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Abstract The introduction of high-entropy alloys (HEA)

into the field of shape memory alloys offers enormous

potential for improving their functional properties. It is

shown how a successive increase in chemical complexity

results in strictly monotonically enlarged and increasingly

distorted lattices. With increasing the number of elements

added to the alloy, the effect of solid solution strengthening

appears to be curtailed and first insights into the contri-

bution of additional mechanisms based on lattice distor-

tions are possible. The alloys developed in this study,

reaching from ternary NiTiHf to senary TiZrHfCoNiCu,

show a great potential to exploit interatomic interactions

regarding improvement of functional fatigue. Despite the

absence of stress plateaus related to detwinning, recovery

effects at loads above 1000 MPa and significant strain

recoveries are shown.

Keywords Mechanical behavior � NiTi � Compression

tests � Functional degradation � X-ray diffraction (XRD) �
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Introduction

The technically most relevant shape memory alloys

(SMAs), NiTi and its variants, are the only widely used

SMAs. Their strain recovery of up to 8% for the one-way

shape memory effect (SME) [1] can be exploited for many

applications. Furthermore, it was shown that within the first

SME cycles at 5% pseudoplastic strain up to 4.5% could be

recovered [2]. However, SMAs suffer from functional

degradation upon cyclic use of the shape memory effects

[1, 3–5]. The functional degradation over subsequent

cycles and the low transformation temperatures often

hampers their use in the envisaged technical applications

[1, 2, 4, 5]. Hence, the key objectives of the development

of SMAs is to increase fatigue resistance and operating

temperatures.

The development of high-entropy alloys (HEAs) is a

relatively young field in materials science. HEAs are

defined as single-phase metals with at least five main ele-

ments with[ 5 at% each and equimolar or near-equimolar

stoichiometry [6, 7]. The absence of a main element is a

crucial feature of these alloys and is reported to lead to a

demonstrably strong change in material behavior and

deformation mechanisms [7–9]. The most studied materials

in the field of HEAs are the Cantor alloy (CrMnFeCoNi)

[10], the Senkov alloy (TiZrHfNbTa) [11] and their mod-

ifications [6, 8, 12]. Criteria such as valence electron
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concentration and mass variance play a decisive role in the

selection of the elements of a HEA [7]. Since HEAs are

classified as single-phase materials, the alloying elements

must be completely soluble in each other. This requires

substitution with elements that are neighboring in the

periodic table or have similar characteristics to the element

to be replaced. In the Cantor alloy, Fe, Cr, Mn, Co, and Ni

have similar atomic radii and atomic masses, but signifi-

cant differences in the number of valence electrons. In this

case, the substitution of elements occurs strictly within the

period (see Fig. 1). In the case of the Senkov alloy, the

substitution occurs mainly within two element groups. As a

result, the increase in entropy is mainly realized by the

mass variance and a predicted distortion of the crystal

lattice [11].

Functional HEAs with martensitic transformation (MT)

currently have a special status in the field of high-entropy

research, leading to the new material class of high-entropy

shape memory alloys (HESMAs). The development

focusses on increasing the MT temperatures and the

reversibility of the transformation. Canadinc et al. already

achieved austenite finish temperatures exceeding 700 �C
[13]. In their work the alloy development was based on

binary NiTi, the elements were almost exclusively varied

with respect to atomic ratios, and substitution took place

within each chemical group. The alloys investigated had

astonishing material properties. However, Ni was substi-

tuted by high amounts of Pd. This makes a later technical

use very expensive and reduces the field of application. For

this reason, other research approaches such as the one by

Firstov et al. employed Co and Cu as substitution elements

[5, 6]. Mechanical tests on HESMAs of the TiZrHfCoNiCu

type have already been investigated by Chen et al. [14] and

show both desired and undesired changes in properties

compared to binary NiTi.

