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Abstract Dependence of phase transformation tempera-
tures of TiPd- and TiPt-based shape memory alloys on
valence electron ratio (VER), number (e,/a), and average
atomic number of the alloys (Z) are investigated. The
alloys have medium numbers of valence -electrons
(6.6 < ey/a < 7.3) that are near 7 and a wide range of the
average atomic number (Z = 25-54). The forward and
reverse phase transformation temperatures, M and (Ay),
increase with average atomic number of the alloys,
respectively. Clear correlations between transformation
temperatures and VER are found. M; and (A;) both
decrease from around 1184 °C (1175 °C) to as low as
20 °C (32 °C), respectively, with increasing VER from
0.134 to 0.270. Temperature hysteresis of the thermoelastic
transformation in these alloys tends to decrease with
increasing VER. Dependence of transformation tempera-
tures and temperature hysteresis of these shape memory

<1 Mehrdad Zarinejad
mkfalzar@gmail.com

Agency for Science Technology and Research (A*STAR),
Singapore Institute of Manufacturing Technology, 2
Fusionopolis Way, Singapore 138634, Singapore

Faculty of Science and Engineering, Swansea University,
Bay Campus, Fabian Way, Crymlyn Burrows,
Swansea SA1 8EN, UK

Centre for Sustainable Materials, School of Materials Science
and Engineering, University of New South Wales,
Kensington Campus, High Street, UNSW, Sydney,

NSW 2052, Australia

4 Green Li-ion, 46 Kim Yam Rd, 01-05, Singapore 239351,
Singapore

Department of Chemical and Biomolecular Engineering,
National University of Singapore, 4, Engineering Drive,
Singapore 117585, Singapore

alloys on VER is discussed based on the variations of
elastic moduli and atomic bonding due to composition
change.
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Introduction

There is an ongoing demand for high-temperature shape
memory alloys (SMAs) as novel applications continue to
be developed in the areas of designing mechanical and
aerospace SMA-actuated structures for better system per-
formance. TiPd and TiPt intermetallic systems are among
the high-temperature alloys of high interest. To adjust the
shape memory and mechanical properties of these inter-
metallics, alloying elements are added to these systems that
alter their transformation temperatures. Phase Transfor-
mation temperature of an SMA is an important character-
istic, since it is the temperature at which the SMA material
recovers from apparent permanent deformation through a
reversible martensitic transformation. This shape recovery
behavior is often referred to as the shape memory effect
and has been adapted in various aerospace, structural, and
biomedical applications [1]. Elastic properties of the matrix
crystal before martensitic transformation and microstruc-
tural features such as precipitates were shown to be
important factors affecting the transformation temperatures
[2]. To understand the factors that control the transforma-
tion temperatures in the SMAs system, Zarinejad and Liu
suggested the need to acquire in-depth knowledge of how
the atomic bonding strength of the matrix crystal can be
influenced by the chemical composition of the alloys.
Dependence of transformation temperatures on electron
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variables in SMAs was introduced [3-5]. It was shown that
variation of elastic properties of the parent crystal
(austenite) because of composition change influence the
resistance against shear, responsible for martensitic phase
transformation. This understanding was achieved based on
the knowledge that prior to martensitic transformation a
softening of elastic moduli occurs with the lowering tem-
perature. The experimental results, mainly in Cu-based and
NiTi-based SMAs [6-9], suggest that there is a critical
value of elastic constant at which transformation takes
place, which is not sensitive to alloy compositions [10],
and is only slightly dependant on temperature [2]. Based on
this, the elastic moduli of the alloy, which are dependent on
both composition and temperature are the key parameters
influencing the transformation temperatures, [2, 11]. Since
in metallic materials the delocalized valence electrons
dominate the strengths of bonds and elastic properties
[12-14], it is of particular importance to study the elec-
tronic parameters of alloys.

In the present work, the investigation is extended to the
vast TiPd-based and TiPt-based high-temperature SMA
family of alloys in detail to reveal in-depth understanding
of the dependence of transformation temperatures (M, Ag)
on the electronic parameters of the alloy. The electronic
parameters of nearly all the TiPd-based and TiPt-based
alloys made or studied to date are examined. Three
parameters are paid attention to in the current study: (1) the
average atomic number of the alloys; (2) the number of
valence electrons, and; (3) Valence Electron Ratio (VER)
of the alloys.

