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Abstract Effect of single and simultaneous addition of Ni

and Co to Ti45Zr5Pdx on the phase transformation and

strain recovery of the alloys was investigated to understand

multi-component effect on high-temperature shape mem-

ory alloys. The martensitic transformation from B2 to B19

structures occurred in Ti45Zr5Pd40Ni10, Ti45Zr5Pd40Co10,

Ti45Zr5Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8. In contrast, at

room temperature, martensitic transformation did not occur

and the B2 structure was stable in Ti45Zr5Pd30Ni20 and

Ti45Zr5Pd40Ni5Co5. This is due to the effect of Ni for

Ti45Zr5Pd30Ni20 and the effect of multi-component for

Ti45Zr5Pd40Ni5Co5. The shape memory effect was inves-

tigated using a thermal cyclic test. The perfect shape

recovery was obtained after the repeated thermal cyclic

test, indicating the potential of TiZrPd (Ni, Co) alloys as

shape memory alloys.

Keywords High-temperature shape memory alloys �
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Introduction

The shape memory effect (SME) occurs by reverse

martensitic transformation (MT). TiNi is the most com-

monly used shape memory alloy (SMA), but the marten-

sitic transformation temperature (MTT) of TiNi from the

B2 to B19 structures is lower than 100 �C. To expand the

applications of SMAs, the MTTs should be increased to

raise the operation temperatures of SMAs [1]. Thus, vari-

ous techniques have been employed to raise the MTT of

TiNi, such as the addition of alloying elements such as Pt,

Pd, Hf, and Zr into TiNi.

Recently, Hf-added TiNi alloys have attracted attention

due to their high strength by nanoprecipitates and low cost;

however, their MTTs are between 100 and 200 �C [2–10].

The most attractive high-temperature shape memory alloy

composition is Ni50.3Ti29.7Hf20, and the perfect shape

recovery was obtained even under 500–700 MPa with a

large work output,* 20 J/cm3, equivalent to that of TiNi.

In addition, Hf raised the MTTs of TiNi alloys, and the

highest martensite start temperature (Ms) was found as

* 500 �C for Ni49.8Ti20.2Hf30 [10], indicating the potential

of TiNi-Hf alloys with nanoprecipitates as high-tempera-

ture shape memory alloys (HT-SMAs).

High-entropy alloys (HEAs) have attracted attention for

HT-SMA applications [11–14]. HEAs are multi-component

equiatomic or near-equiatomic alloys and are expected to

function as the next-generation structural materials. HEAs

are also expected as high-temperature materials since they

have severe lattice distortion and sluggish diffusion. For
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example, Ti16.667Zr16.667Hf16.667Ni25Cu25 [11] was the first

attempt of HEAs as SMAs. It was found that Ti16.667-
Zr16.667Hf16.667Ni25Cu25, as well as TiNi, had the MT from

B2 to B19, and the austenite finish temperature (Af) was

337 �C, and the martensite finish temperature (Mf) was

127 �C. The complete recovery was found between 127

and 377 �C, and the large strain recovery, approximately

4.9%, was obtained under 650 MPs due to the solid-solu-

tion hardening effect [12, 13]. The most impacted inves-

tigation was found in Ni25Pd25Ti25Hf25 and

Ni25Pd25Ti16.6Hf16.6Zr16.6 [14]. Their MTs from the B2 to

B19 structure as well as TiPd occurred, and their Af and As

were approximately 700 and 780 �C, respectively, indi-

cating HT-SMA characteristics [14].

We have focused on TiPd [15–18], TiAu [19, 20], and

TiPt [21–29] as possible new HT-SMAs because MT

occurs from B2 to B19 structure [30]. The MTTs of TiPd,

TiAu, and TiPt are approximately 570, 600, and 1000 �C

[31]. In addition to the understanding of the third element

addition on the MT and the SME, we have investigated the

multi-component alloys. Although their alloy compositions

were not equiatomic, we considered that multi-component

alloys have a similar HEA effect due to the increase in

entropy compared with conventional alloys. Then, the MT

and SME of the Ti–Pd–Pt–Zr quaternary alloys were

investigated [32, 33]. The MTTs increased with the

increase in Pt concentration, and the highest Af was

obtained at 935 �C in Ti45Pt45Pd5Zr5 [32]. However, the

perfect strain recovery was not obtained in all the tested

alloys [32, 33]. Then, multi-component alloys, TiZrPdPtNi,

were investigated to understand the multi-component effect

on MT and SME [34]. The two HEAs (DSmix = 1.5R),

Ti35Zr15Pd20Ni15Pt15 and Ti40Zr10Pd20Ni15Pt15, and two

medium entropy alloys (MEAs, DSmix = 1.3R), Ti45Zr5-
Pd20Ni5Pt25 and Ti45Zr5Pd20Ni10Pt20, were investigated.

