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Abstract Many macroscopic behaviors of the martensitic

transformations are difficult to explain in the frame of the

classical first-order phase transformations, without includ-

ing the role of point and crystallographic defects (dislo-

cations, stacking faults, interfaces, precipitates). A few

major examples are outlined in the present study. First, the

elementary reason for thermoelasticity and pseudoelasticity

in single crystals of Cu–Zn–Al (b-18R transformation)

arises from the interaction of a growing martensite plate

with the existing dislocations in the material. Secondly, in

Cu–Al–Ni, the twinned hexagonal (c0) martensite produces

dislocations inhibiting this transformation and favoring the

appearance of 18R in subsequent transformation cycles.

Thirdly, single crystals of Cu–Al–Be visualize, via

enhanced stress, a transformation primarily to 18R, a

structural distortion of the 18R structure, and an additional

transformation to another martensitic phase (i.e., 6R) with

an increased strain. A dynamic behavior in Ni–Ti is also

analyzed, where defects alter the pseudoelastic behavior

after cycling.

Keywords Shape memory � Martensitic transformation �
NiTi � CuAlBe � CuZnAl � CuAlNi � Mechanical behavior

Introduction

The interest in shape memory alloys (SMA) has been

increasing over the last four decades because of their

potential use in medical and other industrial applications.

This interest has recently been enhanced by the inclusion of

standard courses on smart materials in the core engineering

curriculum at many universities all over the world. The

main property of SMA was associated to one martensitic

transformation (MT), i.e., one structural change between

solid phases. Martensitic transformations play a significant

role in the field of solid–solid phase transitions, which are

present in a large amount of materials. These transitions are

characterized by singularities in one of the thermodynamic

potentials, such as free energy, and hence by discontinu-

ities in their derivatives. The pioneer work of P. Ehrenfest

published in 1933 [1] classified phase transitions according

to whether the first, second, etc. derivatives of the free

energy showed a discontinuity and called them, respec-

tively, first-order, second-order, etc. transitions. In the case

of a first-order phase transition, the first derivative of the

relevant thermodynamic potential is discontinuous.

Currently, it is noted that not only discontinuities but

also divergences at the phase transition point are important.

All higher-order phase transitions are grouped together as

critical or continuous phase transitions. The term ‘‘con-

tinuous’’ phase transition was introduced by Landau in

their classic paper on the theory of phase transitions [2].

The martensitic transformation is a phase transformation

between solid metastable structures: parent and martensite

in high and low temperature, respectively. It is considered a

first-order phase transition and, in particular, in copper-

based alloys the transformation is thermoelastic. That is,

the transformation progresses following the undercooling

below the equilibrium temperature, while elastic energy is
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stored in the material. In this way, an intrinsic difference

with the equilibrium conditions is established. In addition,

a hysteresis is observed because of irreversible processes

taking place during the transformation–retransformation

path. These phenomena, which depend on the complexity

of the problem and the related metastable phases, are time

dependent. Reduction in complexity is thus necessary if

intrinsic phenomena are to be separated and quantified.

In a single crystal, when the MT is thermally induced,

the complexity is related to the coexistence of many

martensite plates and residual parts of the parent structure,

as it has been reported since a long time ago [3, 4]. This

complexity impedes the separation of the intrinsic trans-

formation phenomena from those that are produced by the

mutual interaction between the plates. In fact, any increase

of martensite phase amount introduces an increase of the

interaction among martensite plates requiring a progressive

cooling [5, 6]. An intrinsic thermoelasticity has been found

in the single-interface transformation in Cu–Zn–Al single

crystals. The phenomenon was ascribed to the interaction

of growing martensite with the pre-existing dislocations.

Dislocations show a paradoxical behavior in the MT.

Classically, the dislocations were considered as a pertur-

bation component, but in samples without dislocations, in

very special circumstances, a break-down of the shape

memory effect arises as will be commented below.

In this paper, a short review is presented, focusing on

peculiar properties of the transformation behavior in shape

memory alloys that escape from the classical expected

behavior in first-order phase transition. A few examples

will be considered in Cu-based alloys and also in the Ni–Ti

system. In the frame of Cu-based alloys, three examples

have been specifically chosen: (a) the single-interface

transformation in Cu–Zn–Al single crystals induced by

temperature changes, (b) the appearance of two martensite

phases in Cu–Al–Ni, and (c) the complex sequential stress-

assisted transformations in Cu–Al–Be single crystals. In

this case, the stress-induced transitions are obtained by

applying tensile forces to samples with the austenitic axis

close to [001]b.

Concerning the Ni–Ti alloys, an increase of complexity

appears when polycrystalline materials are studied, where

markedly cycling effects are observed. After cycling, the

thick wires of the Ni–Ti alloy display the appearance of

S-shaped cycles requiring 600 MPa for a ‘‘complete’’

transformation. The effect can be enhanced up to

1000 MPa using appropriate strain aging at 373 K. See, for

instance Ref. [7], where the highly complex processes

present during the consecutive transformations were out-

lined. The study suggests that the MT constitutes an

interesting working space in research of guaranteed appli-

cations [8] and, also, in fundamental phase transitions [6].

