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Abstract This article describes the evolution of structural

and functional properties of Ti–Ni SMA as a result of

thermomechanical processing combining cold/warm

deformation ranging from moderate to severe and post-

deformation annealing at different temperatures. This study

results in the development of an original thermomechanical

processing route capable of producing truly nanocrystalline

Ti–Ni SMA with grain size ranging from 40 to 80 nm.

These structures are mainly a result of crystallization at

moderate temperatures of the alloys subjected to severe

‘‘amorphizing’’ cold rolling. A clear demonstration is made

that the nanocrystalline structures are the most favorable

structures, compared to their recrystallized and polygo-

nized counterparts, for the practical application of Ti–Ni

alloys from the viewpoint of their static and dynamic

functional characteristics. Despite the fact that these results

were obtained on relatively small-sized samples

(0.2…0.7 mm thick, 3…5 mm wide cold/warm-rolled

ribbons), they bring a clear understanding of the underlying

processing-structure-properties interrelations, and, there-

fore, pave the way for the oncoming production of large-

size nanocrystalline Ti–Ni SMA with a radically improved

combination of functional characteristics.

Keywords Ti–Ni shape memory alloys � Nanostructures �
Thermomechanical processing � Functional properties

Introduction

Ti–Ni-based shape memory alloys (SMA) are among the

most important functional materials extensively used in

medical and other special-purpose technical fields [1–6],

and, therefore, the control and the improvement of their

functional properties are of continuing interest.

The main functional properties of SMA are highly

structure-sensitive and can be listed as follows: recovery

strain, shape recovery rate, recovery stress, shape recovery

temperature range, ‘‘transformation’’, ‘‘reorientation’’ and

‘‘dislocation’’ (true) yield stresses. Conventional thermo-

mechanical treatment (TMT) has made it possible to sig-

nificantly improve shape memory and superelasticity

stress–strain characteristics of Ti–Ni alloys while offering

an effective control of their shape recovery temperature

range [1, 7–21]. This TMT combines cold-, warm- or hot-

deformation of a moderate intensity (accumulated strains

ranging from 20 to 40 %) with a certain post-deformation

annealing (PDA), with the objective of creating in these

alloys a polygonized dislocation substructure (subgrain size

ranging from 0.1 to 1 lm and grain size, from 5 to 50 lm)

[1, 22]. However, by the early 2000s, nearly all the

resources offered by conventional TMT technology had

been exploited.

A promising opening for the further improvement of

SMA functional properties was identified in using severe

plastic deformation (SPD) techniques to produce ultrafine

grained, i.e., nanocrystalline (NC, grain size below

100 nm) or submicrocrystalline (SMC, grain size from 100

to 1000 nm) structures [23, 24]. The main structural ele-

ments of these ultrafine materials are surrounded by high-

angle boundaries, and therefore belong to the category of

true grains (crystallites), as distinct from subgrains in

polygonized dislocation substructures surrounded by low-
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angle boundaries. (Note that the first application of SPD

technologies to form NC structures in Ti–Ni SMA was

reported since as early as 1983 [25–28].

Starting from these seminal publications, a series of

works has been dedicated to the determination of the

thermomechanical conditions under which the NC struc-

ture appears, transforms, and disappears in Ti–Ni-based

SMA. Electron microscopy studies of the near-equiatomic

Ti–Ni alloys subjected to high-pressure torsion [8, 11, 26,

29–33], cold rolling [25, 28, 34–36], and compression [34]

SPD techniques revealed that the NC structure formation

starts at a certain deformation intensity (true strain of about

e = 0.5). When the applied deformation strain increases

above this level, the NC formation progresses, accompa-

nied by gradual structure amorphization.