Here DSmix is the mixing entropy defined by Eq. (1).

DSmix ¼ �R
X

n

i¼1

xi ln xi ð1Þ

Here, xi is the mole fraction of component I and n is the

number of constituent elements. The MT was obtained only

in the MEAs and not in the HEAs. The B2 structure was

stable at room temperature in the HEAs. The perfect

recovery was obtained in the MEAs under larger applied

stress compared with the ternary TiPdZr alloys [18]. This is

due to the large lattice distortion in the MEAs than the

ternary alloys, also known as the multi-component effect.

A previous study showed that although Pt addition

effectively increased MTTs because TiPt has MT, extre-

mely high MTT easily introduced plastic deformation in

the austenite phase [32, 33]. Then, Co was selected instead

of Pt in this study because the B2 structure is stable in

TiCo, and Co addition leads to no segregation or precipi-

tation in TiPd. However, it is also expected that Co addi-

tion drastically decreases MTTs. Then, understanding of

the effect of Co addition on MTT is important to design

new HT-SMAs. In this study, through the investigation of

TiZrPd (Ni, Co), the effect of single Ni or Co addition and

simultaneous addition of Ni and Co to TiZrPd and the

multi-component effect on MT and SME was investigated.

Experimental Procedure

18 g ingots with nominal compositions shown in Table 1

were prepared by arc melting in an Ar atmosphere. In this

study, Ni or Co was added to replace Pd, while the con-

centration of Ti and Zr were held at 45 and 5 at.%. In

addition to single Ni or Co addition, the simultaneous

addition of Ni and Co was performed. For the simultaneous

addition, the total concentration of Ni and Co were held at

10 at.% and the ratio of Ni to Co was changed.

The alloy ingots were compressed to approximately

60% of their original height at 1000 �C in the B2 region.

The compressed ingots were cut into samples of

5 9 15 9 6 mm. The samples were sealed in silica tubes

with argon gas and solution-treated at 1000 �C for 3 h,

followed by quenching in iced water.

Samples with 4 9 4 9 1 mm dimensions were cut from

the solution-treated samples, embedded in resins, and

polished mechanically until the surfaces became mirror

planes. Then, the microstructures were observed in

backscattered mode by a scanning electron microscope

(JEOL 7001F, JEOL) at an accelerating voltage of 20 kV.

Samples for differential scanning calorimetry (DSC,

DSC3200s, Material Analysis and Characterization) were

prepared by cutting disk-shaped specimens from the solu-

tion-treated samples. These specimens had a diameter of

4 mm, a thickness of 1 mm, and weighed approximately

100 mg. MTTs were measured in DSC with heating and

cooling rates of 10 �C/min.

Plate-like samples with 10 9 15 9 1 mm dimensions

were cut from the solution-treated samples, and the con-

stituent phase was identified by X-ray diffraction (XRD)

analysis (RINT-TTR III, Rigaku) using Cu-Ka radiation at

50 kV and 300 mA at room temperature.

Thermal cyclic tests were performed using specimens

with 3 9 3 9 5 mm dimensions in the temperature range

Mf - 30 to Af ? 30 �C under compressive stresses (Shi-

madzu AG–X, Shimadzu) to investigate the shape memory

effects of the alloys. In the thermal cyclic test, the sample

was first heated to Af ? 30 �C, then cooled to Mf—30 �C,

and again heated to Af ? 30 �C. The sample length was

directly measured by a CCD camera. The strain recovery
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and the work output were estimated using the following

equations from the strain-temperature curves:

Strain recovery ratio; r %ð Þ ¼ er=et; ð2Þ

Work output; w J=cm3
� �

¼ er � ra MPað Þ: ð3Þ

Here, er, et, and ra represent the recovery strain, the

transformation strain, and the applied stress, respectively.

