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ABSTRACT

NiTi wires having different nanocrystalline microstructures were subjected to
thermomechanical tensile tests and fatigue tests in a wide temperature range. Accumulated
unrecovered strains and microstructures evolving upon cycling were analyzed. Cyclic
instability of stress-strain—temperature functional responses of NiTi is presumably due to the
plastic deformation accompanying martensitic transformation proceeding under external stress.
The unrecovered strains and density of lattice defects increased with increasing temperature
and stress, at which the forward and/or reverse transformation proceeded. If the martensitic
transformation proceeded at low stress (< 100 MPa), the cyclic responses of the wire were found
to be stable (only marginal accumulated unrecovered strain and a few isolated dislocation loops
and segments). If the forward and/or reverse martensitic transformation proceeded under large
external stress (> 200 MPa), the responses of samples with 250 nm grain became unstable (large
accumulated unrecovered strains and high density of dislocations and deformation bands). A
scheme allowing for estimating the cyclic instability of functional behaviors of various NiTi
wires in a wide range of thermomechanical loading tests was introduced. NiTi wires with the
smallest grains (~ 20 nm) displayed a stable stress-strain response but the lowest fatigue life (N¢
< 2500 cycles), while the wires with the largest grains (~ 250 nm) displayed an unstable
response and highest fatigue life (Nf ~ 12000 cycles), though the N decreased rapidly with
increasing test temperature. A suitable strategy to improve the fatigue performance of
superelastic NiTi is to create microstructure that allows for some plastic deformation while
suppressing the formation of deformation bands/twins leading to microstructure refinement.
Among the tested microstructures, these requirements are best matched by the aged wire
containing 75 nm grains and Ni4Tiz nano-precipitates.
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ABSTRAKT

NiTi draty s odliSnymi nanozrnnymi mikrostrukturami byly podrobeny tahovym tepeln¢-
mechanickym a inavovym testim v Sirokém rozmezi teplot. Pti té€chto testech byla analyzovana
akumulace nevratné deformace a vyvoj mikrostruktury dratd. Cyklicka nestabilita funkéniho
chovani v prostoru napéti-teplota-deformace je pravdépodobné vyvolana lokalizovanou
plastickou deformaci doprovazejici martenzitickou transformaci pii cyklickém zatézovani pod
vnéj$im napétim. Nevratnd deformace a hustota miizovych poruch nariista s rostouci teplotou
a napétim pii nichz probiha dopiednad i zpétna transformace. Probiha-li transformace pfi
nizkych napétich (< 100 MPa), mechanické chovani NiTi dratd je stabilni — vznikd pouze
minoritni nevratnd deformace a izolované mnozstvi dislokacnich smycek. Pokud dopiedna
nebo zpétna transformace probihd pifi vyssich napétich (> 200 MPa), mechanickd odezva
vzorku s velikosti zrn 250 nm se stava nestabilni — vyrazné piibyva nevratna deformace, zvysuje
se hustota miizovych defektl a vznikaji deformacni pésy. Bylo sestaveno schéma umoziujici
odhad stability funk¢éniho chovani NiTi dratl v zavislosti na tepelné-mechanickém zatéZovani.
Nejvyssi stabilitu superelastického chovani vykazuji draty s nejmensi velikosti zrn (~ 20 nm),

cvwvr

vvvvv

s rostouci teplotou prostiedi. Vhodnou strategii na zvySeni unavové Zivotnosti NiTi slitiny je
vytvofeni mikrostruktury, kterda do urcité miry umoznuje plastickou deformaci pfi
superelastickém cyklovani, avSak tvorba deformacnich pésii a deformacnich dvojcat je ptitom
potlaena. V ramci unavovych testi tomuto pozadavku nejlépe vyhovuje mikrostruktura
s velikosti zrn 75 nm obsahujici precipitaty faze NisTia.
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Abbreviations

gpP — Upper plateau strain

Etr — Transformation strain

Eus — Unrecovered strain

c — stress

o R — stress of a forward or reverse martensitic transformation
cp? — Upper plateau stress of a superelastic cycle
Oy — Yield stress

A — Ductility

At — Austenite finish temperature

As — Austenite start temperature

B2 — Cubic space group Pm-3m of austenite
B19’ — Monoclinic space group P21/m of martensite
BF — Bright field

Cw — Cold Work

DF — Dark field

DIC — Digital Image Correlation

DSC — Differential Scanning Calorimetry

FFS — Fatigue fracture surface

FTMT-EC — Final Thermomechanical Treatment by Electric Current
GB — Grain boundary

Gl — Grain interior

Mt — Martensite finish temperature

Mg — Martensite desist temperature

Ms — Martensite start temperature

MITTER - Miniature testing rig

Nt — Number of fatigue cycles

Rm — Tensile strength

SAD — Selected area diffraction

SANS — Small-Angle Neutron Scattering

SMA — Shape Memory Alloys

SEM — Scanning electron microscopy

TEM — Transmission electron microscopy

TTT — Time Temperature Transformation

XRD — X-ray diffraction
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1 State of the art

1.1 Introduction

Shape memory alloys (SMA) have already been used in a wide range of engineering
applications in medicine, aerospace, robotics, and the automotive industry, owing to their
unique superelastic and shape memory properties [1][2][3][4][5][6]. NiTi SMA alloys have the
potential to be utilized in novel applications such as refrigeration/elastocaloric cooling or waste
heat recycling [7][8]. However, some of these applications are severely limited by the fatigue
life of NiTi. Superelastic and actuator fatigue of NiTi is hence currently being investigated from
a wide variety of perspectives. The fatigue life of NiTi is limited to thousands of cycles in the
superelastic regime in tension [9][10][11]. On the other hand, NiTi loaded in compression
[12][13] or thermally cycled under constant load (actuation) [14][15][16] reaches a significantly
longer fatigue life.

Superelastic properties can be modified by microstructure manipulation (cold working,
annealing, and aging) [9][17][18][19][20]. Appropriate cold working/annealing can
significantly improve functional degradation but not necessarily fatigue life. The aging
treatment of Ni-rich NiTi seems to have a positive effect not only on functional fatigue but also
on structural fatigue [9][21]. The aging of Ni-rich NiTi at temperatures around 400 °C for 0.5 -
2 h introduces 10 — 30 nm Ni4Ti3 precipitates into the material microstructure [21][22], as a
result of which the microstructure is strengthened against plastic deformation and
transformation temperatures increase.