We reveal and explain the dependence of the transfor-
mation temperatures of important TiPd and TiPt family of
alloys on VER. The correlations found in the current work
enable an important understanding towards effective alloy
design.

Materials and Methods

Different Ti/Pd or Ti/Pt atomic ratios and alloying ele-
ments such as Ni, Fe, Co, Cr, Mn, Cu, V, Hf, W, Ta, Ir,
etc., have been utilized by researchers to alter the trans-
formation temperatures and characteristics of TiPd and
TiPt SMAs. A survey of the literature reveals many TiPd-
and TiPt-based shape memory alloys was performed to
extract the phase transformation temperatures and tem-
perature hysteresis. The data [14-64] were extracted from
the relevant literature as listed in tables or presented in
graphs. Almost all the data correspond to solution-treated
alloys to minimize the effects of precipitates and
mechanical work. These possible effects, if existing, were
not considered in the present work. The average atomic
numbers of the alloys were calculated based on the atomic
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fractions and atomic numbers of the elements comprising
the alloys as follows:

Z = friZri + fearpyZeaey) +frr +foZq (1)

where Z is the fraction-averaged atomic number of the
alloy. Zri, Zpqacpry, Zr, and Zg, etc. are the atomic numbers
Ti, Pd (or Pt), the ternary, quaternary, quinary elements and
so on, respectively. The f, (x = Ti, Pd or Pt, the ternary,
quaternary, quinary elements, or even quinary element,
etc.) is the corresponding atomic fraction of each element
in the alloy. To study the dependence of the transformation
temperatures on the chemistry of alloys the basic electron
configurations of the alloys were analyzed in the following
section.

The number of valence electrons is usually considered
as the number of d and s electrons for an atom of transition
metals. The valence electrons per atom of TiPd- and TiPt-
based alloys can be calculated based on the atomic frac-
tions of the elements in the alloy by the following equation:
f;—v = friey' + foapyer™ ™ + frel + foed + -+ (2)
where similarly fri, fpacen, fr and fq represent the atomic

fractions of Ti, Pd (or Pt), the ternary quaternary elements,

etc., in the alloy and, gzi’esd(l’l)

sponding numbers of valence electrons of elements Ti, Pd
(Pt), ternary and quaternary elements, respectively. The
valence electron ratios (VER) of the alloys were calculated.
VER is defined as the ratio of the number of valence
electrons to the total number of electrons of the alloy,
VER = (e,/e;), which can be simply calculated as follows:

,6‘}; and 68 are the corre-

VER = & — Friel + foalt "™+ frel + foeQ
ec  friZmi + feapyZeapy + 1124t +foZq
where Zri Zpq v Z1, Zq €tc., represent the atomic numbers
of Ti, Pd (Pt), the ternary and quaternary elements, etc.,
respectively. Similarly fri, fpaepo, fr» fo Tepresent their
corresponding atomic fractions in the alloy.

(3)

Theory (Elastic Properties of Crystal and Phase
Transformation)

In the martensitic transformation in TiPd- and TiPt-based
alloys shear causes shape changes to the austenite parent
crystals. The elastic response coefficients are the most
fundamental of all the properties of solid crystals and the
most important subset of them are the shear and bulk
moduli. Bulk modulus is a measure of the resistance of a
solid to volume change and shear modulus is a measure of
resistance to shape change. Shear moduli have the highest
influence on the mechanical properties of the crystals
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[1, 2, 9, 65]. Bonding type (metallic, covalent, ionic, and
molecular), and solidity index of a crystal (which is simply
the ratio of the shear modulus to the bulk modulus, mul-
tiplied by a coefficient of the order of unity), have been
used to classify crystals [12, 65]. Therefore, shear and bulk
moduli and their ratio in the parent phase (austenite) are of
paramount importance for this athermal martensitic phase
transformation [2, 65]. The chemical factors that affect
these parameters in the TiAu- and Tilr-based alloys under
study in this work are discussed in the following.

Results and Discussion (Chemical Factors
Influencing Bulk and Shear Moduli of Alloy
Crystals)

Average Atomic Number

Table 1 presents more than 120 TiPd and TiPt alloy
compositions [2, 14-64] that include nearly all alloy
compositions studied so far, together with their forward
and reverse transformation temperatures (M and Ag) in
ascending order, and the thermal hysteresis where avail-
able. The maximum martensite start temperature (M.
= 713 °C) for TiPd-based system corresponds to a Pt and
Zr alloyed composition, i.e., TigsZrsPdsPtys, whereas in the
TiPt system, Ir-alloyed compositions exhibit the highest M
temperatures, with TisgPt;; sIr37 5 having a M of 1184 °C.
The lowest transformation temperatures correspond to
alloys with minimum Pd or Pt quantity in their
compositions.