Alloys can be classified as low-, medium-, and high-

entropy alloys [6]. Medium-entropy alloys, which represent

the transition region between low- and high-entropy, have

three to four elements with equiatomic or near-equiatomic

composition. Martensite-forming ternary systems such as

CoNiGa have already shown very good shape memory

properties [15, 16], despite the fact that they are by defi-

nition not high-entropy alloys [6]. Therefore, it is desirable

to investigate both medium- and high-entropy systems

[7, 8, 10]. To separate cause and effect of the entropic

modification of alloys with respect to the change in mate-

rial properties, it is necessary to show the path of a suc-

cessive increase in chemical complexity (SICC).

The present study deals with the SICC of the already

ternary alloy NiTiHf to the senary alloy TiZrHfCoNiCu. In

contrast to other research approaches, the Ti is substituted

within the chemical group by Zr and Hf, whilst the Ni is

replaced with its periodic neighbors by Cu and Co. The

phases formed, the transformation temperatures and the

basic mechanical and functional properties are analyzed.

The objective is to map the development of a possible alloy

modification by successive increase in chemical complex-

ity from ternary NiTiHf to senary TiZrHfCoNiCu. The

characterization methods employed serve to understand the

influence of additional elements on the material properties

compared to a previous alloy with fewer elements and to

gain insight into which mechanisms are responsible for the

mechanical and functional properties. Furthermore, it will

be investigated at which point the SICC has no further

effect.

For this purpose, the changes of the phases due to the

SICC were recorded and compared by X-ray diffraction

(XRD) for as-cast and heat-treated conditions. The transi-

tion temperatures between martensite and austenite, which

are of decisive importance for the functional properties,

were determined by differential scanning calorimetry

(DSC).

The effect of the SICC on the basic mechanical prop-

erties was determined by compression tests and compared

Fig. 1 Excerpt from the

periodic table of elements; alloy

systems investigated by the

different research groups

[4, 10, 11, 13] are highlighted

by the respective color (Color

figure online)
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with already known literature values. Even though the

compression tests do not show clear plateaus for detwin-

ning of the martensite in the flow curves, reported e.g. in

[17], a shape recovery could nevertheless be confirmed.

Pseudoelasticity was assessed through other evaluation

criteria, such as the rate of change of stress in the flow

curve. Local plateaus or minima can indicate SMEs and

provide guidelines for subsequent investigations.

Methods and Materials

The characterization of the forming phases was performed

by X-ray diffraction (XRD) with a D8 Discover X-Ray

diffractometer (Bruker) equipped with a 2D Vantec 500

detector and a Ni filter. The characteristic radiation lines

used were Cu Ka1 (1.5406 Å) and Cu Ka2 (1.5444 Å).

Measurements were taken on samples in as-cast and heat-

treated condition. Subsequently, lattice parameters on the

heat-treated state were determined by Le Bail refinements

[18, 19], using the TOPAS software [20].

The compression tests were performed on cylindrical

samples with a height of 4 mm and a diameter of 2 mm.

For basic mechanical characterization, the specimens were

tested at room temperature in a Z010 universal testing

machine, regardless of their structural state (martensitic or

austenitic). The functional properties were measured in a

Z100 universal testing machine equipped with a tempering

chamber. Test temperatures ranging from -80 to 250 �C
were possible with this equipment. For analyzing the SE,

stress-compression curves were recorded at different tem-

peratures. For shape recovery, specimens in the martensitic

state were compressed to a given stress value and then

relieved. The resulting hystereses were recorded and the

remaining specimen height after compression measured.

The samples were then heated above the austenite finish

temperature, Af, and the compression recovery was deter-

mined via the sample height.

The alloys used in this study are listed in Table 1. The

alloy compositions were extended from the ternary base

alloy NiTiHf by adding elements up to senary systems. The

added elements are assigned either to the Ni equivalent or

the Ti equivalent with reference to the stoichiometric ratio

of NiTi [21]. The ratio of the equivalents remained

unchanged during the alloy modification. The increasing

chemical complexity is intended to provide information

about the material behavior and the change in mechanisms

when entropy is increased. In the field of senary materials,

the stoichiometry of the Ni equivalent was varied while the

element selection remained the same.