Strain amplitude applied in a fatigue test affects fatigue performance, as in rotary-bending and
torsional fatigue experiments [21][23][24] or even in tension [25], if transformation stress
plateau is lost due to functional degradation. Contrarily, fatigue life is less sensitive to the strain
amplitude within the plateau range in tensile tests [10] in which the superelastic deformation is
localized [26]. Similar insensitivity to strain amplitude was observed even in rotary-bending
tests in [9][27][28]. Besides the strain amplitude, the most important parameter of fatigue tests
is the upper plateau stress [21][23][28][29] that can be adjusted by chemical composition,
microstructure manipulation, and test temperature. Important factors are also surface finishing
treatments [28][30] and TiC and Ti2NiOx inclusion content as fatigue cracks preferentially
nucleate at the surface inclusions [31][32][33]. However, these factors are of less importance
in this research as all samples were prepared from the same spool of 100 um NiTi wire in a cold
work state.

It is well known that the superelastic deformation of NiTi tends to be accompanied by plastic
deformation giving rise to an accumulation of unrecovered strains upon cycling and the
instability of cyclic stress-strain response (functional fatigue) [34][35][36]. However, it is much
less understood how it affects structural fatigue (number of cycles until failure). Although
higher functional degradation is commonly associated with inferior fatigue performance of NiTi
at higher temperatures (stresses, strain amplitudes) [3][37], the coupling between
microstructure changes and the functional and structural fatigue of superelastic NiTi still needs
to be established.

In this research, superelastic NiTi wires were subjected to tensile fatigue tests with the aim to
find out how functional and structural fatigue are affected by the virgin austenitic
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microstructure (grain size, lattice defects, and NisTis precipitates). The experimental approach
to the characterization of functional and mechanical properties of NiTi wires in wide
temperature and microstructure ranges introduced in [19] was adopted in the fatigue research
presented here. The ultimate goal is to distinguish the effects of microstructure and temperature
on the functional degradation and fatigue life in the superelastic regime.

Results of our earlier experiments on superelastic NiTi wires [34][38][39][40][41][42][43]
suggest that the austenitic microstructure of NiTi may change significantly upon superelastic
cycling due to plastic deformation accompanying the stress-induced martensitic transformation,
particularly deformation twinning in oriented martensite. The deformation twinning in B19’
martensite has been treated as a new deformation mechanism called kwinking by Seiner et al.
[44] or earlier as a non-transformation pathway by Gao et al. [45][46] and proposed to be an
origin of functional fatigue of NiTi. The same processes referred to as grain refinement in
[47][48] have the potential to affect fatigue life. Whether these processes become activated or
not during the superelastic cycling of nanocrystalline NiTi wires depends on the temperature
and microstructure [19].

1.2  Superelasticity

Superelasticity is the stress-induced martensitic transformation. Fig. 1 shows a tensile
superelastic cycle of a NiTi wire at various temperatures (above austenite finish temperature
Ay). At first, the unloaded wire is in the B2 austenite (cubic). Then, the transformation from
austenite to B19” martensite (monoclinic) is triggered upon reaching transformation stress (or
transformation peak as shown in Fig. 1) and elastic loading is followed by exothermic
transformation at almost constant stress. This part of the stress-strain curve is called
transformation plateau and elongation of the wire is achieved by a change of the crystal
structure. Then, reverse endothermic transformation (B19” — B2) takes place during unloading
at a lower stress level than forward transformation, and the superelastic cycle is completed
without permanent strain in the ideal case [49]. This is the simplest case of the superelastic
cycle and some of the other phenomena accompanying superelastic cycling will be discussed
later.

The position of transformation stresses is considerably influenced by ambient temperature since
the higher the temperature is, the more stable austenite is. This relation is also expressed by the
Clausius-Clapeyron relation
do —-AH
ar Teer

1)

where do is the change of transformation stress, dT is the change of transformation temperature,
AH is the enthalpy of transformation per unit volume, T is testing temperature, and & is
transformation strain [50][51]. Only one martensite variant (ideally) is created in the
superelastic cycle, unlike in the stress-free thermally-induced martensitic transformation.
Transformation strain values depend on a loading axis orientation to the NiTi crystal lattice.
Transformation strains for equiatomic single crystal NiTi are as follows: 10.7 % in [233]
direction, 9.8 % in [111] direction, 8.4 % in [011] direction, and 2.7 % in [001] direction [49].
Commercially produced polycrystalline NiTi wires show transformation strain around 5-7 %

[3][4][18].

14



1200 4= 20°C
1= 40°C
60°C

Stress{MPa)
n
8
1 | 1

400 - ~
200
O _l T T T | T T T | T T T | T T T | T T T |
0 2 4 6 8 10

Strain(%b)
Fig. 1. Stress-strain curves of a superelastic NiTi wire at various temperatures.

The % ratio in equation (1) can be determined experimentally by superelastic loading at

different temperatures, seen in Fig. 1. The slope of transformation stresses dependence on
L. . . . do .

temperature, which is almost linear in a certain temperature range, expresses the -7 ratio (around

6 MPa/°C) [50]. However, plastic deformation (primarily <001> slip) and {114}g> compound
austenite twinning of austenite is preferred above Mg (martensite desist) temperature and
transformation does not occur [52]. On the other hand, when NiTi is cooled below temperature
Ay, transformation is not fully reversible. In summary, reversible stress-induced transformation
occurs in between the As and My temperature interval that is ~ 150°C wide (the so-called
superelastic temperature window). Since superelastic behavior is accompanied by plastic strain
at high temperatures (near to Mq), the temperature range for practical applications is even more
limited [3], which will be later discussed in detail in section 1.5.