The average atomic numbers of the alloys under study
are tabulated in Table 1. The transformation temperatures
of these alloys clearly increase with Z of the alloys, as
plotted in Fig. 1. The transformation temperature in the
alloy systems studied shows increasing trends with the
increasing average atomic number of the alloys (Fig. 1). In
transition metals and intermetallics it is known that when
the average atomic number is halfway through in the
transition metals rows of the periodic table of elements,
i.e., either Z =25-26, or Z =43-44, and so on., the
martensitic transformation temperature can be reduced to
some extent. This is because the elastic properties of the
parent crystal hit maxima at or near these atomic numbers
[65], and martensitic transformation should start at a lower
temperature. This effect (if present) is masked by data
scatter in the current work (Fig. 1). As shown, the existing
TiPt alloys can have higher transformation temperatures
than TiPd alloys, though the trend of change of M, and A
temperatures with atomic number is similar. These tem-
peratures increase with the increasing atomic number of the
alloys. In other words, the transformation temperatures of
the alloys increase with increasing the total number of

electrons (average atomic number) of the alloy. Non-va-
lence electrons do not contribute to bonding and together
with the protons comprise the ion kernel in the metallic
bonding of the transition metal alloys. Increasing the non-
valence electrons or the size of the kernels at constant (or
nearly constant) valence electron numbers leads to weaker
elastic bonding [65, 66]. This, in turn, means the resistance
to shape and volume change of the crystal will be lower (at
least in some crystallographic directions), and therefore,
the phase change from austenite to martensite may occur at
higher temperatures. The presence of Pt (Z = 78) and Pd
(Z = 46) in the alloys causes the total number of non-va-
lence electrons to extensively increase, with the influence
of the former more than the latter due to higher Z (Table 1).

Number of Valence Electrons

Alloys with M (A,) temperatures from as high as 1184
(1175) °C down to 20 °C (32 °C) were included in this
investigation. In the categorization of the shape memory
alloys (SMAs) with respect to their number of valence
electrons per atom, a wide range was previously observed
(4 < ey/a < 12) by Zarinejad and Liu [5]. The alloys were
divided into low (e/a < 5), medium (5 < e/a < 7.50) and
high (e/a > 7.50) valence electron groups. On this basis,
TiPd-, and TiPt-based alloys all belong to the medium
valence electron group with their e/a (6.65-7.30) in a range
equal to or near 7 (Table 1). A considerable number of non-
magnetic SMAs happen to belong to the medium range [5].
Majority of the highest M, in shape memory alloy systems
are usually observed in the medium electron group (5 < e,/
a < 17.50) [5], especially when e,/a is 7.00 or near 7.00
(6.6 < ey/a < 7.3). A wide scatter of M temperatures of
the alloys in this narrow range of valence electron per atom
is observed (Fig. 2a). Similarly, a scatter of austenite start
temperatures, A, with a relatively narrow number of
valence electrons per atom variation is observed for
(Fig. 2b). A wide range of transformation temperatures is
observed, even though in TiPd- and TiPt-based alloy sys-
tems, the numbers of valence electrons per atom that
contributes to the bonding strengths are close to each other.
This indicates that although the number of e,/a is a factor
in bonding, its effect must be studied along with other
influencing factors such as the average atomic number (Z).
With the increasing number of non-valence electrons
because of increasing the average atomic number of the
alloys at an almost constant bonding power (valence
electrons), the interatomic bonding that keeps the ion
kernels in the metallic bonds together is affected by the
size and density of the kernels, [4, 65]. Higher numbers of
non-valence electrons and protons in this condition reduce
the bonding effects of the valence electrons and, therefore,
reduce the elastic moduli at least in some shear directions.
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Table 1 Martensite start

temperature (M,), Austenite Alloy Ii\és] 1[45] %—g]steresis F;;Ztom] VER zZ References

start temperature (Ay),

temperature hysteresis, number TisoPdsNiys 20 _ _ 7 0.27 259 2]

of valence electrons per atom . .