The materials were produced by arc melting and show a

dendritic microstructure after casting [23, 24]. To investi-

gate the influence of homogeneity, the alloys were addi-

tionally heat-treated at 900 �C for 100 h in an inert gas

atmosphere and air cooled afterwards. After heat treatment,

the samples were analyzed DSC to determine the marten-

site start and finish temperature (Ms, Mf) as well as

austenite-start and -finish temperatures (As, Af).

Results and Discussion

Phase Characterization

The X-ray diffractograms for the as-cast state and the

associated heat-treated states are shown in Fig. 2. Two

phases were identified according to the Le Bail refine-

ments, the cubic austenitic B2 (spacegroup 221, Pm-3m,

Fig. 2: black squares) and the monoclinic martensite B190

with main results reported in Table 2. A fit example is

given in Appendix Fig. 8. Trials refining the B190 mono-

clinic cell using the spacegroup (SG) P2, P21, P21/c, Pc

and P21/m were carried out. No substantial differences

were observed amongst the residuals, though in the P21,

P21/c, and Pc cases a doubling of the cell in one direction

was suggested by unit cell indexing. Finally, according to

previous experimental and theoretical work on similar

systems [13, 25] the P21/m space group was selected

(Fig. 2: open diamonds).

As shown in Table 2, SICC causes a gradual expansion

for both phases, as could be inferred by the experimentally

determined cell volume. This is expected, as from the

NiTiHf ternary to the senary alloy, elements with higher

nominal metallic radii were added in high enough con-

centrations (cf. Table 1) to increase the average metallic

radius of the system, reported for comparison in Table 2.

From the quaternary alloy with SICC, the two phases are

coexisting, though there is always a major contribution of

one of the two: B2 in Quat or Co12Sen, and B190 in Quin

or Co10Sen. The quantification of the phases and the

detailed structural analysis via Rietveld refinements are

beyond the scope of the present study as the complexity of

the monoclinic cell would require deeper crystallographic

analysis based on measurements to be performed in a

Table 1 Overview and nominal composition of investigated alloys in

at. % and the average metallic radius rcalc in Å calculated by weighing

the metallic radii [22] to the corresponding at. %

Alloy Ni Ti Hf Cu Zr Co rcalc

Tern (ternary) 50 25 25 1.385

Quat (quaternary) 25 25 25 25 1.395

Quin (quinary) 25 16.67 16.67 25 16.67 1.407

Co10Sen (senary) 25 16.67 16.67 15 16.67 10 1.404

Co12Sen (senary) 18 16.67 16.67 20 16.67 12 1.406
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synchrotron. Therefore, in Table 2 only the lattice param-

eters and the cell volume of the main phases are reported.

Finally, the unit cell of the B190 phase seems to lessen its

parameter b with increasing chemical complexity and

volume: no clear explanation is yet available, and more

investigation on the crystallographic parameter b is

necessary.

A clear correlation between the phase type and the

martensitic temperatures appears, with the B190 phase and

the B2 phase showing higher and lower Ms, respectively.

While the difference in Ms temperatures of the B2

dominated alloys is in the same order of magnitude

(\ 60 K), relevantMs temperature differences are observed

in the B190 dominated alloys, e.g., between Tern and Quin

(above 200 K). As can be inferred from Fig. 2, noticeable

differences in the as-cast states appear between the Tern

alloy (pure B190) and the Quin or Co12Sen (presence of

some B2 phase), which is likely the explanation.

The necessity of a homogenizing heat treatment is given

from the observed change in phase compositions. In case of

the Quat alloy, it is apparent that in the as-cast state, small

proportions of the martensitic B190 phase are also present

in addition to the B2 main phase.

Compression Tests

The changes in mechanical properties during compression

tests at room temperature (Fig. 3) caused by the SICC

show a clear tendency. A comparison of the ultimate

compressive strength (UCS) shows that alloy Tern has the

highest UCS with an average of 2800 MPa. An increase in

the number of elements leads to a decrease in the UCS.