1.3 Heat treatment

Although cold-worked NiTi alloys exhibit high tensile strength (up to approx. 2 GPa),
superelastic properties are suppressed by high dislocation density and even an amorphous phase
is introduced by cold working [18][53]. A stress-strain curve of NiTi alloys under these
conditions is similar to a conventional alloy. Furthermore, fracture toughness and ductility are
significantly decreased, as will be discussed later [54]. Finally, conventional NiTi wires
produced for superelastic applications contain over 50 at.% Ni. Excess Ni is dissolved in the
NiTi matrix after a fabrication process of the wires and Ni-rich precipitates are not present in
the NiTi matrix [18]. Thus, heat treatment is required to restore the microstructure with desired
functional properties. Processes such as dislocation recovery, recrystallization, and
precipitation are utilized to set transformation stresses and strain, stability of superelastic loop
(accumulation of permanent strain), and tensile strength. The process of heat treatment and the
final material properties depend on previous history (cold work, grain size, impurities, etc.) as
well [18][55]. The effect of heat treatment on stress-strain response is illustrated in Fig. 2.
Although the change of transformation stresses is inevitable during superelastic cycling, other
parameters such as permanent strain or tensile strength can be modified by heat treatment.
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Individual processes taking place in heat treatment and their influence on functional properties
will be discussed in the following sections.
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Fig. 2. Comparison of the 1st and 12th superelastic cycle followed by tensile test until rupture at 20 °C
of the same type of NiTi wire subjected to different heat treatment a) 520°C/30min and b) 350°C/1min.

1.3.1 Precipitation

Precipitates are particles with a different crystal structure and composition than the matrix and
are created by the decomposition of supersaturated solid solution (precipitation). Quenching
below solvus temperature (creation of supersaturated solid solution) and precipitation at the
appropriate temperature is commonly used to create fine precipitates suppressing dislocation
movement and increasing tensile strength. Solvus temperature of the stable NiTi phase region
is illustrated in Fig. 3 [49]. Types of precipitates and their influence on the superelastic response
will be discussed in the following section.
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10 20 30 40 50 &0 70 80 80 100
lm I T 1 i T L T 1 - 1 T 1 1, T I T
P 7 TiNiy
1870°C # « TiNi+TiNi ; +}
B 7
1600 g A TiyNiy L -
a" ]
E s | ® _
= { i " T
«a TINi+Ti,Ni, »= AN 1485°C )
327 | AN I -
1400 Lo '- | S i
L 50 515253 54 55 5657 70 80
o Ni content at% 1200 - A
[ | K |
2 + NiTi |
@ 12004 ; 1
£ (Ni) ] 4 1
""" ] \ B |
& g t g
. E I .
1000 5 .. !
800 - * o NiTi + NisTi
88z°C NiTi+ NiTif,
L q
800 9 o
=4 v | Eoeemoee L [
f,., _____________________ : |
£00 - 46 ae 80 83 54 56 58
30 Y Y e at%Ni

Ti
Fig. 3. Ni-Ti phase diagram and detail of the superelastic composition region. [49][51]
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1.3.1.1 Ni-rich precipitates

Precipitation often takes place in several superelastic stages, in which metastable phases are
created before reaching the final stable phase. Three types of Ni-rich precipitates (NisTis,
NisTiz, and NisTi) are known in NiTi alloy. NisTis and NisTiz are metastable phases and NisTi
is the final stable phase with the highest Ni concentration. Although the phase diagram in Fig.
3 shows that precipitation should proceed above 50 at.% Ni, supersaturation around 50.5 at.%
Ni is needed to trigger precipitation processes in the NiTi matrix in a reasonable time period
[51][57]. Maximal attainable supersaturation in the Ni-rich NiTi is around 57 at.% Ni. On the
other hand, only about 51 at.% Ti supersaturation is attainable in the Ti-rich NiTi matrix. The
alloy exhibits weak dependence of transformation temperatures on composition in this region
and Ms (martensite start) temperature is around 60-70 °C. This differs from the Ni-rich region,
where transformation temperatures and stresses are sensitive to composition (see Fig. 4).
Therefore, precipitation decreasing Ni content in the matrix can be used to decrease
transformation stresses in a superelastic loading or increase transformation temperatures of
a thermal actuator.

Experimental

[0 Tang(37)
| @ Kormnilow(40)

150 + Hanlon(41)

M, Temperature (K}
o]
-]
]
|

7 Melon(42)
1004 Z Miyazaki(34,43)
& Nishida(1)
50- > Wasilewski(2,9}

& Smith(32)
0 * Saburi(39)

! T ! T I T |

@ 48% §85 490 495 500 505 510 515 520

Mole-Fraction Ni

Fig. 4. a) Influence of Ni content on transformation temperature martensite start (Ms), the solid curve
shows predicted values according to [50] (Ms = 60 °C at 50 at.% Ni and increase of 0.1 at.% results in
about 16 K decrease in M temperature) in comparison with experimental data of various researchers.
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Fig. 5. TTT diagram of Nis,Tisg alloy precipitation after homogenization at 1000 °C and quenching. [51]

The TTT (Time Temperature Transformation) diagram of Nis2Tisg alloy is shown in Fig. 5. The
aging of the Ni-rich alloy can be separated into 3 temperature ranges:

a) At first, Ni4Tis precipitates are created below 680 °C. Then, the NisTi> phase is created and
the final product of annealing is the NisTi phase after an extremely long time (< 1000 h).

b) The NisTis phase is not created at a temperature above 680 °C and NisTi2 precipitates are
created instead in the temperature range of 680 °C-750 °C followed by NizTi precipitates after
a longer time of annealing.

c) The NisTi phase is created directly without metastable phases in the temperature range of
750 °C-800 °C. The NiTi matrix is stable above 800 °C at the given composition, and
precipitation is not taking place or Ni-rich phases dissolve. [51]

NisTis precipitates have a rhombohedral crystal structure (a=0.6704 nm, o= 113.85°),
lenticular shape (Fig. 6), and nucleate at relatively low temperatures [51][58][59]. NisTis
shrinks 2.3 % in the direction of the habit plane normal, and 0.5 % in the habit plane [49], which
is given by the difference of lattice parameters and molar volume. Thus, strain fields are created
around coherent precipitates. Small precipitates are coherent with a matrix up to approx. 150-
300 nm [60][61] (or up to 500 nm according to [59]). These strain fields increase tensile strength
[3] and promote R-phase transformation [49][57][62]. The higher size of precipitates leads to
semi-coherent interface, and lattice strain is relaxed by dislocations [59]. However, the NisTis
phase does not exhibit martensitic transformation. Therefore, NisTiz does not contribute to
superelastic behavior, and a shortening of transformation strain can be expected after aging
[17]. Orientation relation between coherent NisTiz and B2 matrix is: (001)nisTis||(111)s2,
[010]wiaTis||[213]s2 and the habit plane {111}s2 [51].
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Fig. 6. Orientation in the NiTi matrix and TEM micrograph of NisTis precipitates. [60]