The potential for the amorphous structure to be formed

by SPD depends on the relative positions of the deforma-

tion temperature and the temperature range of martensitic

transformation: it is strongest when the deformation tem-

perature is below Mf (initial stable martensite), intermedi-

ate when the deformation temperature lies somewhat above

Ms (initial metastable austenite in a premartensitic state),

and weakest when the deformation temperature is far above

Ms (initial thermally stable austenite). The increase of the

initial lattice imperfectness and the resistance to plastic

deformation by lattice mechanisms with decreasing defor-

mation temperature plays an important role in this depen-

dence [31].

When the amorphized structure is subjected to PDA in

the 150–400 �C temperature range, it crystallizes into the

NC structure [8, 11, 29, 37–39]. When the PDA tempera-

ture increases, the grains of the NC structure, formed as a

result of either deformation or crystallization, coarsen [8,

11, 29, 37, 38, 40].

High-pressure torsion (HPT) experiments demonstrate

the following regularities of structure formation as a

function of thermomechanical deformation conditions

[31]. Raising the deformation temperature to the austenite

temperature range suppresses amorphization because of

the following reasons: at higher temperatures, the resis-

tance to plastic deformation decreases, the interval

between the deformation and the Ms temperatures

becomes greater, and the lattice diffusion takes place. The

highest deformation temperature for the partial amor-

phization of Ti–Ni with the highest Ms temperature lies at

about 300 �C, the lower the Ms of this alloy, the lower

this temperature. Thus, the rise of deformation tempera-

ture promotes direct nanocrystalline structure formation

up to a certain temperature threshold, above which the

grain size evolves from nano-metric (\100 nm) to sub-

micrometric (100 nm to 1 lm) range. This limiting tem-

perature is about 300–350 �C for non-aging equiatomic

Ti–Ni alloys, and somewhat above 400 �C for aging

hyper-equiatomic Ti–Ni alloys. In the last case, precipi-

tated particles delay grain growth.

Note also that applying a very popular equal channel

angular pressing (ECAP) SPD technique to form true NC

structures in Ti–Ni SMA was not successful: ECAP even at

the lowest possible temperature of 350 �C only resulted in

the formation of SMC structures [41]. The results of the

HPT experiment and comparison of the HPT and ECAP

processes make it clear that to obtain the true nanocrys-

talline structure at such high temperatures, it would be

necessary to provide continuous SPD process and eliminate

inter-pass gaps and annealing, the latter being actually an

integral parts of a ECAP schedule.

The practical significance of all of this accumulated

knowledge has become clearer after a series of publications

that showed a significant improvement of a whole combi-

nation of the Ti–Ni SMA functional properties due to the

NC structure formation as a result of CR ? PDA procedure

[42–44]. Starting from that point, extensive studies of the

thermomechanical conditions for nanostructure formation

in products suitable for practical applications have been

realized. The results of these works are generalized and

discussed in this paper. The results of studies of nanos-

tructures formation and evolution under conditions of cord

drawing and PDA are in line with those for CR ? PDA,

and therefore they are not specifically described in this

review. For their details, see [45, 46].

Methodology and Selected Results

A set of systematic studies was carried out on Ti–Ni alloys

with Ni content varying from 50 to 50.7 at.%. The wire

specimens were annealed at 700–800 �C (recrystallization

annealing) and water-cooled. Next, they were cold rolled at

room temperature with moderate (logarithmic thickness

reduction of e = 0.25–0.5), intermediate (e = 0.7–1.0),

and severe (e = 1.12–2.11) levels of deformation intensity,

annealed in the 200–700 �C (1 h) temperature range and

water-cooled.

Structure and Microhardness of Ti–Ni Alloys

as Functions of CR Intensity

Since any TMT schedule combines two main stages, CR

and PDA, the changes in the material structure during

deformation are of primary interest, as these very changes

are responsible for the structural and chemical conditions

that lead to the creation of nanostructures in the course of

post-deformation annealing.