Quat, Quin, and Co10Sen have an almost equal UCS of

2400 MPa. Upon a comparison of the two senary materials

Co10Sen and Co12Sen, which have the same element

composition but different stoichiometries of the Ni equiv-

alents, a difference of 8% in UCS is seen.

When comparing the fracture compression a similar

tendency becomes obvious. The addition of further ele-

ments reduces the fracture compression to 21% for

Co10Sen. As with the UCS, the fracture compression of

Co12Sen increases by 5% compared to Co10Sen. This is a

surprising observation from the standpoint of conventional

alloy development with one primary element and several

secondary elements. Despite the addition of further ele-

ments in high concentrations an expected solid solution

strengthening [26] does not occur in the investigated alloys.

The heat treatment of the materials show only minor

differences for Tern. Maximum strength, fracture com-

pression, and the rate of change dr/de are almost identical.

For the four-component Quat a difference can be seen.

Although the heat-treated condition featured an UCS

approx. 100 MPa higher than the as-cast material, the

fracture compression increased from 17 to 21%.

Fig. 2 Diffractograms of ternary to senary alloys in as-cast and heat-

treated state

Table 2 Lattice parameters in

Å of the phases as determined

by the Le Bail-refinement

Alloy B2 a Volume Å3 B190 Volume Å3

A b c b

Tern 3.088 4.086 4.941 104.2 60.43

Quat 3.126 30.55

Quin 3.173 4.136 4.963 101.04 63.93

Co10Sen 3.154 31.37 3.144 4.149 4.948 102.16 63.10

Co12Sen 3.156 31.43 3.127 4.185 4.961 101.91 63.51
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The difference between the as-cast and heat-treated

condition becomes even more pronounced for the Quin

alloy. While the as-cast material featured 2100 MPa UCS

at 12% fracture compression, the heat-treated material

achieved 2450 MPa and 23% fracture compression. It is

particularly noticeable that the heat treatment adds a sig-

nificantly increased amount of plastic deformation after

approx. 11% compression.

The heat treatment of the senary alloys Co10Sen and

Co12Sen increased the mechanical properties only slightly.

When considering all stress-compression curves, it should

be noted that no clear stress plateaus can be identified.

However, shape memory effects are already known from

the literature for the ternary system NiTiHf [27–29]. When

examining literature results, it can also be seen that no clear

plateaus need to occur in compression tests, and an SME

can occur upon heating [17].

Since the materials did not show significant plateaus, the

change in slope of the stress-compression curves suggests

that a change in deformation mechanisms occurs [26].

Martensitic NiTi SMAs show stress/strain plateaus during

loading which are related to detwinning, i.e. a growth of

preferentially oriented martensite variants. Due to the well-

known stress/strain asymmetry [29, 30], these plateaus

appear less well developed for compression testing. This

indicates that detwinning processes are hampered and thus

other elemental deformation processes take over during

mechanical loading. This is probably related to the large

monoclinic angles (Table 2) of B190 as they significantly

affect twin boundary mobility [31].

Looking at dr/de in Fig. 3, the Tern, Quat and Co10sen,

the dr/de decreases from a high initial value to form an

elongated plateau and decreases strongly before final

fracture. The plateau which forms could be an indication of

lattice transformations or detwinning which is not clearly

visible in the stress–strain curves. In the following func-

tional tests, it will therefore be analyzed to what extent the

plateaus can be linked to the processes of detwinning.

Furthermore, there is a strong difference in the dr/de
curves of Co10sen and Co12sen. It is necessary to check to

what extent this behavior depends on the test temperature

and thus on the respective material condition, i.e. marten-

sitic or austenitic.

As one of the main properties of a shape memory alloy

the superelasticity (SE) was analyzed. For SE, the material

has to be capable of forming stress-induced martensite in

the austenitic state. Co12Sen and Co10Sen were investi-

gated on the basis of the findings on mechanical properties.