The second type of precipitate is the NisTi> phase. These precipitates also exhibit phase
transformation. Crystal structure is tetragonal (a = 0.3095 nm and ¢ = 1.3585 nm) at around
100 °C and orthorhombic (a = 0.4398 nm, b = 0.4370 nm and ¢ = 1.3544 nm) at room
temperature [49]. No considerable strengthening effect has been reported yet. The last stable
phase is NizTi with a hexagonal crystal structure (a = 0.510 nm and ¢ = 0.831 nm) [63].

1.3.1.2 Factors affecting precipitation

Heterogeneities and defects in the crystal structure

Precipitation is diffusion-driven phase transformation. The creation of stable nuclei followed
by growth is needed to create precipitates in general and a phase interface is established between
precipitate and matrix, which is a barrier for further growth. The energy of the interface is
proportional to a discrepancy of lattice parameters of matrix and precipitate. Thus, precipitation
takes place through metastable stages (Ni4Tis, NisTi2) before stable precipitates (NisTi) are
created. Nucleation of precipitates is also energetically favorable in areas of crystal defects,
where deformation energy is released by the growth of precipitates. These areas are dislocation
networks, grain boundaries, stacking faults, or inclusions such as carbides (Fig. 7) [49][64]. The
effect of grain boundaries can be seen especially in large grains, where the grain interior is
almost without precipitates unlike the grain exterior (Fig. 7c). Even NisTiz precipitates affect
the nucleation of other precipitates in their surroundings by strain fields and lead to the
arrangement captured in Fig. 7d [64]. The above-mentioned circumstances affect the driving
force (AG) of the diffusional phase transformation, which can be expressed by individual
components

AG = AGV + AGS + AGE+ AGD, (2)

where AGy, < 0 is transformation energy (proportional to the volume of precipitate), the sign of
inequality shows higher stability of precipitate than supersaturated matrix at given conditions,
AGg > 0 is the energy of phase interface between matrix and precipitate (proportional to the
surface of precipitate), AG; > 0 is the change of strain energy in the crystal lattice and AG, <
0 is the energy of crystal defects. A level of supersaturation also affects the kinetic of
precipitation processes, as will be discussed in the section 1.4 R-phase.
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5 pum 500 nm ﬁ
Fig. 7. The presence of NisTi; precipitates on a) grain boundaries and b) inclusions. ¢) Absence of
precipitates in grain interior of large grains and d) chain of Ni4Tis precipitates - growth in the stress field
of neighboring particles [64]

Temperature

As Ni-rich precipitates with higher Ni content require higher temperatures or longer aging time,
the NisTiz phase is created at relatively low temperatures and aging may take only minutes.
Commonly used NiTi wires manufactured for superelastic applications contain approx.
50.5-51 at. % Ni. Therefore, precipitation of Ni-rich phases is shifted to lower temperatures
than in 52 at.% Ni alloy shown in the TTT-diagram (Fig. 5) and the creation of NisTiz has been
reported even at a temperature around 250 °C in 50.8 at.% Ni alloy. However, growth is
significantly hindered and the size of precipitates does not exceed 20 nm even after hundreds
of hours [58]. Solvus temperature for NisTiz phase is around 500-550 °C for this composition
[3], which is in the recrystallization temperature range as well [18]. The ideal reported
temperature for the fast nucleation and growth of the NisTiz phase is around 425-450 °C [3][65].
Diffusional processes are faster at higher temperatures, but nucleation rate decreases, yielding
a smaller number of large semi-coherent precipitates, and tensile strength decreases [3].

Stress-assisted aging

Eight crystallographic variants of NisTiz can are formed on {111}-planes [51]. As mentioned
above, precipitates create strain fields. Therefore, external or internal stresses can favor or
suppress the occurrence of certain NisTis variants [66]. External stresses can remedy the
heterogeneous distribution of precipitates in the large grains (see Fig.7c) and precipitation
occurs also in the grain interior. Less than 10 MPa is needed to achieve this effect [67]. Habit
planes of precipitates subjected to external tension during aging tend to be parallel to the
direction of the applied stress. On the other hand, habit planes orient perpendicular to applied
compression stress during aging [68][69]. For example, two variants of precipitates
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perpendicular to each other can be formed in a bent wire during aging due to
tension/compression stresses. Stress-assisted aging also affects the size of precipitates. Unlike
stress-free aging, where the size of precipitates increases with increasing distance from the grain
boundary, the size of precipitates is more homogeneous after stress-assisted aging [64].

1.3.2 Recovery and Recrystallization

Recovery processes also take place approximately within the temperature range of NisTiz phase
precipitation. Dislocation density decreases in general, which consists of polygonization,
annihilation, or gliding of dislocations, and internal stresses relax [55]. Recrystallization is
referring to nucleation and growth of new grains with low defect density. Nucleation sites are
preferentially regions with high stored deformation energy like nucleation sites for precipitation
(grain and subgrain boundaries, inclusions, or shear bands). Primary recrystallization is finished
when the former cold-worked microstructure is replaced by recrystallized grains. Then, further
grain growth (secondary recrystallization) may follow. This phenomenon is undesired as grains
above approx. 200 nm without precipitates are prone to dislocation activity in superelastic
cycling leading to high permanent strain (instability of superelastic loop, see Fig. 8, 9) [18].

Recrystallization occurs in commercial NiTi wires at temperatures above 450 °C [70]. As
recrystallization belongs to diffusional-driven processes, an increase in temperature is naturally
accelerating grain growth. However, recrystallization temperature and kinetic of grain growth
may significantly vary. On one hand, the presence of alloying elements, inclusions, or
precipitates decreases recrystallization kinetic (Zener pinning). On the other hand, a higher
degree of cold work (higher deformation energy) has the opposite effect. Higher cold work also
increases nucleation rate (number of recrystallized grains) and yields microstructures with finer
grains [55]. For example, 1 um grains are present in superelastic wires before cold working in
contrast to 20-50 nm grains after cold working followed by heat treatment [18]. If the heating
rate and final temperature are high enough, recrystallization takes place at the expense of the
other processes (recovery and precipitation) [55].