X-ray diffraction analysis allows an integral estimation of

the structure, substructure, and phase composition. Five

X-ray lines of the monoclinic B190-martensite can be
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distinguished in the diffractogram of the quenched alloy

(Fig. 1) [36]. A small (up to 5 %) amount of the retained

B2-austenite is also present. The conventional CR defor-

mation (e = 0.25) leads to a considerable broadening of the

martensite X-ray diffraction lines due to an increase in the

dislocation density and the appearance of a crystallographic

texture, the latter resulting in a substantial growth of the

relative intensity of the (111)B190 and (110)B190 lines.

Although the amount of martensite decreases with increas-

ing CR strain, after the largest strain of e = 2.11, a suffi-

ciently large amount of martensite remains. This can also be

observed from the retained distinct ‘‘shoulder’’ formed by

the superposed broadened lines (110)B190 and (002)B190 on

the left side of the common broadened peak (see Fig. 1).

When the deformed alloys are heated in a DSC chamber

after conventional CR (e = 0.25), only one endothermic

peak is observed, which corresponds to the reverse

B190 ? B2 transformation (Fig. 2a). The peak temperature

is considerably higher than the peak temperature of the

quenched alloy (75 �C), which is the result of the stabi-

lization of the plastically deformed martensite [36]. Upon

heating after the e = 0.5 strain, two peaks are detected: the

first, located near 160 �C, is endothermic and is weaker and

wider than it is after e = 0.25, whereas the second peak

(about 350 �C) is also wider and weaker, than it is after

e = 0.25, but it is exothermic. The first peak apparently

corresponds to the reverse martensite transformation, while

the second peak is due to crystallization of the amorphous

phase and nano-sized grain growth [47]. Note that when

sufficiently high amorphous phase fraction forms

(e C 0.72) as a result of the initial CR, an extended

exothermic effect adjoining the crystallization/grain

growth peak from the lower temperatures is observable

(Fig. 2a). This effect can be attributed to structure relax-

ation processes in the amorphous phase (see [48] for

details). With a further increase of CR strain (e = 1.12),

the first peak becomes weaker and wider even more, and it

is shifted toward higher temperatures, which is an indica-

tion of increasing martensite stabilization, while the second

peak grows, narrows, and gradually shifts toward the

higher temperatures.

When CR strain exceeds e = 1.12, the first peak

becomes so weak and broadened that it is almost unno-

ticeable. When strain increases even more, the critical

temperature (the start temperature of the exothermic heat

effect) continues its shift upward, and the peak itself

becomes narrower. A quantitative estimation of the quan-

tity of the amorphous phase was performed by comparing

the magnitudes of the crystallization thermal effect

between the severely deformed and the completely amor-

phous, melt-quenched, Ti–Ni alloys [36]. It should be

noted that the aforementioned exothermic effect is caused

not only by the nanocrystallization of the amorphous phase,

but also by grain growth in the range of sizes in which the

reduction of the grain boundaries area results in a signifi-

cant heat release (from\10 to 100 nm) [47].

To estimate the amount of the amorphous phase, it was

assumed that the relative contribution of the two con-

comitant processes (crystallization and grain growth) to the

total thermal effect is identical for the mixed

Fig. 1 Variation of X-ray

diffraction patterns of the Ti-

50.26 Ni alloy with increasing

CR strain after quenching

(e = 0) (adapted from [36])
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amorphous ? crystalline and for the completely amor-

phous structures. The dependence of the amount of the

amorphous phase on the initial deformation constructed

under this assumption is plotted in Fig. 2b. It follows that

an increase in CR strain from e = 0.50–2.1 leads to a

proportional increase in the amount of the amorphous

phase from approximately 5 to 30–35 %.