Training, i.e., repeated thermal cyclic testing under

constant stress, was also applied to improve the shape

recovery and investigate the stability of SME.

Results and Discussion

Microstructure and Constituent Phase

The backscattered electron images of the solution-treated

alloys are shown in Fig. 1. A typical multivariant marten-

site twin structure was observed in Ti45Zr5Pd40Ni10, Ti45-
Zr5Pd40Co10, Ti45Zr5Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8.

On the other hand, the martensite twin structure was not

observed in Ti45Zr5Pd30Ni20 and Ti45Zr5Pd40Ni5Co5. The

microstructural observations indicate that the MT occurs in

Ti45Zr5Pd40Ni10, Ti45Zr5Pd40Co10, Ti45Zr5Pd40Ni8Co2, and

Ti45Zr5Pd40Ni2Co8, but it does not occur in Ti45Zr5Pd30-
Ni20 and Ti45Zr5Pd40Ni5Co5. Ti2Pd precipitates (a few lm

in size) were formed mainly on the grain boundaries and

occasionally inside the grains.

The XRD patterns obtained at room temperature are

shown in Fig. 2. The B19 structure was clearly identified in

Ti45Zr5Pd40Ni10, Ti45Zr5Pd40Co10, Ti45Zr5Pd40Ni8Co2, and

Ti45Zr5Pd40Ni2Co8, but the B2 structure was found in

Ti45Zr5Pd30Ni20 and Ti45Zr5Pd40Ni5Co5. The results of

XRD agrees well with the microstructural observation that

the MT occurred in Ti45Zr5Pd40Ni10, Ti45Zr5Pd40Co10,

Ti45Zr5Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8, but not in

Ti45Zr5Pd30Ni20 and Ti45Zr5Pd40Ni5Co5.

MTT

The DSC curves of the alloys are shown in Fig. 3. As

expected from the microstructural observation and the

Table 1 MTT and temperature

hysteresis (�C)
Alloy composition (at.%) As Af Ms Mf Hysteresis (Af - Ms)

Ti50Pd50 [17] 568 587 527 515 72

Ti50Zr5Pd50 [17] 493 509 467 445 42

Ti45Zr5Pd40Ni10 216 258 206 177 52

Ti45Zr5Pd30Ni20 – – – – –

Ti45Zr5Pd40Co10 303 361 339 298 22

Ti45Zr5Pd40Ni8Co2 201 273 212 199 61

Ti45Zr5Pd40Ni5Co5 – – – – –

Ti45Zr5Pd40Ni2Co8 143 189 135 108 54

Fig. 1 Backscattered electron images of a Ti45Zr5Pd40Ni10, b Ti45Zr5Pd30Ni20, c Ti45Zr5Pd40Co10, d Ti45Zr5Pd40Ni8Co2, e Ti45Zr5Pd40Ni5Co5,

and f Ti45Zr5Pd40Ni2Co8
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XRD analysis, the peaks indicating the MT was observed

in Ti45Zr5Pd40Ni10, Ti45Zr5Pd40Co10, Ti45Zr5Pd40Ni8Co2,

and Ti45Zr5Pd40Ni2Co8 but not in Ti45Zr5Pd30Ni20 and

Ti45Zr5Pd40Ni5Co5. The As, Af, Ms, and martensite finish

(Mf) temperatures obtained by DSC are summarized in

Table 1 together with the temperature hysteresis between

Af and Ms. For reference, the MTTs of Ti50Pd50 and Ti45-
Pd50Zr5 [17] are also shown in Table 1. The MTTs are

plotted as the functions of Ni and Co concentration in

Fig. 4. Compared with Ti45Pd50Zr5, the MTT decreased

with the single addition of Ni or Co or the simultaneous

addition of Ni and Co. 1 at.% Ni addition decreased As by

27 �C, Af by 25 �C, Ms by 26 �C, and Mf by 27 �C. MTTs

by the addition of 20 at.% Ni decreased to lower than 0 �C

as the MTTs decreased with the same ratio up to 20 at.%.