12 ms 14 ms 16 ms 18 ms

BEFORE CYCLING

AFTER CYCLING

Fig. 8. TEM of NiTi wires with various grain sizes after pulse heat treatment. (a)-(d) micrographs show
grain structure before superelastic cycling and (e)-(h) after superelastic cycling. [18]
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Fig. 9. Ten superelastic cycles of NiTi wire at room temperature after pulse heat treatment by 160\W/mm?
power density for 12 ms and 18 ms. [18]

These processes are necessary for the recovery of superelastic and shape memory properties of
NiTi alloy after cold working since dislocation networks and grain boundaries of nanosize
grains inhibit propagation of martensitic transformation, which increases transformation stress
and decreases transformation strain [18][71]. It is necessary to realize that heat treatment
triggers several processes in general and each of them affects the final microstructure and
functional properties of NiTi alloy.

1.3.3 Pulse heat treatment by electric current

A unique method of pulse annealing by electric current (Final Thermomechanical Treatment
by Electric Current (FTMT-EC)) was developed for fast annealing of thin NiTi wires intended
for medical or textile applications [72][73][74]. Functional properties and final microstructure
are set in milliseconds (see Figs. 8,9, and 11) by passing electric current and temperature is not
constant in this type of annealing, unlike conventional annealing. Duration and power of the
electric pulse can be precisely adjusted to set the desired superelastic response or track the
evolution of the microstructure. Moreover, the activity of precipitation processes is suppressed
in the short electric pulse [18][53]. Since precipitation is mostly accompanied by other
diffusional processes (recovery and recrystallization) during conventional annealing, the
FTMT-EC method can be used to some extent to separate the influence of recovery processes
and precipitation on mechanical properties.

Properties of a NiTi wire can be monitored during the electric pulse annealing. An illustration
of the annealing process is shown in Fig. 10, where a 50 mm wire with a 0.1 mm diameter and
45% initial cold work is prestressed to 400 MPa. The increase of stress at the beginning of the
electric pulse (3W/1s) is attributed to the reverse transformation of residual martensite induced
by severe plastic deformation during cold working. Then, thermal expansion and even plastic
deformation prevail, and stress decreases at constant constrain. Finally, stress increases during
the cooling of the wire, when the electric pulse is terminated. The decrease in resistivity is given
by recovery processes. The total decrease is about 40 %. The end of a steep decrease in
resistivity at 1.5 s indicates that the wire is already superelastic with plateau strain. Further
annealing is increasing temperature in the wire, and grain size is increasing as well. Thus,
tracking of resistivity during electric pulse provides worthwhile information.

The evolution of NiTi wire properties (grain size, transformation strain in the first superelastic
cycle, and permanent strain after 10 cycles) are shown in Fig. 11 after electric pulse at constant
power (160W/mm?). Accelerated grain growth begins in the initial nanograin microstructure
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after 12 ms and grain size increases up to approx. 1 um at 18 ms. Increased permanent strain is
attributed to grain growth and related decrease in yield stress. However, the longer the time of
annealing, the higher the transformation strain. Therefore, compromise annealing parameters
are needed to obtain balanced functional properties and the FTMT-EC method is suitable for
this objective. As annealing temperature is not constant during the short electric pulse and
increases with time, the effect of annealing time is more considerable than is usual in
conventional heat treatment.
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Fig. 10. Process of heat treatment by electric current as a function of time- 1) applied power, 2) evolution
of stress, 3) calculated temperature profile, and 4) evolution of resistance. [53]
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Fig. 11. Evolution of transformation strain (black), grain size (red), and permanent strain (blue) as a
function of annealing time at power 160 W/mm?. [18]

1.4 R-phase

The so-called R-phase can be formed in stress- or temperature-induced martensitic
transformation under specific conditions. R-phase has a rhombohedral crystal structure: a =
0.301 nm and a < 90° decreases with decreasing temperature (o = 89.57° at 292 K and a =
89.32° at 272 K [75]). The formation of the R-phase can be described as the stretching of B2
austenite along [111] direction [49].
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The three main reasons promoting the formation of the R-phase are 1) strain fields of
precipitates, 2) dislocations, or 3) alloying elements [49]. Free energy of martensite is increased
in each of the cases and R-phase transformation is more favorable to occur as the free energy
of the R-phase is not affected so significantly by change of microstructure or chemical
composition [62].

In superelastic loading, B2—R-phase—B19° two-step transformation sequence takes place
(Fig. 12a). Either reverse transformation B19‘—>R—B2 or only B19‘—B2 transformation
proceeds in a NiTi alloy after a previous forward two-step transformation, depending on the
microstructure of the alloy and the testing temperature [76]. The same sequence of
transformations takes place during the cooling and heating thermal cycle (see Fig. 13a)
[49][75][77].

As R-phase transformation occurs in strain fields of NisTis precipitates, the R-phase can be
utilized as an indicator of precipitation processes as shown in Fig. 12, where a) shows stress-
strain and resistance-strain response of the NiTi wire annealed by a short pulse followed by 15
min aging and b) shows the response of the wire annealed by an electric pulse (without
precipitates). [17][56]
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Fig. 12. Identification of R-phase transformation in stress-strain and resistance-strain curves of a NiTi
wire (a) with R-phase transformation at approx. 350 MPa, (b) without R-phase transformation.[56]

The transformation strain of B2-R-phase transformation is around 0.5-1 % in a single crystal,
which is ten times lower than B2-B19° transformation [51]. However, B2-R-phase
transformation exhibits very low hysteresis both in temperature (1-2 °C) and stress (20-50 MPa)
cycle in comparison with B2-B19¢ transformation [49]. Transformation stress of B2-R-phase
transformation is more dependent on temperature (do/dT ~17MPa/K [75]) than the B2-B19°
one. Since the R-phase has the highest resistivity of NiTi phases, an increase of resistivity is
another sign revealing R-phase transformation. Values of resistivity are 82 pu€/cm for austenite,
65 puQ/cm for martensite, and 98 p/cm for R-phase according to [77]. However, resistivity
may vary depending on a thermomechanical treatment or twinning of martensite
(self-accommaodation or preferential orientation under stress).
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Fig. 13. DSC curves for a) Ti-51.5Ni single-crystal solution-treated at 1000°C for 1 h followed by water
quenching and aging 450°C/10h and b) polycrystalline Ti-50.6Ni after solution-treated 1000°C/1h

followed by water quenching and aging 450°C/24h [57].