In the following sections, each of the mentioned topics will

be presented and shortly analyzed. In some cases, detail on

the experimental methods will be summarized, mainly

because non-standard equipment was used towards the

required precision of the measurements. In every case,

more details can be found in the mentioned references

where the experiments were originally presented. In gen-

eral, in the paper we do not consider time effects in the

behavior of the studied alloys as, for instance, the

martensite stabilization and the beta recovery.

On the Cu-Based Shape Memory Alloys

Cu-based alloys constitute one of the most analyzed groups

of SMAs [9–13]. Several reasons justify this interest of the

scientific community. On one hand, large mechanical

reversibility has been reported for several Cu-based alloys,

either ternary or even with higher amount of components.

Cost is relatively low if compared with Ni–Ti alloys and

additionally melting temperatures are considerably lower

than the usual ones reported either for Ni–Ti or for Fe-

based alloys. This last point facilitates the preparation of

the alloys. On the other hand, problems to be solved in

ternary Cu-based alloys are still present, being this the

driving force for a large amount of work distributed in

several laboratories around the world. Just as a few

examples, we can mention the interest in several matters

like fatigue behavior [14, 15], different methods of fabri-

cation [16, 17], grain size effects on significant properties

like thermal hysteresis [18], analysis of diffusive phe-

nomena like recrystallization [19] and stabilization of

martensite [20, 21], and microstructural changes due to

severe plastic deformation [22]. The effect of precipitation

as a method to modify significant parameters of martensitic

transformations has been analyzed by several authors and

still deserves attention [23–26]. Searching new potential

applications constitutes an additional and permanent task

[27]. This short list of topics does not intend to be com-

plete, but suggests that a large amount of research is

required for a complete comprehension of these phenom-

ena. As it has been mentioned, three particular cases are

chosen to emphasize the complex and particular behavior

of the shape memory alloys. The three selected systems,

i.e., Cu–Zn–Al, Cu–Al–Ni, and Cu–Al–Be are considered

as potential candidates for applications of shape memory

effect and pseudoelasticity. Single crystals have been used

in the first and third case. Here, the main points to analyze

are not affected by the presence of grain boundaries, which

are known to alter the mechanical behavior in a strong way.
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Intrinsic Thermoelasticity and Pseudoelasticity

in Cu–Zn–Al Single Crystals

On the Experimental Details

Standard macroscopic and microscopic techniques have

been used: metallographic microscopy, X-rays, TEM,

electrical resistance, etc. The measurements have been

accomplished using single crystals grown by the Bridg-

mann technique, with electron concentration around 1.48

and nominal Ms near room temperature. Several heat

treatments were used. The standard studies start with

sample homogenization (18 min at 1123 K) and then water

(TT2: high initial number of dislocations) or air quenched

(TT1: very few dislocations) [5]. For instance, some

calorimetric samples were cut from a single crystal of a Cu-

16.06 at.% Zn-15.97 at.% Al alloy. From the composition,

the standard transformation temperature Ms is 230 K.

Frequently, a Cu-14.6 at.% Zn-16.7 at.% Al single crystal

was used in stress–strain–temperature measurements. The

nominal Ms was 288 K. Some resistance measurements

were performed in single crystals with the composition Cu-

14.6 at.% Zn-16.2 at.% Al. The estimated transformation

temperature Ms was 280 K. In stress, strain and tempera-

ture analysis, the orientation of the tensile axis was deter-

mined with the Laue X-ray method. The variant of

martensite which appeared was that with the highest Sch-

mid factor and planar samples, thickness near 1 mm,

carefully polished and bone shaped were prepared.

The mesoscopic analysis has been accomplished with

the help of especially non-standard adapted devices. In a

first step, the study was performed using standard but ‘non-

classical conduction calorimeters’ usually with simultane-

ous detection of the acoustic emission (A.E.). These sys-

tems derived from older systems enable the measurement

of the energetic dissipation (heat power).

The non-conventional calorimeter (see Fig. 1) was used

for a preliminary evaluation of the alloy behavior in the

transformation. The calorimeter (Fig. 1 left) is situated

inside a Dewar of 4 L with several disks of isolated

materials. Use of liquid nitrogen in the E chamber (in the

bottom of the Dewar) permits appropriate spontaneous

cooling, for instance, down to 170 K. Displacement to

another Dewar with a lower power bulb in the E position

permits slow and efficient heating up to 373 K.

Use of old MELCOR plates (Melcor Corp./1040 Spruce

St/Trenton NJ 08648/USA) permits reliable non-conven-

tional calorimetric work since the end of the seventies

(Fig. 1). One Peltier plate was the basic sensor that allowed

to work up to 313 K (in the middle of eighties). An

increase of maximal temperature was available using other

Peltier/Seebeck elements as, for instance, Dr. Neumann

Peltier-Technik GmbH (Gautinger Str. 45/82061 Neuried/

Germany) [28, 29].