Then, it is reasonable that no MT was observed in Ti45-
Zr5Pd30Ni20. On the other hand, 1 at.% Co addition

decreased As by 19 �C, Af by 15 �C, Ms by 13 �C, and Mf

by 15 �C. The decreases in MTTs by Co addition were

smaller than those by the addition of Ni. This is not

expected since no MT takes place in TiCo, and the B2

structure is much more stable in TiCo than in TiNi. It is

expected that Co addition decreases MTTs more than Ni

addition, but the opposite trend occurs in the multi-com-

ponent alloys. Interestingly, the MTTs of the alloy with 8

Ni and 2 Co were higher than those of the alloy with 2 Ni

and 8 Co. Moreover, no MT was observed in Ti45Zr5-
Pd40Ni5Co5. Since the total addition of Ni and Co were

10 at.% for Ti45Zr5Pd40Ni8Co2, Ti45Zr5Pd40Ni5Co5, and

Ti45Zr5Pd40Ni2Co8, it is considered that the MTTs of

Ti45Zr5Pd40Ni5Co5 are between those of Ti45Zr5Pd40Ni8-
Co2 and Ti45Zr5Pd40Ni2Co8. However, the B2 structure

was stable at room temperature, and the MT was not

observed in Ti45Zr5Pd40Ni5Co5. The mixing entropy effect

is similar to HEAs when the amount of the alloying ele-

ment is equivalent. In the case of Ti45Zr5Pd40Ni5Co5, the

amount of Zr, Ni, and Co were 5 at.%, and the mixing

entropy shown in Eq. (1) was slightly higher, 1.18R than

Fig. 2 XRD patterns of a Ti45Zr5Pd40Ni10, b Ti45Zr5Pd30Ni20,

c Ti45Zr5Pd40Co10, d Ti45Zr5Pd40Ni8Co2, e Ti45Zr5Pd40Ni5Co5, and

f Ti45Zr5Pd40Ni2Co8 at room temperature

Fig. 3 DSC curves of a Ti45Zr5Pd40Ni10, b Ti45Zr5Pd30Ni20, c Ti45Zr5Pd40Co10, d Ti45Zr5Pd40Ni8Co2, e Ti45Zr5Pd40Ni5Co5, and

f Ti45Zr5Pd40Ni2Co8
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other multi-component alloys, 1.16R. In HEA, for exam-

ple, the MT occurred, and the B19 structure appeared at

room temperature in Ti16.667Zr16.667Hf16.667Co25Ni25 with a

mixing entropy of 1.23R. On the other hand, no MT was

found, and the B2 structure appeared at room temperature

in Ti16.667Zr16.667Hf16.667Co16.667Ni16.667Cu16.667 with

equiatomic composition and the mixing entropy of 1.47R

[11]. The equivalent addition of the alloying elements

causes partially large lattice distortion and restrains MT, as

observed in partially equivalent TiPdZrV [18]. The MTTs

of Ti45Pd50Zr5 and Ti45Pd50V5 were approximately

450 �C. The simultaneous addition of Zr and V while

keeping the total composition at 5 at.%, decreased Ms and

Mf. Ms and Mf were the lowest in Ti45Pd50Zr2.5V2.5 with

the equivalent amount of Zr and V and the slightly higher

mixing entropy of 0.89 R compared with Ti45Pd50Zr4V1

and Ti45Pd50Zr1V4 with a mixing entropy of 0.88 R. In

TiZrPdNiPt, the B2 structure was stable, and no MT was

found in HEAs, such as Ti35Zr15Pd20Ni15Pt15 and Ti40-
Zr10Pd20Ni15Pt15 with the mixing entropy of 1.5R [34]. On

the other hand, in the MEA with the smaller mixing

entropy of 1.3R and 1.4R than HEA, Ti45Zr5Pd20Ni5Pt25
and Ti45Zr5Pd20Ni10Pt20, the MT was observed. Although

the absolute value of the mixing entropy does not indicate

the trend of MTTs in general, when comparing across the

same combinations of alloying elements, a higher mixing

entropy indicates that MTs are less likely.