However, three or even more peaks can be found in a DSC record of NiTi cooling (Fig. 13)
suggesting a multi-stage transformation. Since no new phase was identified, a mechanism
explaining this behavior was needed to find out. Explanation of the multi-stage transformation
can be found in the heterogeneity of precipitation processes. As precipitation of NisTiz phase is
favorable on grain boundaries (GB), Ni concentration in NiTi matrix is lower on grain
boundaries than in the grain interior (Gl). Consequently, B2-R-B19° transformation takes place
on GB and only B2-B19° transformation takes place in the GI. The result is a three-stage
transformation at three different temperatures. The effect is more pronounced in alloys with
lower Ni excess (Fig. 14). For example, the nucleation rate in the Gl is nine times lower than
on GB in 50.6 at.% Ni alloy, yet the ratio of GB/GI nucleation rate is only 1.2 in 51.5 at.% N,
where higher supersaturation increases the driving force for precipitation and the influence of
GB is suppressed [57]. Three-step transformation can occur even in a NiTi single crystal with
no grain boundaries. The reason is local heterogeneity of chemical composition given by
precipitates with larger spacing (> 200 nm) as Ni is depleted around precipitates. At first,
B2-R-phase transformation proceeds on the precipitate/matrix interface and then transformation
to B19° martensite. Finally, martensite nucleates in areas farther from precipitates [57].

25



A) B2-R

B2-B19'

“Ni%  Cinitial

GB GB
i Caged
| :
(a) low Ni content (b) low Ni content X
short time aging longer time aging B)

@
8
c
2
®©
K
(5
=
H c
c:gcd
(c) high Ni content (d) high Ni content |
short time aging longer time aging supersaturation degree AX

Fig. 14. A) Unified model for explaining the microstructure evolution at low Ni supersaturation (a) and
(b) and high Ni supersaturation (c) and (d). It also explains both the three-stage and two-stage
transformation behavior of supersaturated Ti-Ni solid solution. In the figure, Cinitia and Caged CUrVeS
represent the Ni profile of the initial (as-quenched) state and that after aging, respectively. GB denotes
grain boundary. B) Schematic illustration for the relation between nucleation rate and supersaturation
degree in grain interior region and grain boundary region. Supersaturation degree AX is defined by the
solute (Ni) concentration beyond its solubility limit in the B2 Ti—Ni phase at a given aging temperature.
The nucleation rate at the grain boundary and the grain interior is indicated by lss and lg, respectively.
[57]

1.5 Fatigue of NiTi alloys

The fatigue of NiTi alloys can be classified into two categories: functional and structural
fatigue. Functional fatigue is related to the degradation of thermomechanical response, e.g. the
evolution of transformation temperatures, stresses, and strains. Structural fatigue is meant in its
standard sense- an accumulation of dislocations and internal stresses, crack nucleation, and
growth until the failure [78]. The cyclic evolution of mechanical properties investigated since
the nitinol discovery in the 1960s. However, superelastic fatigue life is not sufficient for many
applications yet. It is known that the superelastic response of NiTi alloy evolves during
superelastic cycling and how this is related to the evolution of microstructure and internal
stresses to some extent [36]. It is well known that the stress-induced martensitic transformation
in superelastic NiTi tends to be accompanied by unrecovered strain as lattice defects are
introduced upon thermomechanical cycling, microstructure evolves irreversibly, and functional
properties gradually change upon cycling [11][34][36][39]. Although higher functional
degradation is commonly associated with inferior fatigue performance as higher temperatures,
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transformation stresses, and strains lead to the deterioration of both functional properties and
fatigue life [1][25][28], the rate of deterioration and coupling between functional and structural
fatigue and microstructure changes during fatigue life need to be further examined for various
microstructures.

1.5.1 Functional degradation

Evolution of the stress-strain response

Decrease in transformation stresses is a well-known phenomenon occurring during superelastic
cycling of the NiTi alloy [25][79][80]. These changes are caused especially by redistribution of
inner stresses in differently oriented grains, an increase of dislocation density, and an increase
of a residual martensite volume fraction [36][79]. It is also important to consider that
superelastic deformation is realized by martensite band front propagation in the uniaxial tension
(Fig. 15a) [10][26]' Austenite and martensite have different crystal structures and deformation
is not homogenous, especially in the martensite band front (the strain of the martensitic part is
almost ten times higher in tension loading). This kind of discrepancy is minimized by a sharp
and thin interface, which is inclined approx. 55° to the loading axis in NiTi ribbons or films
[82]. On the contrary, the interface has a shape of a rounded cone in NiTi wires loaded in
uniaxial tension shown in Fig. 15b, where the distribution of stresses is evaluated by three-
dimensional X-ray diffraction (3D XRD) microscopy. Although nominal stress is 420 MPa,
600 MPa stress was measured in surface grains and only 250 MPa in the middle of the cone,
which is the key feature of the martensite bend front in NiTi wires, revealed in [26]. The next
feature of functional degradation is a decrease in transformation strain and accumulation of
unrecovered strain gys as well (Fig. 16). Change in transformation stress cannot be fully avoided
during superelastic cycling, however, the accumulation of gys and dislocation activity can be
greatly reduced in a nanograin microstructure (Fig. 8,9,16). Since fatigue failure occurs after
stabilization (100-200 cycles) of functional properties, it seems that functional fatigue is not
directly connected with fatigue failure. However, small increments of permanent strain and
other features of functional degradation can be detected in a whole fatigue life [11][34].
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Fig. 16. Functional degradation in superelastic cycling. a) The first and tenth superelastic cycle of NiTi
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Results of thermomechanical loading tests reaching into high temperature/high stress regime
reveal further evidence of NiTi deformation behaviors due to the martensitic transformation
coupled with plastic deformation. First of all, the unrecovered strains generated separately by
the forward martensitic transformation &,s~ upon cooling under large stress and by the reverse
martensitic transformation R upon heating under large stress (Figs. 17,18) were investigated
using the “Bypass Approach”, introduced recently in [34]. They reported that: i) plastic
deformation accompanies martensitic transformation only when it proceeds under external
stress; ii) the amount of unrecovered strain increases exponentially with increasing temperature
and stress; iii) surprisingly, larger unrecovered strains are generated by the reverse
transformation than by the forward one (Fig. 17d,18d). This means that a NiTi wire is
irreversibly damaged/elongated even in the unloading part of a superelastic cycle.
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Fig. 17. Unrecovered strains generated by the forward martensitic transformation upon cooling under
stress (red exponential in d) as evaluated from the stress-strain-temperature response of NiTi wire in 3
thermomechanical loading tests composed of loading until 870, 990, and 1100 MPa at ~100 °C, cooling
under constant stress 870, 990 and 1100 MPa to induce A—M transformation, unloading to 20 MPa and
stress-free heating back to the starting test temperature. The test course can be tracked by following
arrows in (a,b,c) from the solid circle to the open circle.[39]