Figure 2 outlines the device for detailed observation of

the MT [30, 31]. The relevant part of the device was a

working surface (in Cu) under controlled or programmed

temperature. Using a Peltier plate (G) of 40 9 40 mm2 and

varying the DC current, according to the temperature

measured by a resistance Pt-100, it is possible to establish

an appropriate temperature in the working surface. The

working space permits the positioning of two Seebeck

plates (C and C0) with sample and reference (D and D0)
and, eventually, one piezoelectric disk, detecting the burst

of acoustic emission. The signals of C and C0 furnish

calorimetric output for the sample associated to the pro-

grammed temperature of F plate. The device uses a liquid

flow (B, B0) as a temperature reference. The water con-

densation of the external wet air was avoided using one

slow dry air current, i.e., CO2 (A). The sample surface was

observed by an optical microscope (M). The Peltier plates

permit efficient control over the temperature of the sam-

ples. Using one Pt-100 as a temperature sensor with a

resolution of 0.001 Ohm, the device enables to control

temperature changes as low as 0.01 K, being this a

Fig. 1 Left: non-conventional calorimeter in a cooper box. A Fixing

sample and reference device. B Acoustic sensor. C Sample. D Peltier

thermopile (i.e., MELCOR). E Temperature sensor (i.e., Pt-100).

Right: A a four liter Dewar. B Isolated disk. C Disks of rigid

plastic. D Calorimetric space. E Support permitting a cooling or

heating space

Fig. 2 Programmed working surface and outline of the programmed

calorimetric device
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significant experimental detail concerning the analysis of

the MT.

The Intrinsic Thermoelasticity

The intrinsic thermoelasticity (and pseudoelasticity) could

be observed using samples with bone shape, with a rect-

angular cross section, close to 1 mm2 and the observation

zone was near 2 mm with a thickness close to 0.5 mm.

Figures 3 and 4 show the martensite plate for several

temperatures on cooling and on heating. Figure 5 shows

the different slope [(qx/qT)r] of the interface position

against the temperature for the TT1 (air-quenched samples)

and for TT2 (water quenched).

It was shown that this phenomenon appears due to the

interaction of the martensite with the pre-existing dislo-

cations in the parent phase. Due to the different crystallo-

graphic structures between the phases, dislocations with

Burgers vectors having translation symmetry in the b phase

may lose their translation symmetry when absorbed by the

martensite. Consequently, every time one of these dislo-

cations is absorbed by the martensite, a stacking fault is

dragged by the growing plate. The plate becomes more

faulted needing further undercooling to grow. The same

phenomenon is observed in stress-induced transformation.

Figure 6 outlines the effect, at constant temperature: an

increasing stress is applied to force the martensite plate to

grow, i.e., a pseudoelastic effect. See Refs. [6, 32, 33] for

more details.

Considering the measurements, it was clearly estab-

lished that, for the widening of a martensite plate, a pro-

gressive cooling is strictly necessary and the reverse

process needs a ‘‘similar’’ increase of temperature. The

observations show ‘‘intrinsic’’ differences with the classical

phase equilibrium (i.e., constant temperature or stress),

which are mainly associated to the dislocation concentra-

tion. The existence of thermoelasticity [(qx/qT)r] in the

coexistence zone, where x indicates the interface position,

establishes the appearance of a related pseudoelasticity

[(qx/qr)T], being the classical Clausius–Clapeyron equa-

tion [(qr/qT)coex] the link between them.

The Standard Retransformations and the Second b Phase

The work with air-quenched single crystals (with low

dislocation concentration) can produce unexpected results.

In general, a retransformation recovers the original parent

phase in its original orientation: the complex structure of

transformed material with several variants of martensite is

the only compatible one with the original variant of parent

phase. However, one single variant of martensite is com-

patible with two crystals of the parent b phase which are

related by a rotation or/reflection due to the crystal rela-

tionship between the involved structures. Using particular

experimental conditions and a single plate of martensite,

the appearance of a second variant of the b phase was

possible. This is an extremely unlikely event [32]. In fact,

working with a single martensite plate in the center of an

Fig. 3 Thermoelasticity in Cu–Zn–Al, single crystal: interface displacements on cooling (c), respectively (c:1, c:2 and c:3, at 287.15, 285.29 and

285.15 K). In the screen, the sample length was near 1 mm

Fig. 4 Thermoelasticity: interface displacements related on heating (h), respectively (h:1, h:2, h:3), at 286.27, 286.35, and 286.49 K) one day

after air quench
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air-quenched sample (Fig. 7a), a progressive cooling can

induce that one side transforms completely into a unique

18R plate without the need of nucleation of additional

plates of the same variant. This is only possible if the

density of dislocations is extremely low. In this way, this

transformed area of the sample is not produced by the

coalescence of martensite plates of the same variant

(Fig. 7b). Later, heating can produce the nucleation of a

new variant (b(2)) of the parent phase as schematically

shown in Fig. 7c. It can be observed in this figure and also

in the experimental evidence shown in Fig. 8 that both

variants of the b phase differ in shape and orientation.

These two variants of the austenite are related by the

symmetry operation on the martensite (C2h crystallographic

group). The process implies a clear break-down of the

shape memory effect [34].