Figure 3 displays the variation of the Vickers micro-

hardness HV of Ti-50.0, Ti-50.26 (both initially martensitic),

and Ti-50.6 % Ni (initially mainly austenitic) alloys when

deformation strain increases. It is evident that the laws

governing the changes in microhardness of these alloys are

very close and that they practically reproduce the changes in

the width of the X-ray diffraction lines. The insets in Fig. 3

show characteristic electron microscopic images and

diffraction patterns of the Ti-50.0 % Ni alloy obtained after

conventional deformation (e = 0.3, a well-developed dis-

location substructure of martensite and austenite), severe

deformation (e = 1.9, a mixture of nanocrystalline and

amorphous structures), and intermediate deformation

(e = 0.88, a mixture of all three structures) [42]. The SAED

patterns in the last two cases represent halo rings with

superposed reflections from their crystalline phases.

Structure, Mechanical, and Functional Properties

as Functions of PDA Temperature

Nanocrystalline Structure Formation

Cold rolling (CR) under severe plastic deformation con-

ditions (e = 1.7–1.9) creates a mixed amorphous–

nanocrystalline austenite structure shown in Fig. 4a and b

for Ti-50.0 Ni and Ti-50.7 Ni alloys. Upon PDA up to

400 �C, the amorphous matrix crystallizes into a

nanocrystalline austenite structure (Fig. 4c–e). The corre-

sponding SAED pattern represents the diffraction rings

formed by the reflections of chaotically oriented nano-

grains. Further increase of PDA temperature results in a

gradual growth of austenite nanograins (pure B2-austenite

Fig. 2 DSC heating curves of the Ti-50.26 % Ni alloy (a) and amount of amorphous phase in Ti-Ni alloys estimated from the relative value of

the thermal effect of crystallization and grain growth (b) after different CR strains (adapted from [36])

Fig. 3 Variation of the microhardness of Ti–Ni alloys with CR strain

increase and transition from the developed dislocation substructure to

a mixture of nanocrystalline and amorphous structures. The insets

show the electron microscopic images of the structures and the

electron diffraction patterns for Ti-50.0 % Ni alloy (adapted from

[36])
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in Ti-50.7 Ni and Ti-50.26 Ni, and B2-austenite ? B190-
martensite in Ti-50.0 % Ni), which are free of high dislo-

cation density (Fig. 4c–e). As a result of the further

increase in PDA temperature, austenite nanograins formed

as a result of deformation and crystallization grow, and the

structure gradually transforms from NC to SMC.

Figure 4 shows that grains in Ti-50.7 Ni alloy grow

much slower than grains in Ti-50.0 Ni alloy. This phe-

nomenon is caused by the blocking effect of fine Ti3Ni4
particles on the migration of dislocations, sub-boundaries

and grain boundaries in the austenite structure of the

nickel-rich alloy. It is known that the temperature range

in which intensive precipitation of the Ti3Ni4 phase

occurs in the quenched alloy ranges from 400 to 600 �C
[1, 3]. Strain hardening accelerates the precipitation

process. Note that for both Ti-50.0 and Ti-50.7 Ni alloys,

the grains of the nanocrystalline structure are much finer

than the subgrains of the polygonized substructure

resulted from conventional CR ? PDA processing [43,

49].

Phase Transformation, Crystallization, and Grain Growth-

Related Heat Effects

It can be observed from Fig. 5 that for severely cold-rolled

Ti-50.26 Ni alloy samples (e = 1 and 1.72), up to

annealing at 250 �C, the higher the PDA temperature, the

higher the exothermic heat flow [50]. When PDA temper-

ature exceeds 325 �C, heat flow changes sign from positive

(exothermic) to negative (endothermic), while it is always

decreasing and endothermic for the moderately cold-rolled

samples (Fig. 5). The phenomenon of the initial increase in

heat flow can be explained by the strongly heterogeneous

structures of the cold-rolled and annealed samples and the

resulting from that two coinciding transformations:

(a) crystallization of the amorphous phase, and (b) growth

of the existing nanocrystals [47].