100 -50

The results of the series of bypass tests for martensitic transformations proceeding upon cooling
(Fig. 17) or heating (Fig. 18) under constant tensile stresses below 1 GPa are essentially the
same as those reported in [34], only the unrecovered strains are larger. When reaching the high
temperature — high-stress regime above 1 GPa applied stress, however, the observed stress-
strain-temperature responses become quite different. The green curve in Fig. 17 and magenta
in Fig. 18 represent extreme loading conditions at 1100MPa stress of NiTi wire with the tensile
strength of 1300 MPa. Besides the strain evolving during the martensitic transformation upon
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cooling under 1100 MPa, significant tensile strain develops further upon cooling in the
martensite state further below 100 °C (green curve in Fig. 17c). Furthermore, tensile strain
increases upon heating at 1100 MPa stress instead of decreasing (magenta curve in Fig. 18c),
as commonly observed in NiTi actuator tests.
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Fig. 18. Stress-temperature dependence of unrecovered strains generated by the reverse martensitic
transformation upon heating under stress (blue exponential in d) as evaluated from the stress-strain-
temperature response of NiTi wire in thermomechanical loading tests consisting in stress-free cooling
to -100 °C, loading till 600, 700, 800, 900, 1000 and 1100 MPa, heating under constant applied stress
till fully austenitic phase (or 250 °C), unloading to 20 MPa and cooling to the starting test temperature.
The test starts (solid circle) by loading the wire to the required stress and cooling under stress. | ts course
can be tracked by following arrows in (a,b,c). [39]

Deformation twinning

The deformation twinning in oriented B19’ martensite [83][84][85] occurs upon tensile loading
of NiTi wires when the applied strain exceeds the martensite yield limit [40][83] or as an
intermediate step of the stress-induced B2—B19°—B2T (B2" — twinned austenite) sequential
martensitic transformation proceeding at elevated temperatures and stress [86]. The
B2—B19°—B2" transformation is activated, e.g. upon thermal cycling under large stress [87],
upon constrained heating of the deformed NiTi [38], or upon severe plastic deformation of NiTi
[88][89][90]. As revealed in [40], the deformation twinning in oriented martensite results in
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permanent deformation and suppresses the recoverability of transformation strains in tensile
tests at elevated temperatures. In a contrast, dislocation slip, while it also causes plastic
deformation, does not restrict the recoverability of transformation strains.

At the single crystal level, the B2—B19’—B2T transition path can be seen as a sequence of
kinematically compatible structures evolving in the crystal lattice under increasing stress. This
sequence is outlined in Fig. 19b. The crystal lattice is initially in the austenite state, which
represents a reference configuration with zero strain in the loading direction. Under the action
of the external loading, the transformation proceeds discontinuously towards the martensitic
structure. The austenite lattice transforms into a laminate of martensitic variants fulfilling the
requirement for strain compatibility at the habit plane. If we assume a single stress state
everywhere and proper orientation of the martensite lattice with respect to the loading, a single
variant of martensite forms from the martensite laminate under the action of this stress. The
elongation of the crystal lattice in the direction of the loading provided by the single martensite
variant is denoted as £27B!", This is the maximal strain the lattice can attain via cubic to
monoclinic martensitic transformation. The continuous elastic distortion of austenite and
martensite is not considered in Fig. 19. The maximal strain, together with the polycrystal
texture, controls the length of the transformation plateau in fully recoverable tensile tests on
polycrystalline NiTi wires at relatively low temperatures.

Upon further loading above the stress plateau, the martensite single crystal in Fig. 19b(b)
undergoes continuous elastic distortion and further plastic deformation can theoretically
proceed via dislocation slip in stress-induced martensite. Alternatively, a further inelastic strain
may appear in a form of “dislocation slip assisted deformation twinning (plastic twinning)®.
The {20-1} deformation twinning reported in the literature is a good example [83][84]. The
{20-1} plastic twins appearing in the martensitic lattice cannot be described by a continuous
mapping of the reference configuration in the Cauchy-Born sense [91] - i.e. these twins are not
predictable by the mathematical theory of martensitic microstructures. Instead, the formation
mechanism of these twins comprises of both shearing and shuffling [83] and the resulting
twinned martensite thus loses its tight lattice correspondence to the initial parent austenite
lattice. Breaking the lattice correspondence to the parent austenite lattice (its particular
orientation) gives the martensitic lattice an additional degree of freedom and potential for
additional elongation in the sense of Fig. 19b(c). The deformation twinning enables tilting and
rotation of the crystal lattice, such that the maximal transformation strain can get better aligned
with the applied loading and the lattice is reaching the total strain of ¢B2~B19*BIT (B19<T £20
1} martensitic deformation twin) as shown in Fig. 19b(c). The experiments seem to suggest that
small inelastic strains caused by the {20-1} twinning at low temperatures are partially
recoverable at low temperature (Fig. 20), but get gradually irrecoverable with increasing
temperature above Ar.