The temperature hysteresis between Af and Ms of the

tested alloys were all between 40 �C and 61 �C, which is

acceptable for actuators. As shown in Fig. 4, the temper-

ature hysteresis of TiPdZrNiCo was larger than those of

TiZrPdNi and TiZrPdCo. Generally, high-entropy SMAs

have a larger temperature hysteresis than conventional

SMAs because the severe lattice distortion restrains MT

and reverse MT. High-entropy SMAs have lower Ms and

higher As than those of conventional SMAs [11–14]. In our

case, we believe that slightly higher mixing entropy caused

larger lattice distortions and the MT became more difficult,

resulting in large temperature hysteresis.

SME

The strain-temperature curves based on thermal cyclic

testing are shown in Fig. 5. The applied stress ranged from

15 to 200 MPa. In Ti45Zr5Pd40Ni10, the perfect strain

recovery was obtained for up to 50 MPa, and a small

irrecoverable strain was observed over 100 MPa, as shown

in Fig. 5a. A similar behavior was observed in multi-

component alloys, Ti45Zr5Pd40Ni8Co2, and Ti45Zr5Pd40-
Ni2Co8, shown in Fig. 5c, d. However, a significant dif-

ference compared with Ti45Zr5Pd40Ni10 is that the extra

cooling was necessary to return to the original position

during cooling, as shown by the arrows. It means that the

actual temperature hysteresis of the multi-component

alloys was over 100 �C. In Ti45Zr5Pd40Co10, the transfor-

mation strain was much smaller,\ 1% compared with the

other three alloys, and the perfect strain recovery was

obtained for up to 200 MPa.

The transformation, the recoverable and irrecoverable

strains were estimated from the strain-temperature curves

in Fig. 5 and plotted, as shown in Fig. 6a, b. The trans-

formation strains of Ti45Zr5Pd40Ni10, Ti45Zr5Pd40Ni8Co2,

and Ti45Zr5Pd40Ni2Co8 at 200 MPa were between 3.5 and

6%. On the other hand, the transformation strain of

Fig. 4 MTT and temperature hysteresis of tested alloys together with Ti45Zr5Pd50 [17] as a function of Ni and Co concentration. Martensite start

(Ms), martensite finish (Mf), austenite start (As), and austenite finish (Af) temperatures are shown
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Ti45Zr5Pd40Co10 was approximately 0.5% at 200 MPa in

Fig. 6a. This indicates that Co reduced the unit cell volume

difference between martensite and austenite. In the previ-

ous study, the transformation strain was approximately 5%

for Ti45Zr5Pd50 [33], 4.5% for Ti45 Zr5Pd45Pt5 [33], 3% for

Ti45 Zr5Pd25Pt5 [33], 2% for Ti45Zr4V1Pd50 [18], and 3%

for Ti45Zr5Pd20Ni5Pt25 [34]. Expect for Ti45Zr5Pd40Co10,

the alloys in the present study have relatively large trans-

formation strain. The transformation strains of Ti45Zr5-
Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8 were larger than that

of Ti45Zr5Pd40Ni10, indicating the effect of multi-compo-

nent alloying. However, the highest three transformation

strains were obtained in the alloy with 8 at.% Co, 2 at.%

Co, and 0 at.% Co, respectively, even though the smallest

transformation strain was obtained in Ti45Zr5Pd40Co10 with

10 at.% Co. The reason is not clear. The respective order of

the recoverable strain was the same as the transformation

strain, as shown in Fig. 6b. The irrecoverable strains of all

the tested alloys were smaller than 0.5% for up to

200 MPa, and the irrecoverable strain was 0 in

Ti45Zr5Pd40Co10. They were smaller than those of other

TiPd alloys, which range approximately 1–2% [18, 33, 34].

Then, the strain recovery was 100% for Ti45Zr5Pd40Co10
and over 80% for the other three alloys, as shown in

Fig. 6c. The work outputs of the tested alloys, expect for

Ti45Zr5Pd40Co10, were between 6 and 10 J/cm3 at

200 MPa, as shown in Fig. 6d. They are comparable with

the work output of Ti45Zr5Pd50 [33] and larger than those

of TiZrPdPt [33], TiZrVPd [18], and TiZrPdNiPt [34].