Furthermore, in severely cold-rolled alloys with mixed

amorphous-nanocrystalline structure, the dominant pro-

cesses during annealing at relatively low temperatures are

nucleation (i.e., nanocrystallization of amorphous phase) and

Fig. 4 Grain size of severely deformed Ti-50.0 Ni (circle), Ti-50.26

Ni (filled circle), and Ti-50.7 Ni (triangle) alloys as a function of the

PDA temperature; TEM images and SAED of corresponding

structures before PDA: a Ti-50.0 Ni (e = 1.9) and b Ti-50.7 Ni

(e = 1.7); after PDA: c Ti-50.0 Ni (e = 1.9 ? 400 �C), d Ti-50.26

Ni (e = 1.9 ? 400 �C), e Ti-50.7 Ni (e = 1.7 ? 400 �C)
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grain growth. In moderately cold-rolled alloys, the dominant

processes are stress relaxation and recovery, followed by

polygonization and recrystallization of B2-phase. The dif-

ference help explain why, for severely cold-rolled alloys

(e = 1 and 1.72), after annealing at temperatures under

325 �C, exothermic heat flow related to nucleation and grain

growth is observed, whereas after annealing at higher tem-

peratures (and at any temperature, for moderately CR alloys,

e = 0.3), endothermic heat flow due to reverse martensitic

transformation is measured [50]. Note also that the well-

developed dislocation substructure contains more obstacles

for martensitic transformation than the structure crystallized

from its amorphous precursor (severe CR ? PDA process-

ing). This nanocrystalline structure is almost exempt of

dislocations, which is illustrated by its much narrower DSC

peaks compared to its polygonized counterpart (see the DSC

inserts in Fig. 5). Note that the thermomechanical treatment

which creates a well-developed dislocation substructure,

including a polygonized/nanosubgrained substructure, or

nanocrystalline structure, while suppressing the B190-
martensite formation, facilitates formation of intermediate

R-phase on cooling [1, 8, 42, 51].

Microhardness Evolution and Inverse Hall–Petch Effect

Observe that the evolutions of microhardness as a function

of the deformation strain and PDA temperature (Fig. 6) are

almost identical to those of latent heat (Fig. 5): an increase

in annealing temperature after e = 0.3 leads to continuous

material softening, whereas for severely cold-rolled alloys

(e = 1 and 1.72), an increase in annealing temperature up

to 250–300 �C leads to a significant increase in micro-

hardness, followed by its drastic decrease, when this tem-

peratures range is exceeded (Fig. 6a) [50]. This means that

both the HV(TPDA) and DH(TPDA) behaviors are related to

the same changes in the material microstructure.

The mechanical properties of metallic alloys are

dependent upon all of the structural parameters, such as

grain and subgrain size, phases in presence, lattice defects,

precipitates, impurities, etc. Grain size alone thus cannot be

considered as the only parameter governing the mechanical

properties of metallic alloys, and this is especially true for

Ti–Ni shape memory alloys undergoing thermoelastic

martensitic phase transformations. On the other hand, the

B190-martensite formation on cooling (but not under stress)

Fig. 5 Heat flow after CR (0.3,

1.0, and 1.72) and annealing at

100–700 �C (1 h) of Ti-50.26

Ni alloy
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is suppressed in Ti–Ni when the grain size is less than

30–50 nm [8], and thus the grain size can be the major

structural parameter to consider after severe plastic defor-

mation and PDA below 450 �C [47].

In Fig. 6b, the HV(TPDA) plot obtained for Ti-50.26 Ni

(e = 1.72) is superposed on the d(TPDA) plot for Ti-50.26

Ni (e = 1.72) and Ti-50.0 Ni (e = 1.9), and a combined

HV(d) graph is plotted in Fig. 6c. Note that the grain size

measurements were performed by TEM for TPDA -

C 250 �C [36, 49]. Since the structure of the severely

cold-worked alloy is a mixed nanocrystalline and amor-

phous structure, it is reasonable to suppose that the size of

a representative structural parameter varies in the trian-

gular grey-shaded zone shown on Fig. 6a and b. This

zone is upper-bound by a line representing an

extrapolation of the grain size for TPDA = 250 �C
(12.5 nm) to TPDA = 0 �C (dmin = 5 nm) [52], and it is

lower-bound by a line representing an extrapolation of all

the measured d-TPDA data at TPDA[ 250 �C to

TPDA = 0 �C (d0 = 1.65 nm—the minimum crystal size

when almost all of its atoms are located on its surface)

calculated in accordance with [52].

