transformation 
temperatures was attributed to the decrease of 
Ni content and increase of Ni/Pd ratio in the 
matrix.  
 

4) The transformation heat absorbed and released 
during forward and reverse martensitic 
transformation was increased by substitution 
of Ni with 5 at% Cu.  
 

5) The overall results suggested that, by replacing 
of Ni with 5 at% Cu in Ti50Ni25Pd25 alloy, 
the transformation temperatures of alloy was 
increased to a reasonable level.  
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