(e,/a), valence electron, ratio TisoPdoNigg 26 32 20 7 0.261 26.8 [14]

(VER) and average atomic Tis4Pdg oNize g 26 32 18 6.76 0.256 26.4 [15]

number (Z) of TiPd- and TiPt- Tiso.sNizq sPd;s 73 75 10 6.97 0.252 267  [16]

based shape memory alloys Tis; PdsoNisg 85 - - 6.94 0.243 268  [17]
TisgNip7Pdss 88 96.7 - 7.12 0.241 29.6 [18]
NiyTisoPtio 90 100 - 7 0.244 28 [19]
Tis Pd2y sNige 5 95 - - 6.94 0.239 28.5 [20]
Tiys.5Nisg sPdysTas 1054 121.6 29.8 7.02 0.22 32 [21]
Niys3Tis9 7Pd2s 117 122 12 7.02 0.24 29.3 [22]
TisoPd4oMnyq 118 - - 6.7 0.211 31.9 [23]
TisoPd,Niszg 123 110 17 7 0.233 30 [24]
TisoPd,,Nisy W, 132.3  130.8 322 6.96 0.236 28.6 [25]
Nipy 3Tis9 7Pdoe 134 150 - 7.02 0.236 29.7 [26]
TisoPd24Niss W 138.8 114.7 25.1 6.96 0.234 29.4 [25]
Tis0.2Nizs gPdos 151.6 172.5 - 6.98 0.236 29.5 [27]
TisoNiyoPd,5Cus 155 156 - 7.05 0.238 29.6 [28]
Ni,5TisoPdss 157 169 7 7 0.237 29.5 [22]
Niyy 7Ti49 3Pd5Sc 161 152 10 6.97 0.236 29.5 [29]
TisoPd35Co1o 169 - - 6.88 0.217 31.7 [23]
TisoNi;sPd>5Cuyq 170 179 - 7.1 0.239 29.6 [28]
TisoNiag sPd2sScq s 170.1  177.6 - 6.96 0.235 29.5 [27]
TisoPd,sNisy W, 177 168 15 6.96 0.232 29.8 [25]
TisoPd4oFe o 177 - - 6.8 0.214 30 [30]
Niyy 7Tis03Pd5s 179 193 10 6.98 0.237 29.5 [29]
Tizo 5sNisg sPdysTa, 179.1 188.5 23.2 6.98 0.233 30 [21]
Tisg.5sNisg sPdys 1794 184.1 - 6.97 0.236 29.5 [27]
TisoNiysPdss 182 193 - 7 0.237 29.5 [31]
Tisy 2Pda7.0Ni2 g 187 - - 6.93 0.233 32 [32]
Tisg.sNiasg sPdas 190 193 7 6.97 0.236 29.5 [16]
TisoNi;5PdsCuyg 192 205 - 7.1 0.239 29.6 [31]
TisoPd3oNisg 192 203 25 7 0.23 29.8 [14]
Niyy 7Tis0 3Pdss 192 193 8 6.98 0.236 29.5 [29]
TisoPd43sMn; 197 - - 6.79 0.209 304 [30]
TisoNi;oPd55Cuys 203 204 - 7.15 0.239 29.8 [28]
TisoPd4,Feg 206 - - 6.84 0.211 324 [23]
TisePd,sNiss 207 177 20 7 0.237 325 [33]
Tizo.5Pd2g 5Nins o 207 - - 7.03 0.233 29.5 [32]
TisoPd3sNis 225 - - 7 0.223 30.2 [17]
TizoPdsoZrg 227 256 - 7 0.195 35.8 [34]
Tis4Ni;¢Pd3g 240 236 30 6.76 0.224 30.2 [35]
TisoPd3oNisg 2424 253.1 37.8 7 0.23 31.1 [36]
Ni g 5Pd30Tiso s 249 256 11 6.97 0.229 304 [37]
TisoPd45Crs 257 - - 6.8 0.207 329 [30]
TisoPd3,Nig 257 - - 7 0.227 30.8 [30]
Tisz.03Pt18.50Ni29.01 259 268 - 6.83 0.201 28.1 [20, 38]
Ni3TisoPtyo 266 271 31 7 0.2 35 [39]
TisoPd4sVs 277 - - 6.94 0.208 32.8 [30]
TisoPd43Fe; 327 - - 6.84 0.211 32.6 [30]