Thus, an abnormal Hall–Petch relationship is observed

in Ti–Ni shape memory alloy with nanocrystalline struc-

ture obtained by SPD and PDA, and the critical grain size

for the normal-abnormal Hall–Petch relationship transition

is around 10 nm (Fig. 6c). The best correlation with the

experimental data [50] was observed using the model of

material softening based on the influence of interface

regions [53, 54] (Fig. 6c).

Fig. 6 Comparison of HV and grain size evolutions: a HV evolution

as a function of the CR intensity and PDA temperature for Ti-50.26

Ni alloy; b HV and grain size as functions of the PDA temperature

after severe CR (circle—Ti-50.26 Ni, e = 1.72, filled circle—Ti-50.0

Ni, e = 1.9) [36, 46]; NC nanocrystalline, SMC submicrocrystalline,

CG coarse-grained; c combined ‘‘HV-d’’ graph for d0 = 1.65 and

dmin = 5 nm
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Critical Stresses (UTS, YS, Transformation stress)

as Functions of Grain Size

For Ti-50.26 Ni alloy annealed at 400 �C (1 h), the

ultimate tensile strength (UTS), ‘‘dislocation’’ yield stress

(YS) and ‘‘transformation’’ yield stress (critical stress for

martensitic transformation, rtr) are plotted in Fig. 7 as

functions of the logarithmic thickness reduction and grain

size. Note that in this figure, d* corresponds to the size

of grains with no distinction as to their origin: mainly

crystallized from amorphous phase (e C 1.2), grown from

existing nanograins (0.7\ e\ 1.2), or polygonized from

the initially deformed grains (e\ 0.7). It can be observed

that the smaller the grain size, the greater the value of all

critical stresses, but the greatest difference between the

plastic deformation and the phase transformation onset

stresses corresponds to the grain size of approximately

100 nm, i.e., to the alloy with nanocrystalline structure.

This structure demonstrates therefore the highest potential

for the complete realization of the crystallographic

resource of recovery strain, since an increase in the YS-

rtr window delays the appearance of unrecoverable

strains.

Static Versus Fatigue Functional Properties

It was found that recovery strain in Ti–Ni alloys after

moderate CR (e = 0.3) followed by PDA is much higher

than after recrystallization annealing [43, 51]. When the

CR strain increases, for example, from 0.3 to 1.9, the

completely recoverable strain shows even higher

improvement. For example, changing the structure of Ti-

50.0 Ni alloy from a polygonized dislocation substructure,

CR (0.3) ? PDA (350 �C), to a nanocrystalline, CR

(1.9) ? PDA (400 �C), results in a more than 20 %

increase of recoverable strain: from 6.5 to 8 % (Fig. 8a).

The maximum recovery stress is also strongly structure-

dependent. Increasing the CR strain from 0.3 to 1.9 results

in a more than 30 % increase of recovery stress: from 920

to 1420 MPa (Fig. 8b). A nanosubgrained polygonized

substructure, CR (0.3) ? PDA (300 �C), provides recov-

erable strains almost as high as those of NC structure, but it

does not improve recovery stress characteristics (Fig. 8a).