Training Effect

Since the irrecoverable strain was obtained, training, that

is, the repeated thermal cyclic tests under constant stress,

was performed for Ti45Zr5Pd40Ni10 and Ti45Zr5Pd40Co10 to

improve SME and investigate their stability. The strain-

temperature curves of Ti45Zr5Pd40Ni10 for 100 cycles

under 300 MPa are shown in Fig. 7a. The initial transfor-

mation strain was around 5.6%, and the irrecoverable strain

was demonstrated for the first cycle. Figure 7b indicates

Fig. 5 Strain-temperature curves of thermal cycle test between 15 and 200 MPa for a Ti45Zr5Pd40Ni10, b Ti45Zr5Pd40Co10, c Ti45Zr5Pd40Ni8Co2,

and d Ti45Zr5Pd40Ni2Co8
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the strain-temperature curves of the first nine cycles during

which the irrecoverable strain decreased. The perfect

recovery was achieved after 20 cycles. The strain-temper-

ature curves of the last nine cycles and comparison of the

first and the last nine cycles are shown in Fig. 7c, d,

respectively. The nine strain-temperature curves, these

traces align almost exactly in Fig. 7c. This indicates that

the stable, perfect recovery was obtained under 300 MPa,

although the transformation strain became smaller, 3.6%.

The work output for the perfect recovery in the last nine

cycles was evaluated as 10.8 J/cm3. The shape of the

strain-temperature curves of the first cycle and the last nine

cycles was drastically changed, as shown in Fig. 7d, that is,

As and Af did not change during the thermal cyclic test, but

Ms and Mf increased during the thermal cyclic test. Tem-

perature hysteresis became smaller in the last nine cycles

compared with the first cycle, as shown in Fig. 7d. The

obtained MTTs are summarized in Table 2.

The training was performed under 700 MPa for Ti45-
Zr5Pd40Co10, and the strain-temperature curves for nine

cycles are shown in Fig. 8a. The irrecoverable strain was

observed for the first curve, as shown in Fig. 8b, but it

disappeared after five cycles. As shown in Fig. 8c, the

work output was approximately 7 J/cm3 for the 9th cycle.

In the case of Ti45Zr5Pd40Co10, MTT was approximately

constant during the thermal cyclic test, as shown in Fig. 8a

and Table 2. However, the decrease in the transformation

strain was observed in Fig. 8 that is; 1.3% for the first cycle

and 1% for the 9th cycle.

The irrecoverable strain is introduced in two ways dur-

ing the thermal cyclic test. The first is via the plastic

deformation of the austenite phase when the temperature

reaches above Af. The second is via the dislocations formed

on the habit plane between the austenite and martensite

phases due to the volume difference between the austenite

and martensite phases during the thermal cyclic test [35].

In this case, the irrecoverable strain decreases and becomes

finally negligible during the repeated thermal cyclic tests

because the accumulation of dislocations introduced during

phase transformation reduces the number of newly intro-

duced dislocations. For example, the irrecoverable strain

disappeared, and the perfect recovery was obtained after

100 cycles in NiTi alloys [35, 36]. The perfect recovery

was finally obtained for both Ti45Zr5Pd40Ni10 and Ti45-
Zr5Pd40Co10, indicating that the irrecoverable strain was

Fig. 6 a Transformation strain, b recoverable and irrecoverable strain, c strain recovery ratio, and d work output of Ti45Zr5Pd40Ni10,

Ti45Zr5Pd40Co10, Ti45Zr5Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8

176 Shap. Mem. Superelasticity (2020) 6:170–180

123



introduced by the phase transformation, not the plastic

deformation of the austenite phase.

In both alloys, the transformation strain decreased dur-

ing the thermal cyclic tests, as shown in Figs. 7 and 8.

Dislocations were introduced by phase transformation and

accumulated on the habit plane. The accumulated dislo-

cations decreased the area of the martensite phase during

the repeated thermal cyclic test, and as a result, the total

transformation strain decreased. It is likely that the number

of accumulated dislocations is less in the alloy with the

small transformation strain, that is, the volume difference

between the austenite and martensite phases. It is also

known that MTTs are affected by applied stress during

thermal cyclic testing and increase under large applied

stress. It is considered that the alloy with the large trans-

formation strain needs thermal energy more than the alloy

with the small transformation strain for reverse transfor-

mation. Then, MTTs will be increased for the alloy with

the large transformation strain, but MTTs are not drasti-

cally changed for the alloy with the small transformation

strain. This is the reason why MTTs became higher in

Ti45Zr5Pd40Ni10, and MTTs were insensitive to doping in

Ti45Zr5Pd40Co10 under the applied stress.
The work outputs of the alloys with perfect recovery are