This should allow the investigation of differences in

material behavior with respect to the test temperature and

stoichiometry isolated from the effect of the number of

elements.

The stress-compression curves of the senary alloy

Co10Sen do not show clear plateaus under any of the

temperatures employed (Fig. 4), so that SE could not be

clearly observed. According to the classical assumption for

Fig. 3 Stress-compression curves and their evolution upon moving from ternary to senary materials in as-cast and in heat-treated conditions; see

main text for details

Shap. Mem. Superelasticity (2020) 6:181–190 185

123



SE to occur, the test temperature of the material must be

above Af and below the critical temperature for martensite

deformation Md [30, 32]. For Co10Sen Af is approx.

210 �C (see Table 3) so that the investigations at 225 �C
and 250 �C should show plateaus if the alloy featured a SE.

Although other studies already showed that distinct pla-

teaus are not necessary for pseudoplastic behavior of SMAs

[17], those findings are not necessarily transferable to SE of

HEAs. Without plateaus or changes in slope it is not pos-

sible to distinguish between purely elastic behavior and

possible detwinning of the material.

Characteristic values from the stress-compression curves

at the respective temperatures are presented in Fig. 5. A

comparison of the as-cast and heat-treated condition of

Co10Sen and Co12Sen shows that the UCS as well as the

compression at fracture were increased by the heat treat-

ment. This is particularly evident in the case of Co12Sen in

the tests carried out at 50 �C, where the UCS of the heat-

treated samples is 170 MPa higher and the fracture upset-

ting 7.8% higher than in the as-cast state. For Co10Sen the

heat-treated state features an UCS that is 60 MPa and a

compression at fracture that is 4% higher than the as-cast

condition for temperatures up to 155 �C. However, the heat
treatment of Co10Sen did not have a positive effect on the

UCS for 170–250 �C.
It could be shown further that for both materials there

seems to be a characteristic drop in the UCS and the

compression at fracture from the purely martensitic state to

the purely austenitic state. For Co12Sen this drop is above

Af while the drop for Co10Sen, which is just above Ms and

well below Af, is much steeper. Since the samples do not

show any significant plateaus above Ms and the stress-

compression curves increasingly indicate an almost purely

elastic behavior with increasing test temperature, supere-

lasticity cannot be detected there.

From the literature, a schematic model is known which

combines the thermodynamic Clausius–Clapeyron rela-

tionship with the critical energy required for slip [30]. It

shows the regions of shape memory effects and supere-

lasticity in temperature-stress coordinates [30]. If we can

consider the critical stress for gliding to be proportional to

the UCS [26], the measurement results of Co10Sen from

Fig. 5 can be interpreted as illustrated as in Fig. 6.

On the basis of the measured values, two different UCS

levels are present, which, depending on the test tempera-

ture, correspond to martensitic (rmax, (M)) and austenitic

(rmax, (A)) behavior. Since, as described above, no

superelasticity occurred above 170 �C two explanations

seem plausible. Either the stress applied for forming

induced martensite is higher than the stress required for

sliding or superelasticity no longer occurs in this material

above 170 �C. If this is the case, there is a limit for stress-

induced martensite (rsim) and with it the area in which

superelasticity could possibly occur (gray), is very narrow.

The steep drop in the UCS in Fig. 6 is also an indication

that the applied stress only has a minimal influence on the

transformation behavior of the lattice. A possible expla-

nation for this is the already highly distorted lattice in the

senary state [25], which probably cannot be transformed by

external stresses but only by temperature.

Fig. 4 Stress-compression curves of Co10Sen for different temperatures in as-cast and in heat-treated conditions

Table 3 Transformation temperature determined by DSC in K

Alloy Ms Mf As Af

Tern 681 661 696 706

Quat 274 263 294 322

Quin 458 407 460 504

Co10Sen 429 373 423 488

Co12Sen 262 211 237 319
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Shape Recovery

For analyzing the shape recovery, the cylindrical samples

were mechanically compressed at a cross-head speed of

1 lm/s to a given stress value and then the compressive

stress was relieved. The stress values of the cycles were

determined from the previously established stress-com-

pression curves, which show possible detwinning processes

during deformation as indicated by the changes in dr/de.
The stress-compression-hysteresis of the specimen were

recorded since the shape of the hysteresis provides decisive

information about the degradation behavior of the material.