Thus, the realization of the highest combination of

functional properties (completely recoverable strain and

constrained recovery stress) is explained by the peculiari-

ties of the nanocrystalline structure that forms during

moderate-temperature annealing after severe plastic

deformation [43, 51, 55]. First, the increase of the ‘‘dislo-

cation’’ yield stress (YS) caused by nanocrystalline struc-

ture (40–80 nm) prevents plastic deformation during shape

memory effect-inducing deformation [56]. Moreover, NC

does not contain a developed dislocation substructure,

contrary to a polygonized substructure, which promotes

realization of the phase transformation-based deformation

mechanisms in respect to the common slip plastic defor-

mation mechanisms. PDA at higher temperatures leads to

grain growth that softens austenite and alters the alloys

functional properties.

As seen from [8], the cooling-induced B190-martensite

formation in Ti–Ni is suppressed when the grain size is less

than 30–50 nm, CR (1.9) ? PDA (350 �C), which is why

in this case, despite very high recovery stresses, completely

recoverable strains are significantly smaller than after PDA

at 400 �C. In the case of the moderate plastic strain, CR

(0.3) ? PDA (\300 �C), both the completely recoverable

strain and the maximum recovery stress decrease. This

decrease is due to a partial suppression of martensitic

transformation, but here it is mostly a consequence of the

high dislocation density preserved by low-temperature

annealing [41, 42]. Further decrease in PDA temperature

leads to the formation of much smaller grains and preser-

vation of the amorphous structure, with dramatically

smaller recovery strains and stresses. Thus, the best com-

bination of the functional properties of Ti–Ni alloys, i.e.,

the maxima of both completely recoverable strains and

recovery stresses, are obtained after severe plastic defor-

mation followed by PDA at 400 �C, which creates a

nanocrystalline austenite structure with grain size in the

40–80 nm range.

However, achieving only high ‘‘static’’ functional

properties is not enough since industrial applications

require not only a high level of the recovery stress–strain

characteristics, but also their stability and longevity during

multiple operations [57]. In Fig. 9, the recovery stresses

Fig. 7 Ultimate tensile strength (UTS), ‘‘dislocation’’ yield stress

(YS) and transformation yield stress (rtr) as functions of the CR

intensity and grain size (d*) for Ti-50.26 % Ni alloy (PDA at 400 �C,

1 h)
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measured for the 1st and the 500th cycle of recovery stress

generation/relaxation repetitive testing is plotted as a

function of CR strain (PDA at 400 �C, 1 h). In the same

figure, the number of cycles to failure is also plotted as a

function of the same parameter. It can be observed that the

greater the CR strain for the same PDA, the smaller the

grain size, and the higher the recovery stress and its sta-

bility during testing. However, these high values are

obtained at the cost of a shorter fatigue life. If the goal is to

maximize the number of thermomechanical cycles, then

plastic deformation of a moderate intensity should be

applied, which will evidently entail lower levels of func-

tional performances (smaller recovery strain/stress char-

acteristics and less cyclic stability). An analogous

conclusion follows from functional fatigue measurements

under other testing modes: free-stress shape recovery, the

assisted two-way shape memory effect and isothermal

superelastic cycling [58, 59].

Two factors, or rather their combination, could explain

the negative impact of higher CR intensity on the Ti–Ni

alloy fatigue life: (a) processing-induced defects, such as

microcracks observed on the edges of severely cold-rolled

strips [59, 61], and (b) smaller resistance to the fatigue

cracks propagation inherent to some ultrafine-grained

materials [61].

The simplest way to limit processing-induced damage,

while preserving the possibility of forming nanocrystalline

Fig. 8 Functional properties

(recovery stress and recovery

strain) of Ti-50.0 % Ni as

functions of the PDA

temperature after a CR (0.3) and

b CR (1.9). The TEM images

are shown for the TMT

conditions corresponding to the

maximum attainable recovery

stress/strain values:

a e = 0.3 ? T = 350 �C and

b e = 1.9 ? T = 400 �C

Fig. 9 Maximum recovery stress (the 1st and the 500th cycle) and

the number of cycles to failure after PDA at 400 �C as functions of

the CR strain and grain size (Ti-50.26 % Ni) [56–62]
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structure, is to increase rolling temperature and introduce

intermediate annealing (IA) in the TMT multi-pass

schedule [59, 61]. With this objective, a series of TMT

schedules were compared under the following common

conditions: warm rolling (WR) temperature corresponding

to 150 �C, and intermediate and final annealing treatment

temperature and time corresponding to 400 �C and 1 h

[63].