The noticeable output of this experiment is that the

behavior of the retransformation into the parent phase in a

MT can be strongly modified depending on the concen-

tration of dislocations. This anomalous result in the phase

retransformation could be detected using a single-interface

transformation which required a precise experimental

setup. At low dislocation concentration (i.e., air quenching

for Cu–Zn–Al with 1.48 e/a), it is possible for a single

martensite variant to retransform into a b(2) single crystal

differently oriented if compared with the original one

(b(1)). Both b variants are related by a symmetry operation

of the 18R martensite. The transformation in a large

domain of only one martensite variant using the movement

of a single interface was required for this result, which

clearly shows a break-down of the known shape memory

effect.

Two Martensite Phases in Cu–Al–Ni Alloy

Figure 9 shows a calorimetric output (i.e., the thermogram)

corresponding to cooling and heating for a polycrystalline

sample of Cu–Al–Ni with 6.1 mm of diameter and

0.25 mm in thickness using a device similar to the one

outlined in Fig. 1. The samples were thermally treated at

1173 K for 10 min and quenched in iced water. The

calorimetric signal visualizes a burst transformation, i.e.,

from a parent to hexagonal martensite 2H (c0) with an

intense acoustic emission. The transformation requires

(from Ms to Mf) near 35 K. The retransformation

(martensite to parent) shows a separation in two processes.

First, indicated by an arrow, one smoothed process as, for

instance, 18R (b
0
) to parent and, later, one from hexagonal

martensite to parent. The retransformation provides evi-

dence of the appearance of two processes, the first one with

thermoelastic character (see the arrow in the m ? p ther-

mogram) and later a burst retransformation. The retrans-

formation between As and Af requires near 40 K. The

measurements associated to microscopic observations of

the sample surface establishes the apparent ‘‘coexistence’’

of b, 2H, and 18R, i.e., parent and two martensites. In fact,

it was reported that a shell of parent phase is always present

between the martensites [35]. In the absence of applied

stresses, the 2H martensite is more stable with respect to

the 18R martensite [36]. However, a mixture of the 2H,

18R, and b phases can be observed because of the fol-

lowing two mainly reasons: (a) the large hysteresis of the

b-2H transformation (35–40 K) compared to the 18R-b
transformation (\ 10 K). Thus, on cooling the 18R can

Fig. 5 Outline of the interface position against the sample temper-

ature for air (TT1—a) and water quenching (TT2—b). The slope was

coherent with the dislocation concentration [5, 6]

Fig. 6 Pseudoelasticity in single crystal of CuZnAl after air quench. p parent phase, m martensite. Interface displacements associated with soft

hand-operated increasing stress (1 ? 2 ? 3) at constant temperature (observed length: near 1 mm)
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appear before the 2H phase. (b) The presence of disloca-

tions and grain boundaries in the material. It was shown

more recently [37] that the interaction of the twinned 2H

martensite with dislocations arrays makes the growth of the

right relationship between both twinned variants (necessary

to form an undistorted habit plane) difficult. This comes

from an energetic unbalance due to the different interaction

of each twin variant with a dislocation array. Therefore, it

becomes more difficult for the 2H martensite to form and to

grow. On the other hand, the 18R martensite is almost not

affected by the dislocations. Both reasons contribute to

inhibit the 2H martensite and to favor the appearance of the

18R martensite.

It is noticed here that in polycrystalline samples of Cu–

Al–Ni alloy, in spite of the greater stability of the 2H

martensite, progressive cooling induces transformation into

a mixture of parent (b), 18R(b0), and twinned hexagonal

2H(c0) martensites. This is mainly due to two reasons:

(a) the large hysteresis of the b-2H transformation

(35–40 K) compared to the 18R-b transformation

(\ 10 K). Thus, on heating the 18R appears before the 2H

phase. (b) The dislocations and grain boundaries present in

the material, in addition to the dislocations generated by

the hexagonal transformation, affect the relative stability

between both twinned variants of the 2H phase. In this

way, the formation and movement of an undistorted habit

plane between the c0 martensite and the parent phase is

more difficult. Then the formation of the 18R structure,

having a narrower hysteresis and a rather weaker interac-

tion with the dislocations, is possible.

Fig. 7 Appearance of a crystallographic parent phase two (b(2)).

a Initial state with a slice of martensite phase between the same

variant of parent phase. b Complete grow of the martensite in one side

of the sample. c Appearance of the second variant of parent phase

Fig. 8 Martensite phase 18R between two parent phases (i.e., b(1)

and b(2))

Fig. 9 Cooling (up) and heating (down) of a quenched sample of

CuAlNi. The calorimetric signal (in arbitrary units) shows a burst-

type transformation. The arrow indicates a ‘‘non-burst’’ or thermoe-

lastic retransformation. The transformation (from Ms to Mf) requires

near 35 K
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The Pseudoelastic Behavior of Cu–Al–Be Single

Crystals

In polycrystalline alloys, the effect of grain boundaries on

the martensitic transformation is quite strong leading to

microplasticity phenomena which usually affect pseudoe-

lasticity, since the amount of maximum reversible defor-

mation is reduced [38, 39]. Another significant difference

concerns the hysteresis in stress–strain curves, which is

strongly affected by the interaction between austenite–

martensite interfaces and grain boundaries [39]. The

interest on the mechanical behavior of Cu–Al–Be single

crystals comes from the presence of sequential martensitic

transformations which considerably increases the amount

of reversible deformations. From this point of view, this

system belongs to a group of alloys with nice and attractive

pseudoelastic properties. Examples of sequential stress-

induced transformations can be found in several systems.