plotted in Fig. 9 as a function of As together with the

previous results [5, 6, 18, 34]. It is clear that the work

output drastically decreased with the increase in As. The

work output of the conventionally used TiNi was between

Fig. 7 Strain-temperature curves of Ti45Zr5Pd40Ni10 under 300 MPa. a 100 cycles, b initial 9 cycles, c last 9 cycles and d comparison with the

1st cycle and last 9 cycles

Table 2 Comparison of

martensitic transformation

temperatures obtained by DSC

after the TC test (�C)

Alloy composition (at.%) Method As Af Ms Mf Hysteresis (Af - Ms)

Ti45Zr5Pd40Ni10 DSC 216 258 206 177 52

TC-1st cycle 242 260 244 211 16

TC-100th cycle 250 260 250 238 10

Ti45Zr5Pd40Co10 DSC 303 361 339 298 22

TC-1st cycle 294 361 349 280 12

TC-9th cycle 289 347 340 279 7
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15 and 25 J/cm3. TiNi-Hf nanoprecipitates indicate almost

the same work output as TiNi [5, 6]. In our study, although

As of Ti45Zr5Pd40Co10 was 303 �C and the perfect recovery

was obtained, the work output was minimal due to the

small recovery of strain. Ti45Zr5Pd40Co10 indicated sta-

bility under 700 MPa, but As were lower to 260 �C. As a

result, the advantage as HT-SMA was not obtained. MTTs

of the other alloys were * 200 �C. Therefore, Ni and/or

Co addition to TiPd is not suitable to obtain HT-SMAs.

Conclusions

The effects of the addition of Ni and/or Co to Ti45Zr5Pdx
on phase transformation and strain recovery were investi-

gated. The MT occurred in Ti45Zr5Pd40Ni10, Ti45Zr5Pd40-
Co10, Ti45Zr5Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8.

However, in Ti45Zr5Pd30Ni20 and Ti45Zr5Pd40Ni5Co5, the

MT did not occur and B2 structure remained at room

temperature. The MTT decreased by the addition of Ni

and/or Co. Ti45Zr5Pd40Co10 had the highest MTTs among

the tested alloys: As, Af, Ms, and Mf were 303, 361, 339,

and 298 �C, respectively. Ti45Zr5Pd40Ni2Co8 had the

lowest MTTs: As, Af, Ms, and Mf were 143, 189, 135, and

108 �C, respectively. In Ti45Zr5Pd30Ni20, an addition of 1

at.% Ni caused an MTT decrease of approximately 25 �C

and the addition of 20 at.% Ni decreased Af to a temper-

ature lower than 0 �C. In Ti45Zr5Pd40Ni5Co5, the relatively

large mixing entropy drastically decreased Ms, and the

austenite phase becomes stable at room temperature.

The strain recovery was investigated using a thermal

cyclic test at 15, 50, 100, 150, and 200 MPa. The perfect

recovery was obtained up to 200 MPa in Ti45Zr5Pd40Co10,
although the recovery strain was only * 0.4% at

200 MPa. In the other three alloys, Ti45Zr5Pd40Ni10, Ti45-
Zr5Pd40Ni8Co2, and Ti45Zr5Pd40Ni2Co8, the small

Fig. 8 Strain-temperature curves of Ti45Zr5Pd40Co10 under 700 MPa. a 9 cycles, b the 1st cycle, and c the 9th cycle

Fig. 9 Comparison of the work output as a function of As
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irrecoverable strain was found. However, the repeated

thermal cyclic test decreased the irrecoverable strain, until

the perfect strain recovery was obtained. The stabilized

cycles with perfect recovery were obtained under 300 MPa

in Ti45Zr5Pd40Ni10. The work output was approximately

10.8 J/cm3 at an As of 210 �C. The perfect recovery was

obtained under 700 MPa in Ti45Zr5Pd40Co10. The work

output of 7 J/cm3 was obtained at an As of 260 �C.
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