After each cycle the samples were heated above Af outside

the testing machine and the absolute dimensions of the

samples before and after heating were measured to deter-

mine compression recovery.

Figure 7 shows the results of the analysis of the shape

recovery for the Tern and Quin alloy. These alloys were

selected because they are in the martensitic state at room

temperature and do not have to be cooled before the

compression test. The compression curves in Fig. 7a were

employed to determine the stresses to be used in the cyclic

tests. The resulting hysteresis reported in Fig. 7b were

measured based on cross-head displacement. The absolute

Fig. 5 Ultimate compressive strength and compression at fracture vs temperature for Co12Sen and Co10Sen in as-cast and in heat-treated state

(Ms/f and As/f from DSC-measurements see Table 3)

Fig. 6 Stress-temperature relationship of Co10Sen; following Otsuka

et al. [30], the sharp transition between the ultimate compressive

strength levels for austenite (rmax, (A)) and martensite (rmax, (M))

result in a nearly vertical line for possible stress-induced martensite

(rsim) and therefore a small area where superelasticity effects could

occur (gray) (Color figure online)
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values of the sample length for each shape memory cycle

are shown in Fig. 7c.

Ternary SMA

For the Tern alloy in the heat-treated condition, -800 MPa

and -1300 MPa were defined as stress values for cyclic

testing. Cyclic tests below -800 MPa showed purely

elastic deformation and were therefore not suitable for

shape recovery investigations. The Tern specimens were

heated to 500 �C in inert gas atmosphere after each com-

pression cycle.

During the first cycle, the specimen compressed at

-800 MPa was initially shortened by only 0.5% and then

recovered 0.4% of its original length after heating. The

heating was thus able to restore about 80% of the defor-

mation. Statements about the subsequent cycles cannot be

made reliably due to the extremely small deformation and

the resulting uncertainties in strain measurement. It can be

concluded that the shape memory effect is not pronounced

at -800 MPa, as this stress is probably not sufficient to

detwin the martensite.

In the cyclic tests with -1300 MPa, the curves of the

hysteresis show a gradual decrease in the change in slope

with each cycle. In the first cycle, the specimen was

compressed by 2.4% and was recovered 1.0% of the

original length upon heating. Subsequent cycles com-

pressed the sample to the same height, but the recovery was

significantly reduced.

Quinary SMA

For the Quin alloy in the heat-treated state, -1000 MPa

and -1500 MPa were defined as stress values. Cyclic tests

below -500 MPa showed purely elastic deformation and

were therefore not suitable for shape recovery investiga-

tions. The Quin specimens were heated to 300 �C after

each compression cycle.

During the first cycle, the specimen cycled up to

-1000 MPa was upset by 1.5% and recovered 1.1% of its

Fig. 7 Comparison of the one-

way shape memory effect of

Tern and Quin samples,

a stress–strain curves from

compression tests with marked

stress levels for b cyclic testing,

and c fatigue behavior

determined by the accumulation

of residual strains over

functional cycles
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original length upon heating. The re-heating thus restored

more than 73% of the initially introduced deformation.

For cyclic tests up to -1500 MPa, the specimen was

upset by 2.6% in the first cycle and after heating 1.9% of

the initial length was restored. Subsequent cycles led to the

same specimen height after heating, but with the same

compressive stress the specimen height increased after

loading. The behavior therefore shows a hardening of the

material per cycle and at the same time a return to a con-

stant initial length.

The comparison of functional properties during the

increase of chemical complexity shows some clear trends.

It is remarkable that the ternary and quinary alloys showed

recoveries in a tests at -1000 MPa and -1500 MPa.