Just as a few examples we can mention Cu–Zn–Al, Cu–Al–

Ni, Ni–Fe–Ga, and Ni–Mn–Ga [40–43].

In what follows a short summary of the mechanical

behavior of Cu–Al–Be single crystals will be presented

[44]. For selected compositions, the b-18R transformation

takes place either thermally or by applying a mechanical

stress. If the tensile orientation of the b axis is close to

[001]b, the 6R martensite forms after tensile stressing a

18R single crystal. This enables to get large recoverable

deformations, larger than 20%, making this system attrac-

tive for potential applications. Moreover, these alloys do

not show the same brittleness as the Cu–Al–Ni system,

although stabilization of martensite plays a more relevant

role in Cu–Al–Be alloys than in the Cu–Al–Ni ones.

It has been reported that critical stresses to transform as

well as martensitic transformation temperatures are affec-

ted by the state of order of the austenite, the concentration

of vacancies, and the stabilization of the martensite [45].

This requires that in order to separate contributions from

different parameters, the state of the material must be

defined precisely. It has been shown that quenching the

stable b structure from high temperature down to 373 K

and keeping the material 1 h at this temperature lead to a

concentration of vacancies close to the equilibrium one and

stable martensitic transformation temperatures [44]. At this

state, an interesting behavior is present if a Cu–Al–Be

single crystal with orientation of the axis close to [100]b is

tensile stressed. An example is shown in Fig. 10, where it

can be observed that three transitions can be observed. The

first one is the b-18R transition which leads to an 18R

single crystal. If these martensitic variant is further stres-

sed, the 18R structure gets distorted into a new phase

named 18R0 [44]. This behavior, rather anomalous in Cu-

based alloys, can be described as a stress-induced distortion

which leads to a small deformation, close to 1%. The

stress–strain curve does not show a plateau at this transi-

tion, showing instead an increase of stress which amounts a

value close to 50 MPa (see Fig. 10). A linear relationship

between the critical stress to obtain this distortion and the

test temperature was measured, in a wide temperature

range leading to variations of the critical stress to obtain

18R0 versus temperature equal to 0.42 MPa/K value. It can

be easily noticed that the critical stress to distort the 18R

structure increases with temperature an amount approxi-

mately 5 times smaller than the value reported for the b-

18R transformation (1.92 MPa/K). The entropy change

associated to this distortion is 50 times smaller than the

corresponding one to the b-18R transition, due to the dif-

ference in deformation amounts and the reported slopes for

both transitions (b-18R and 18R–18R0).
The hysteresis associated to the structural distortion is

noticeable small, which makes this transition rather similar

to the R phase formation in Ni–Ti alloys. Several inter-

esting features follow from the existence of the 18R–18R0

distortion: (a) the 6R martensite forms from the distorted

18R0 crystal instead from 18R like in the Cu–Zn–Al and

Cu–Al–Ni alloys. This has been studied in detail by De

Castro Bubani et al. in [46], (b) the hysteresis associated to

the b-18R transition increases for temperatures equal or

higher than the required one to distort the 18R structure,

(c) the critical stresses for the b-18R transformation do not

linearly depend on temperature as in most of the marten-

sitic transitions, and finally (d) the deformation associated

to the b-18R transition increases with temperature if this

one is higher than the required one to start the distortion of

18R [44]. This last point can be noticed in the curves

shown in Fig. 11. In this figure, stress–strain curves

obtained at different test temperatures are shown. In all

cases, the b-18R transformation is complete and it can be

Fig. 10 Stress–strain curves in Cu–Al–Be single crystal at 303 and

393 K. The curves visualize the b-18R transition. The 18R–18R0

structural distortion is observed in loading at 303 K. A partial 18R0–
6R transition is shown at 303 K
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noticed that deformation is larger at higher temperatures.

This behavior is clearly anomalous since the deformation

associated to a tensile stressed single crystal depends on the

orientation of the tensile axis and on composition. This can

be explained if we consider that the deformation of the

structural distortion increases the corresponding one to the

b-18R transition.

As the structural distortion does not have a stress pla-

teau, this effect becomes more visible as the temperature

increases in the temperature range where the 18R–18R0

takes place. As it is observed, the presence of the structural

distortion obtained by tensile stressing an 18R single

crystal modifies the pseudoelastic behavior of Cu–Al–Be

single crystals, leading to a mechanical behavior rather

different from the usual ones in other Cu-based shape

memory alloys. Till the moment only one similar distortion

was reported in Cu-based alloys, particularly in Cu–Al–Ni

single crystals, taking place in a 2H martensite [47]. This

phenomenon was explained by a change in the lattice

parameters of the basal plane. Considering that the basal

planes of the 18R in Cu–Al–Be alloys and of the 2H

martensite in Cu–Al–Ni is the same one, a similar model

was used to explain the distortion reported in Cu–Al–Be,

which was suitable to rationalize the obtained deformation

[44]. A detailed analysis of the 18R0–6R transition has been

reported elsewhere and will not be detailed here [46].