@ Springer



Shap. Mem. Superelasticity (2021) 7:179-189 183
Table 1 continued Alloy {\/IS 1045 !—Iysteresis ela VER Z References
[C] [C] [C] [e/atom]
TisoPd4glng 327 - - 6.72 0.197 34.1 [40]
TiysPdyoNijoPtygZrs 337 374 105 7 0.178  39.5 [41]
TisoPd46Cry 3423 34755 2247 6.84 0.209 32.8 [42]
Tiso.5Nisg 5Pty 3446 327 - 6.97 0.197 354 [27]
TisoPds7Nij3 350 - - 7 0.221 31.7 [43]
Tiyz.53PdsoHfs .47 355 - - 7 0.188 372 [44]
Tis4NisgPtyg 361 367 48 6.76 0.194 348 [35]
TisoPd4oNijg 383 448.5 69.5 7 0.217 322 [45]
TisoPd4oNijg 390 400 28 7 0.217 322 [46]
TissNigPdyg 391 401 46 6.76 0212 32 [35]
TiysPdsoZry sV s 393 523 - 7.02 0.204 345 [47]
TisoPd4oNijg 398.5 4143 422 7 0.217 322 [36]
TisoPd4,Nig 400 - - 7 0.214 328 [30]
Ni,sTisoPtys 436.4 4488 49.1 7 0.187 375 [20]
TisoPd44Cog 417 - - 6.94 0.211 327 [30]
TiyzPdsoZr, 421 451 - 7 0.199 352 [47]
TiysZrsPdyslrs 422 457 53 6.95 0.191 364 [48]
TiysPdsoZr;Vy 441 496 - 7.04 0.208 339 [47]
TissPd43Nis 447 452 65 6.76 0.208 325 [35]
TisoPdaglr, 452 471 56 6.88 0.185 373 [49]
TiysPdsoZrs 457 466 - 7 0.2 349 [34]
TisoPdysNis 457 518 51 7 0.211  33.1 [45]
TisoPdyslrg 479 478 43 6.92 0.19 36.5 [49]
TisoPty7.5Nizn s 480 500 - 7 0.18 38.7 [38]
Tiso.5Ni3 sPdye 485 509 28 6.97 0.209 332 [16]
TiysPdyoNisPtysZrs 502 520 40 7 0.167 42 [41]
Tigo.82PdsoHf( 18 505 537 - 7 0.205 339 [44]
TisoPdso 510 520 40 7 0.205 34 [34, 50]
TisoPdsg 510 520 70 7 0.205 34 [51]
TisoPtaoNip; 510 530 - 7 0.177  39.5 [38]
TisoPt3oNizg 514 552 - 7 0.205 304 [20]
TisoPdso 514 552 55 7 0.205 34 [14]
Ni3sTizoPd;sHf,g 525 537 - 7 0.186 377 [52]
TissPdys 527 580 50 6.7 0.204 328 [53]
TisoPdsg 527 568 - 7 0.205 34 [34]
TisoPdsg 534 605 - 7 0.205 34 [54]
TisoPdsg 537 - - 700 0.205 34 [40]
TisoPdso 537 587 55 7 0.205 34 [53]
TisoPdsq 5447 574 46.1 7 0.205 34 [55]
Nij 5 Tige gPt30Co .2 560 594 55 7.02 0.175 40 [39]
NipoTigo 4Ptr9 8Co 8 562 568 35 6.99 0.175 398 [39]
Nij0.79Ti47.79Pt30.79 605 666 114 7.07 0.175 40.3 [20]
Ni,sTiysPd,sHf,5 630 690 7 0.167 42 [52]
Ni;gTisoPts 630 670 - 7 0.171 41 [20]
Ni;sTisoPtss 680 750 - 7 0.165 425 [20]
NipsPdysTig 7Hf 16721167 690 720 - 7 0.171 409 [52]
TiysZrsPdsPtss 713 725 91 7 152 46.1 [50]
Ni;,TisoPtsg 750 780 - 7 0.159 44 [20]
TiysZrsPdsPtys 774 896 112 7 0.142 493 [56]
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Table 1 continued

Alloy {\/IS 1045 !—Iysteresis ela VER Z References
[C] [C] [C] [e/atom]