Although there is a decrease in the shape recovery over the

cycles, this is a two to three times higher load then that

typically employed for the conventionally used NiTi

[30, 32]. The shape recovery at compressive stresses above

-1000 MPa shows the enormous potential of HESMAs.

Conclusion

In the present study different shape memory alloys ranging

from ternary to senary were developed to exploit the high-

entropy concept. Starting from the NiTi system, it could be

shown how the successive increase in chemical complexity

results in strictly monotonically enlarged and increasingly

distorted lattices.

Mechanical testing showed that the ultimate compres-

sive strength and the compression at fracture decreases

with increase in chemical complexity. A heat treatment of

the material tends to increase both compressive strength

and compression at fracture. However, the difference

between the as-cast and the heat-treated condition increases

significantly with increasing number of elements in the

alloy. This indicates an increased inhomogeneity or the

existence of multiple phases with successive increase in

chemical complexity, so that an appropriate heat treatment

is necessary. Pronounced solid solution strengthening

resulting from an increase in the number of elements could

not be observed.

Although the complexity of compositions does not result

in a direct improvement of mechanical and functional

properties, the alloys developed show great potential in the

context of functional fatigue. Despite the absence of con-

ventional stress plateaus, shape memory effects at com-

pressive loads above 1000 MPa and recoverable strains of

more than 1% could be found.
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21. Piorunek D, Frenzel J, Jöns N, Somsen C, Eggeler G (2020)

Chemical complexity, microstructure and martensitic

transformation in high entropy shape memory alloys. Inter-

metallics. https://doi.org/10.1016/j.intermet.2020.106792

22. Greenwood NN, Earnshaw A (2012) Chemistry of the elements,

2nd edn. Pergamon Press, Oxford

23. Frenzel J, George EP, Dlouhy A, Somsen Ch, Wagner MF-X,

Eggeler G (2010) Influence of Ni on martensitic phase transfor-

mations in NiTi shape memory alloys. Acta Mater. https://doi.

org/10.1016/j.actamat.2010.02.019

24. Frenzel J, Wieczorek A, Opahle I, Maaß B, Drautz R, Eggeler G

(2015) On the effect of alloy composition on martensite start

temperatures and latent heats in Ni–Ti-based shape memory

alloys. Acta Mater. https://doi.org/10.1016/j.actamat.2015.02.029

25. Firstov GS, Timoshevski A, Kosorukova TA, Koval YN,

Matviychuk Y, Verhovlyuk PA (2015) Electronic and crystal

structure of the high entropy TiZrHfCoNiCu intermetallics

undergoing martensitic transformation. Matec Web Conf. https://

doi.org/10.1051/matecconf/20153306006

26. Gottstein G (2007) Physikalische Grundlagen der Materialkunde

(physical basics of materials science), 3rd edn. Springer,

Heidelberg

27. Firstov GS, Van Humbeeck J, Koval YN (2004) Comparison of

high temperature shape memory behavior for ZrCu-based, Ti–

Ni–Zr and Ti–Ni–Hf alloys. Scripta Mater. https://doi.org/10.

1016/j.scriptamat.2003.09.010

28. Firstov GS, Van Humbeeck J, Koval YN (2004) High-tempera-

ture shape memory alloys Some recent developments. Mater Sci

Eng A. https://doi.org/10.1016/j.msea.2003.10.324

29. Karaca HE, Acar E, Tobe H, Saghaian SM (2014) NiTiHf-based

shape memory alloys. Mater Sci Technol. https://doi.org/10.1179/

1743284714Y.0000000598

30. Otsuka K, Wayman CM (1999) Shape memory materials. Cam-

bridge University Press, Cambridge

31. Laplanche G, Birk T, Schneider S, Frenzel J, Eggeler G (2017)

Effect of temperature and texture on the reorientation of

martensite variants in NiTi shape memory alloys. Acta Mater.

https://doi.org/10.1016/j.actamat.2017.01.023
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