However, a few points will be commented in what follows.

An interesting property of this transition is the small and

negative dr18R-6R/dT slope of this transition (see Table 1).

The hysteresis of this transition is considerably larger than

the hysteresis found for the b-18R transition. This leads to

an additional interesting fact: if the retransformation from

6R martensite takes place at a stress smaller than the

corresponding one to the retransformation from 18R, the

hysteresis is controlled by the first transition, leading to

large hysteresis. This makes this transition an interesting

alternative for damping purposes.

We notice here that several SMA alloys show the

appearance of two consecutive phase transitions. In par-

ticular, the Cu–Al–Be single crystal permits a global strain

larger than 20% by the stress-induced transition first to 18R

and, later to 6R. This behavior is similar to the formation of

6R martensite in Cu–Al–Ni and Cu–Zn–Al single crystals.

However, tensile loading Cu–Al–Be single crystals with a

progressive stress at T equal or higher than rb-18R leads to

the appearance of a minor distortion, rather similar to the R

transition in Ni–Ti alloys. This 18R–18R0 distortion has a

corresponding small deformation (close to 1%) but alters

significant parameters of the martensitic transformations of

the system.

On the S-Shaped Cycles in Conventional Ni–Ti

Ni–Ti alloys are likely to be one of the most attractive

systems concerning applications of shape memory alloys.

One of the main reasons for this is their biocompatibility

[48–50]. However, non-medical applications are also

strongly expected [51]. Several of these applications might

use the damping associated to the martensitic transforma-

tion. Particularly large amounts of energy originated in

natural events could be dissipated using the pseudoelastic

effect of Ni–Ti alloys, and this is undoubtedly an attractive

possibility [52–54]. A practical and also relevant point is

that Ni–Ti alloys are provided by industrial manufacturers

accomplishing reproducible properties. Any new applica-

tion will surely profit from the availability of Ni–Ti alloys

in different shapes. An extended review on the shape

memory properties of these alloys is far from the scope of

the present study and in fact we will focus on a specific

mechanical behavior and its relationship with linear

defects. However, a few comments might be useful for the

reader before introducing a detailed result.

Fig. 11 Series of stress–strain curves showing the b-18R transition at

different temperatures (303–393 K). Deformation increases with

temperature due to the presence of the 18R–18R0 structural distortion

Table 1 Slopes of the linear relationships between critical transfor-

mation stresses and temperature, determined for each martensitic

transition in a Cu–Al–Be single crystal of composition Cu-11.4 wt%

Al-0.53 wt% Be (Cu-22.63 at.% Al, 3.15 at.% Be)

Martensitic transition dr/dT to start the transition in MPa/K

b-18R 0.42

18R–18R0 1.92

18R0–6R - 0.29
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The first aspect to be mentioned is the effect of com-

position on Ni–Ti shape memory properties. A nice dis-

cussion was presented several years ago by Saburi [55].

One of the main points addressed by this author is that Ni-

rich alloys ([ 50.5 at.%) show nicer pseudoelastic prop-

erties, while binary Ni–Ti alloys with Ni content smaller

than 50.5 at.% seem to show better shape memory

behavior and less favorable pseudoelastic properties [56].

However, it has been reported that both shape memory and

pseudoelasticity effects can be improved by hardening the

matrix of any of these compositions [57]. In fact if the

matrix is sufficiently hard, nice superelastic behavior is

found for Ni contents lower than 50.5 at.%, of course at

test temperatures higher than Af. An example of this has

been reported in [58] where the author shows reproducible

and large pseudoelastic behavior for a Ni content equal to

50.2 at.% if test temperature is high enough. One of the

main reasons to consider larger Ni contents as more

favorable for the presence of pseudoelasticity is the intro-

duction of coherent Ti3Ni4 precipitates. A large amount of

work has been devoted to increase the comprehension of

the effect of these precipitates on the martensitic trans-

formation [59, 60]. There is no doubt that the presence of

these precipitates is positive for the improvement of shape

memory properties and pseudoelasticity. Different reasons

have been considered for this, being two relevant ones:

(a) internal stresses introduced by these precipitates which

favor the transformation to R phase previous to the trans-

formation to B190 martensite and (b) the increase in matrix

hardness [60]. Once it was understood that a harder matrix

plays a significant role in favoring shape memory and

pseudoelastic properties, a large amount of work was

devoted to obtain a larger hardness using other methods

like the introduction of dislocations and the controlled

change of grain size. In fact excellent mechanical behavior

associated to pseudoelastic transformation has been

obtained for Ni–Ti alloys with Ni content equal or larger

than 50.7 at.%Ni and nanograins [61]. Straight annealing at

temperatures close to 773 K after cold work leads to a

density and distribution of dislocations extremely favorable

to obtain pseudoelastic behavior [62]. Finally, it should be

considered that different thermal treatments usually per-

formed and reported lead to the simultaneous action of

several factors, like precipitation, particular distribution of

dislocations, and nanograin size.