NijTisoPtso 810 850 - 7 0.156 45 [20]
TigoPtsoZrio 865 926 7 0.136 51.8 [57]
TisoPts3.75Ve.25 889 1005 6.65 0.147 46.6 [58]
TiysPtsoZrs 897 939 - 7 0.138 50.9 [59]
TisoPty5Cos 907 957 - 6.95 0.146 47.5 [57]
NigTisoPtsn 910 960 7 0.152 46 [20]
TisoPtssRus 912 917 - 6.9 0.143 48.3 [60, 61]
TisoPtssRus 913 925 95 6.9 0.143 48.3 [59]
TiysPtsoHfs 915 - 60 7 0.134 52.5 [62]
TisoPtysRus 925 - - 6.9 0.143 48.3 [62]
TisoPtso 974 1025 7 0.14 50 [58]
TissPtys 975 1010 7.3 0.139 472 [63, 64]
TigyPtse 980 1020 - 7.36 0.138 53.3 [63]
TisoPtso 989 1000 94 7 0.14 50 [48, 61]
TisoPtsg 992 997 - 7 0.14 50 [48, 61]
Tis3Pty; 995 1035 - 6.82 0.142 48.3 [63, 64]
TisoPts7.5Ir12.5 1000 1036 103 6.88 0.138 499 [61]
TisoPtso 1020 1040 - 7 0.14 50 [63, 64]
TisoPtso 1020 1045 - 7 0.14 50 [61]
TissPtys 1025 1030 55 6.7 0.142 47.2 [64]
TisoPtsg 1025 1045 55 7 0.14 50 [61, 63]
TigoPts; 1030 1050 - 7.06 0.139 50.5 [63]
TisoPtyslrs 1040 - 48 6.95 0.139 4995 [62]
Tigo 5Ptso 5 1065 1040 - 7.03 0.14 50.2 [64]
TisoPtso 1070 1040 65 7 0.14 50 [48, 51]
TisoPtoslros 1110 1121 80 6.75 0.136 49.8 [48, 51]
TisoPtyolrsg 1145 1159 44 6.7 0.135 49.7 [48, 51]
TisoPt2 51375 1184 1175 34 6.63 0.134 49.6 [48, 51]

The references show the sources of transformation temperatures and hysteresis data

Valence Electron Ratio (VER) and Transformation
Temperatures

Depending on the alloying elements, atomic fractions of
elements comprising an alloy, different VER values have
resulted. These values for the alloys examined are tabu-
lated in Table 1. The variations of M and A temperatures
vs. VER are plotted in Fig. 3. In both cases, a main trend is
observed with increasing the electron ratio. M and A both,
decrease consistently from temperatures as high as 1184
(1179) °C with VER values as low as 0.134 down to
temperatures as low as 20 (32) °C with VER values of as
high as 0.270. The general trends of variation of M, and Ay
with VER are similar (Fig. 3). Furthermore, Fig. 4

@ Springer

illustrates the combined influence of VER and e, on the
transformation temperatures. It is evident that the variation
of these temperatures with VER is more pronounced and
follows a descending trend with increasing VER. The
influence of e, is masked by the dominance of the effect of
VER (Fig. 4). The relationship between VER, elastic
properties, and transformation temperatures of the alloys
are discussed. In metallic bonding, the valence electrons
act like ‘glue’, bonding non-valence electrons and nuclei
units together [4, 5, 66]; whereas non-valence electrons
contribute to the total atomic volume of the alloy.
Increasing VER could mean thickening of the ‘glue’
bonding the ionic kernels together. An established empir-
ical relationship between the valence electron density and
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bulk modulus of metallic materials and intermetallic
compounds is known. Higher VER usually results in higher
bulk and, therefore, higher shear moduli [65, 66].
Increasing VER of the TiPd-based and TiPt-based alloys,
therefore, is expected to result in higher elastic and shear
moduli. The change of VER by replacing alloying elements
for Ti, and Pd (Pt) is accompanied by a change in the
elastic properties as the interatomic bonding is affected. A
key factor controlling the bonding is the VER of the alloy.
Before the martensitic transformation, the elastic moduli
decrease during cooling and reach a critical value in a
phenomenon known as the pre-curser effect [2]. If the
elastic moduli of B2 austenite crystal of these alloys are
enhanced because of higher VER, the cooling should
continue to lower temperatures before a critical elastic
constant is reached because of pre-martensitic softening of
bulk and/or shear moduli, hence M, is decreased. This is
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Fig. 2 Transformation temperatures vs. number of valence electrons: variations of M, and A with the number of valence electrons per atom (e,/
a) of TiPd- and TiPt-based alloys: a Martensite start (M;); and b Austenite start (A,) temperatures
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Fig. 4 Transformation temperatures vs. ratio and number of valence
electrons: combined influence of valence electron ratio (VER) and
number of valence electrons (e,/a) on M, and A; Temperatures of the
TiPd- and TiPt-based. The dominance of the influence of VER over e,
can be observed