Some of the results of this study are collected in Fig. 10,

where the static and fatigue functional performances and

inverse pole figures (IPF) of B2-austenite are compared for

all of the TMTs containing CR, WR, and IA steps in var-

ious combinations, each followed by PDA at 400 �C (1 h).

It follows from the IPF analysis that the main texture

component is {100} h110iB2) after all of the TMT sched-

ules [59, 62]. This means that the preferred orientation of

Fig. 10 Influence of different

TMT schedules on the texture

and functional properties of Ti-

50.26 % alloy: a maximum

completely recoverable strain

(single actuation) and

corresponding inverse pole

figures; b recovery stress (single

actuation); c functional fatigue

life; and d cyclic stability. O—

[011]B2 pole, X—IPF maximum
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the B2-austenite lattice is equally favorable for maximum

recovery strain realization in all of the cases, and that

texture is not really a decisive factor in the realization of

static and fatigue SMA properties.

The highest recovery stress and completely recoverable

strain values are measured for the entirely cold-worked

alloy with mainly NC structure (e = 1.2). The same

accumulated strain of 1.2, but with limited CR contribu-

tion, CR (1) ? IA ? WR (0.2) ? PDA (400 �C), allowed

a radical decrease in microcrack size and concentration,

while preserving significant structure refinement. More-

over, the resulted from the first deformation-annealing

sequence, a mixed NC ? NS structure contributed to

higher low-temperature deformability of the material dur-

ing the last WR (0.2) step [64, 65]. As a result of these

combined factors, it is clear that after CR (1) ? IA ? WR

(0.2), the fatigue life that is twice as long as after CR (1.2);

the price being again somewhat lower level and cyclic

stability of recovery stresses and strains.

Finally, the hypothesis that nanocrystalline Ti–Ni-based

SMA can be inherently less fatigue-resistant than their

coarser-grained counterparts has been dismissed by our

recent study that compared the fatigue resistance of spec-

imens with NC, SMC, and mixed structures [61]. This

study has clearly shown that nanocrystalline structure

should lead to the highest fatigue resistance of Ti–Ni SMA,

provided it is free of processing-induced defects.

Conclusions

1. For Ti–Ni SMAs, the formation of an optimum

nanocrystalline structure with grain size of 40–80 nm

as a result of annealing after severe plastic deformation

by cold rolling (true strain e = 1–2) results in the best

combination of static functional properties (maximum

completely recoverable strain and recovery stress val-

ues) which is not achievable for the recrystallized

structure or polygonized (including nanosubgrained)

substructure.

2. Grain refinement of the NC structure below 40 nm

results in the suppression of martensite formation, and

thus radically decreasing the level of completely

recoverable strains, while keeping recovery stresses

high. The grain coarsening above 100 nm rapidly

decreases the level of both the maximum completely

recoverable strains and recovery stresses due to a rapid

decrease in the difference between the ‘‘dislocation’’

(true) and transformation yield stresses.

3. During multi-cycle superelastic and shape memory

testing, NC alloys demonstrate a higher functional

stability than their coarser-grained counterparts. The

smaller the grain size, the greater the cycling stability,

but the lower the functional fatigue resistance, mainly

because of the cold work-induced defects. However,

according to the latest findings, the fatigue life of Ti–

Ni SMA free from processing-induced defects and

with a grain size ranging from 40 to 100 nm should be

longer than that of their coarser-grained counterparts.

4. Only a truly nanocrystalline structure makes it possible

to improve cardinally both the static and fatigue

functional performances of Ti–Ni SMA; the main

obstacle being the technological capacity to form such

a structure in large high-quality semi-products.
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