Another interesting matter to consider is the effect of

adding ternary elements or even quaternary ones to the Ni–

Ti binary system. However, if compared with systems we

have considered above, it should be taken into considera-

tion that addition of ternary elements in Cu-based alloys

has been unavoidable to get usable martensitic transfor-

mation temperatures. Just as an example, shape memory

properties are far better in Cu–Zn–Al and Cu–Al–Ni alloys

if compared with binary Cu–Zn and Cu–Al alloys. On one

hand, the addition of ternary components enables the

selection of martensitic transformation temperatures in a

temperature range which enhances potential applications

[63]. On the other hand, the addition of ternary components

has specific positive effects which are not only the varia-

tion of Ms. An example of this can found in Cu–Al–Ni

alloys where the addition of Ni has a slighter effect of Ms if

compared with Al, but avoids diffusion in the alloy pre-

venting in this way precipitation of equilibrium phases

[63]. A different situation arises if Ni–Ti alloys are con-

sidered, where critical transformation temperatures for a

large amount of different purposes can be easily obtained

controlling the amount of Ni in the binary system. In fact a

detailed analysis of the effect of composition on Ms has

been reported by Frenzel et al. [64], where Ms varies from

340 K down to 210 K in the composition range from

approximately 50.0 at.% Ni up to 51.2 at.% Ni. In spite of

this, the effect of adding ternary elements has been largely

analyzed leading to interesting results [55]. Just to mention

a few examples reported by Saburi in this reference, Ms

decreases if Ti atoms are substituted by V, Cr, Mn, and Al.

The addition of Co and Fe atoms replacing Ni atoms also

leads to a decrease of Ms. Ms might also increase, which

has been verified by the addition of Au and Pd. The

addition of Zr or Hf also increases Ms [64]. One of the

interesting consequences of adding a ternary element is the

different effect of the addition on each of martensitic

transformations taking place, i.e., formation of martensite

B190 and the R phase transition. A particular and attractive

result has been reported for Ti–Ni–Cu alloys, since adding

Cu not only decreases Ms corresponding to the monoclinic

B190 martensite, but also shows a decrease in thermal

hysteresis and the transition from the B2 austenite into an

orthorhombic B19 structure if Cu content is larger than

approximately 7.5 at.%, which has a hysteresis smaller

than the corresponding one to form B190 from B2 [65, 66].

A smaller hysteresis reported in Ti–Ni–Cu alloys than the

present one in binary alloys leads to consider these alloys

suitable for shape memory actuators. A nice and detailed

analysis of the effect of ternary elements on Ms and other

properties is presented in [64].

In what follows, a specific result will be analyzed in the

frame of the present study where the interaction between

linear defects and the pseudoelastic behavior is visible. The

Ni–Ti alloy was provided by SAES Getters (Milan, Italy)

via a subsidiary company Memry Corp. (Bethel CT, USA)

and was previously provided by Special Metals Corp. (New

Hartford, New York, USA). The surface of the samples

was finished with a light (gray) oxide surface (for the 2.46-

mm-diameter A wires) or with black oxide (for the 0.5-

mm-diameter B wires). The nominal As temperatures for

the A and B wires were similar at 248/247 and 243 K,
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respectively. The furnisher indicated that the nominal wire

composition was 50.9 at.% Ni for wires A and B.

In this case, the experiment consists in performing about

one hundred of stress–strain cycles at 0.01 Hz, in wires of

Ni–Ti of 2.46 mm of diameter with a maximal deformation

of eight per cent (Fig. 13). After the cycles, a permanent

deformation (SMA ‘‘creep’’) of 2% is observed. In addi-

tion, the morphology of the stress–strain curve changes

after cycling. While a nice plateau is observed for cycle 1

(transformation stress close to 600 MPa), transformation

stresses decrease during cycling, being the stress reduction

dependent on the amount of transformation. Thus, the

transformation curve shows an S-shaped cycle. The

reduction of the transformation stress increases for larger

amounts of transformation. Conversely, the variations of

retransformation stresses do not significantly change.

Keeping damper applications in mind, it can be

emphasized that although the hysteresis cycles are mark-

edly reduced during the first cycles, the shape of the cycles

(and the total hysteresis area) becomes more and more

stable after a few tenth of cycles. Then a nearly asymptotic

behavior is achieved. In this final state, the hysteresis and

the energy dissipation capacity are still important for many

applications.