the case in nearly all alloying elements added in the present
alloys that result in the transformation temperatures to
reduce from that of the highest M, alloy to the lowest
(Table 1). On the contrary, if the alloy has lower elastic
bulk and shear moduli in the austenite phase, the critical
elastic constant can be reached at higher temperatures and
My is increased. Any alloying elements that increase the
VER of the alloy, decrease the transformation tempera-
tures. Ni, Cu, Sc, etc. are examples of alloying elements
that increase VER and lower the transformation tempera-
tures. In case the addition of the alloying elements results
in a reduction of VER, the transformation temperatures are
elevated. For instance, the addition of Ir, Pt, Hf, Pd, Hf, etc.
reduces the VER of the alloy and elevates the transfor-
mation temperatures. Ir and Pt are more effective in the
increase of M, and A, due to higher Z (Table 1, Figs. 3 and
4). For each shape memory alloy, M; is determined based
on the elastic moduli of austenite and A, follows M, due to
reversibility of the thermoelastic shape memory alloys in
this study. M is controlled by VER, and the reverse
transformation starting at (As) which is necessitated by
reduction of the energy of the system due to increased
vibrations of electrons and atoms in the crystal (by the
increase of the temperature), is influenced by the factors
that determine the thermal hysteresis, i.e., relaxation of
stress arising from the forward transformation, defect
structure changes inherited from the austenite to martensite
transformation, or formed during reverse transformation
(the level of bonds breakage and fluctuation of VER at
dislocations). These factors determine the degree of

@ Springer

reversibility of the transformation. Hence A; (influenced by
reversibility factors) follows M as the empirical data trend
shows (Fig. 3).

These discussions explain why some of the TiPd- and
TiPt-based SMA compositions have high, and some others
have low transformation temperatures. Moreover, in
austenite to martensite transformation in these alloys,
where shear is responsible for phase change from cubic to
orthorhombic, the change of VER in austenite may affect
the shear moduli of the crystals in different directions (Cyy
and C* as two main shear constants of the austenite B2
cubic crystal) differently, and therefore, the Zener’s ani-
sotropy factor A = Cy44/C* will be affected by VER [65].
The anisotropy factor in turn facilitates shear and the
martensite start temperature to be changed. The shown
trends are general and indicative of the major underlying
influence of VER on the transformation temperatures.

A comparison of the effect of e,/a, and VER on trans-
formation temperatures in magnetic and non-magnetic
shape memory alloys can be useful. The e,/a parameter is
of paramount importance in all systems of shape memory
alloys. However, the level of their influence on the trans-
formation temperature is different and is dependent on:
(a) what range of e,/ and VER we are dealing with; and
(b) presence or lack of presence of magnetization and anti-
ferromagnetism in the alloys. It was shown that when
5 < eya < 7.5, the effect of e,/a is less pronounced, and
VER is dominant [5]. The alloys studied in the present
work belong to this category and their transformation
temperatures are dominated by VER. In other words, it is
the change of VER that controls the transformation tem-
perature and e,/a is less influential, as shown in Fig. 4. On
the other hand, in magnetic shape memory alloys such as
Heusler alloys and half Heusler alloys (containing Mn, Cr,
Co, etc.), the transformation temperature characteristics are
more complicated. Most of the alloys belong to the high
valence electron category (e,/a more than 7.5), although
some of them may have an e,/a parameter of 7-7.5. More
Importantly, their VER value is high (VER > 0.27) [5]. In
high VER alloys, the number of electrons per atom for
bonding seems to be too high and, further increase of it has
a negative effect on bonding and in turn on elastic prop-
erties of the austenite crystal. As a result, higher e,/a in
these alloys results in increased transformation tempera-
tures. Hybridization of d orbitals with s and p orbitals of
common elements in magnetic shape memory alloys such
as Ga, In, Al, Sn, etc., also influence the stability of
austenite vs. martensite. Moreover, when VER of the alloy
is high (VER > 0.27) by increasing the concentrations of
elements such as Mn or Cr and possibly some other ele-
ments beyond a certain limit the elastic properties of
austenite are negatively affected due to the antiferromag-
netic behavior that these elements can exhibit and M, and
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A, temperatures both increases. Magnetization makes
austenite more stable and decreases the transformation
temperature and anti-ferromagnetism can reduce the
strength of the bonds (at least in some shear directions) and
make austenite less stable, hence increases the M, and A,
temperatures.