It should be also remarked that ambient temperature

changes will also affect the transformation. The Clausius–

Clapeyron coefficient establishes a displacement of the

base-line position of 6.3 MP/K. Temperatures as 253 K

(i.e., - 20 �C) (see the horizontal line near the 250 MPa in

Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12) modifies the hysteretic

cycle but the working cycles permit a lesser, but still rel-

evant, damping effect. Working at 253 K (- 20 �C), the

hysteresis cycle was approximately reduced to the upper

‘‘half’’ and appropriately modified. The S-shaped can be

improved using strain aging at 373 K. The effect of strain

and temperature (373 K) increases the maximal stress up to

1000 MPa [8].

The diameter of the wires has also an important effect

on the shape of the stress strain curves. For example, a wire

of 0.5 mm of diameter shows a flat behavior. The evolution

after 100 cycles with a maximal strain of 8% produces a

different behavior as compared to the just mentioned wire

of 2.46 mm of diameter. Figure 13 includes cycles 1 and

100 in similar conditions as in Fig. 12. The SMA creep is

similar but the hysteresis cycles remain flat although the

transformations stress decreases practically to half of the

initial value. The change of shape induces completely

different behavior if variations of ambient temperature are

considered. At low room temperature (as 253 K), the thin

wire remains practically in martensite. For thinner wire at

273 K, the material cannot retransform and, for cycles at

Fig. 12 Ni–Ti stress–strain cycles with a strain up to 8%. 1: The first

cycle shows a nearly constant transformation stress and, after cycling,

appears a SMA creep near 2% and a change of the shape to S-shaped

cycles. 2: Differences between the cycle 1 and the cycle 100. The

level at 253 K relates the position of the base line for an external

temperature of - 20 �C

Fig. 13 NiTi thin wire with a diameter of 0.5 mm. A, B, …, D, base-

line position, respectively, for 0 �C, - 20 �C, …,- 60 �C
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temperatures as low as - 40 �C the wire transforms and,

later, remains always in martensite.

Microstructural changes after cycling were analyzed by

transmission electron microscopy by Condó et al. [67].

These authors reported a high density of dislocations and

concluded that most likely the reduction of critical trans-

formation stresses are related to the energy spent in cre-

ating those dislocations, which in turn have a favorable

interaction with the martensite in the subsequent cycles. In

addition, it is expected that a low ratio between grain size

and specimen diameter would need a higher degree of

plastic deformation for the shape change accommodation.

Hence, dislocations with many Burgers vectors would be

created particularly at higher strains. These dislocations

would compete with the previous ones, now producing a

gradually increase of the transformations stresses as the

strain increases. The mechanisms of this latter effect would

be the same as those mentioned in the previous paragraph

for Cu-based alloys. Both are expected to take place from

B2 to the B190 twinned martensite in Ni–Ti.

The main outputs are mentioned in what follows. During

pseudoelastic cycling, thick wires (2.46 mm of diameter)

show a markedly decrease of intermediates transformation

stresses, depending on the amount of strain. Permanent

deformation (martensite ‘‘creep’’) of about 2% remains in

the material. After a few tenth of cycles, a stable behavior

is achieved with an S-shaped stress–strain cycles. On the

other hand, a thinner wire (0.5 mm diameter) shows a

different behavior; the stresses to transform decrease on

cycling but the curves remain rather flat. A creation of a

high density of favorable dislocations explains the strong

reduction in the transformation stresses. In thicker wires, a

higher degree of plastic deformation is expected for the

grain accommodation according to the shape change

imposed by the martensitic transformation. These disloca-

tions, competing with the previous ones, would produce a

gradually increase of the transformation stresses as the

strain increases. The mechanisms would be the same as

those mentioned in the previous paragraph 2.1.2 and 2.2 for

Cu-based alloys. Both are expected to take place from the

B2 parent phase to the B190 twinned martensite in Ni–Ti.

The S-shape provides a wanted behavior for some appli-

cations (e.g., dampers) when working in cool winters in

comparison with thin wires. The latter easily remain in

martensite (when working below & 254 K) reducing or

impeding a convenient performance.

Conclusions

The study of the MT suggests a complex behavior in

comparison with classical equilibrium phase transition, i.e.,

performed at constant intensive thermodynamic variables.

The thermoelasticity/pseudoelasticity establishes that the

transformation requires progressive cooling or increased

stress. Dislocations play the main role in order to explain

the origin of intrinsic thermoelasticity. At low dislocation

concentration, and using a single-interface transformation,

a second b phase crystal can be formed during retransfor-

mation from martensite, breaking in this way the shape

memory effect.

Interaction between dislocations and martensitic transi-

tions where two martensites are formed (b0 and c0) can

explain the change in metastable phase diagrams where the

relative phase stability is modified enhancing the formation

of b0.
The mechanical behavior of b single crystals of Cu–Al–

Be alloys shows a particular behavior if compared with

other Cu-based alloys. The stress-induced 18R phase gets

structurally distorted while being further loaded, this new

phase being the one which transforms into 6R martensite.

Strong differences can be found in the mechanical

evolution after pseudoelastic cycling if Ni–Ti wires with

different diameters are used. After cycling, the thick wires

show an ‘‘S-shaped’’ hysteretic cycle. The transformation

requires progressive stress up to 600 MPa. The S-shaped

cycles are of practical interest for working under the

external winter temperatures. The samples can transform at

reduced working temperature in comparison with thinner

wires that, at similar temperatures, remain in martensite. A

high density of dislocations was reported to explain this

strong evolution in the mechanical behavior.
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