Therefore, in magnetic shape memory alloys, by
increasing e,/a, because of the excessive amount of valence
electrons, the transformation temperatures increase, and its
effect is more pronounced and could be a very influential
parameter. This is not seen in non-magnetic alloys, where
VER plays a dominant role.

The general trend presented in this work provides an
overall criterion for the design of the alloys with the
desired service temperature. However, comparisons at
small differences in temperature or compositions con-
cerning the overall trend is not recommended owing to the
scatter of data (Figs. 3 and 4). Details of the microstructural
features and deformation regime of the alloy need to be
known for comparisons in small differences between the
alloys. However, VER seems to be the most influential
factor dominating the transformation temperatures.

Temperature Hysteresis

The available data for transformation hysteresis in the
alloys under study show a relatively wide range of trans-
formation hysteresis (7-114 °C) (Table 1). It is shown that
by increasing the valence electron ratio (VER) of alloys the
transformation temperature hysteresis is generally
decreased (Fig. 5a). In addition, temperature hysteresis
increases with the average atomic number of the alloys,
(Z2) (Fig. 5b). These are indicative of the influence of the
strengths of the bonds in the thermoelastic transformation.
However, how the strengths of the bonds affect it, is
complex, since hysteresis is dependent on several factors at
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microstructure, crystal structure, and (electronic) bonding
levels. In principle, in alloys and intermetallic compounds,
the dislocation mobility is determined by the pattern and
intensities of the electron density fluctuations. VER is, to a
major extent, in line with the valence electron density of
the material as shown by Zarinejad et al. [4, 5]. It can
simply be argued that in general, weaker atomic bonds can
be plastically strained more extensively, following ther-
moelastic martensitic transformation. The relaxation of the
energy by plastic deformation mechanisms results in wider
hysteresis. The strengths of the bonds are controlled by
valence electrons among other factors. Based on this
argument, the alloys with higher VER and stronger
austenite bonds exhibit narrower temperature hysteresis as
is seen in this study (Table 1, Fig. 5a). However, the
complexity of hysteresis is further realized as it is con-
trolled by other factors at microstructure and atomic scales.
In crystals with non-local bonding electrons, where dislo-
cation lines move concertedly (such as in transition metal
alloys), the motion of the dislocation lines is not activated.
It is resisted by the viscous drag created by somewhat free
electrons (from the sea of electrons in metallic bonding),
and by phonons. However, it is also known that shear stress
from transformation drives dislocation motion. When the
stress is sufficiently high, at localized barriers, it can cause
surmounting a barrier or reducing its height by affecting
the local bonding electrons, [65]. Hence, the bonding
which is dominated by VER is a key factor in hysteresis
and is affected by the chemistry of alloys through changes
in VER. Separation of the effect of bonding, crystallo-
graphic, and microstructural factors on temperature hys-
teresis was found to be complex and not possible in current
work. Temperature hysteresis requires deeper study at
these scales.
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Fig. 5 Transformation temperature hysteresis vs. valence electron ratio and atomic number: variations of transformation hysteresis of TiPd- and
TiPt-based alloys with a valence electron ratio (VER), and b average atomic number (Z). The dotted lines in the figure indicates the overall trends
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Conclusions

The main correlations shown in this work reveal clear
dependence of the transformation temperatures of TiPd-
and TiPt-based alloys on the most dominant factor, i.e.,
valence electron ratio (VER), of these transition metal
shape memory alloys. Alloying elements and in general,
alloy chemistry influence the number and ratio of valence
electrons of TiPd- and TiPt-based shape memory alloys
and, changes the transformation temperatures through their
effects on elastic properties of the crystals. M and A both
significantly decrease with increasing VER from 0.134 to
0.270. This gives rise to transformation temperatures from
1184 °C (1179 °C) to 20 °C (32 °C) in these alloy systems.
VER is the dominant intrinsic parameter that can be uti-
lized to take concrete steps toward successful alloy design
with the desired service temperatures. Increasing VER, and
average atomic number of the alloy contribute to the
widening the temperature hysteresis of the alloys. TiPd-
and TiPt-based alloys with higher transformation temper-
atures generally show wider temperature hysteresis.
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