A direct consequence of this new degree of freedom is the possibility of reverse transition of
the {20-1} twinned martensite into twinned B2 austenite upon forward loading, as outlined in
Fig. 19b(d). Additionally, upon subsequent unloading and/or heating, the remaining
neighboring martensite lattice will transform to the parent austenite lattice, as given in Fig.
19b(e). As the two twin-related variants of martensite in Fig. 19b(c,d) correspond to two
different reference configurations, the reverse transition proceeds into a mixture of two
differently rotated austenitic lattices. In this way, the {20-1} twins are inherited into austenite
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as {114} austenite twins [92][93] - i.e. the tilting of the martensite lattice due to the {20-1}
twinning is adopted by the cubic lattice of austenite (Fig. 20).
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Fig. 19 Potential energy landscape for martensitic transformation and deformation twinning in NiTi (A)
[94]. The high symmetry austenite phase appears in the original reference configuration | and a rotated
configuration R at the same energy level in mirror symmetry with respect to the center. The low
symmetry martensite phase F; (FNR) forms from the austenite phase | (R) via martensitic transformation
upon cooling by overcoming the energy barrier between | and F; (R and FyR). The martensite variant F;
belonging to the Ericksen-Pitteri neighborhood of | (b) may form the martensite variant FNR, belonging
to the E—P neighborhood of R (d) by deformation twinning involving a combination of plastic shearing
and shuffling (c). Parent phase with reference configuration R (e) may be obtained from the FNR by
reverse martensitic transformation on heating, unloading, and/or further tensile loading. The {20-1}
twin interfaces in the martensite phase (f) are converted into {114} twin interfaces in the austenite phase
(g) after the reverse martensitic transformation. The atomic configurations appearing successively upon
tensile loading at various temperatures B the initial austenite lattice (a); the oriented B19* martensite
phase (b); the deformation twinned B19’ martensite phase (d); twinned austenite (e) yield increasing
respectively effective strain (right). Sketches of polycrystal grains outline the microstructure in the wire
at the peak stress at three different temperatures. [95]
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parallel to [010]s19- and [01-1]z2. [92]

An in-situ high-resolution digital image correlation investigation during uniaxial tensile
deformation reveals the recoverable and the non-recoverable strain mechanisms in a NisiTiag
alloy with a mean grain size of 35 um (Fig. 21). Besides the recoverable strain by martensitic
transformation, non-recoverable strain is accommodated by dislocation slip in the austenite and
austenite twinning following the sequence: B2-B19'-B2'. Finally, small amounts of retained
martensite are detected, contributing to the non-recoverable strain. The coexistence of stress-
induced martensite, slip, and twinning in martensite/austenite results in deformation bands with
high axial strain [96]. These processes referred to as grain refinement in [47][48]w have the
potential to affect fatigue life (the effect of grain size and internal stresses will be discussed
later in section 1.5.3).
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Fig. 21. a) HR- DIC map at maX|mumIoad (i.e. average strain of 10%) and b) Map of residual strains
after complete unloading. [96]
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1.5.2 Aspects of NiTi fatigue life

Transformation stresses and temperature

A boundary between elastic and superelastic loading of NiTi alloy is also the boundary between
high-cycle and low-cycle fatigue. In terms of the number of cycles to failure (Ns), it is approx.
103-10% cycles [27][31][78]. However, values of stress or strain, where the boundary is, depend
on factors such as NiTi composition, heat treatment, and testing temperature. Strain amplitude
applied in a fatigue test affects fatigue performance, like for example in rotary-bending and
torsional fatigue experiments [21][23][24] or even in tension [25], if transformation stress
plateau is lost due to functional degradation. On the other hand, fatigue life is less sensitive to
the strain amplitude and mean strain within the plateau range in tensile tests [10][97]. An
explanation can be found in the localization of martensitic transformation shown in Fig. 15
[26][81]. Although macroscopic strain is below the end of plateau strain, local strain beyond
martensite bend front is at the level of transformation strain regardless of macroscopic strain.
In fact, this kind of loading regime is similar to a full superelastic loading of a shorter sample.
Similar insensitivity to strain amplitude was observed in rotary-bending tests in [9][27][28].

Different fatigue curves of NiTi wires subjected to the rotating-bending test can be seen in Fig.
22 as the result of various Ni content. The red curve shows the fatigue life of austenitic wire,
where martensitic transformation does not occur, which causes serious shortening of fatigue
life at high strain amplitude (€a). On the contrary, shape memory (martensitic) wire shows two
orders of magnitude higher fatigue life at the same testing temperature. The reason is the
capability of martensite to accommodate large strain by twin reorientation, which requires low
stresses (~ 100 MPa [27][49]). The fatigue life of superelastic wire (pink curve) is located in
between the previous curves. Superelastic wire behaves as pure austenite at low strain
amplitude. Then, the region insensitive to strain amplitude occurs in the range around 3-8 %
strain amplitude (region of transformation strain). Finally, the fatigue life of the superelastic
wire resembles the performance of the martensitic one at a 10 % strain amplitude region [27].
From that point of view, testing temperature (together with NiTi composition) plays a crucial
role in NiTi fatigue life [23][28][29]. Moreover, an increase in fatigue life is observed with
decreasing testing temperature [23], which is expected considering Clausius-Clapeyron relation
and decrease in transformation stresses. In other words, the strain amplitude insensitive region
in Fig. 22 shifts to the right with decreasing temperature. Another unusual fatigue feature related
to martensitic transformation is the low sensitivity of fatigue life on mean strain at low strain
amplitude in superelastic plateau [97].
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Fig. 22. Effect of phase transformation temperatures: €,-Nr curves for superelastic (pink), austenitic
(red), and martensitic (orange) wire in the rotating-bending test. [27]

Precipitates

NisTiz precipitates significantly affect the mechanical properties of NiTi alloy as mentioned in
section 1.4. Thus, the effect of aging on fatigue life has been studied to find out the benefits of
Ni-rich precipitates. It was found out that coherent 10 nm NisTiz precipitates inhibit dislocation
activity during superelastic cycling and decrease the accumulation of permanent strain
(functional degradation) compared to samples without precipitates. Thus, it can be concluded
that strain fields of coherent precipitates protect the NiTi matrix against damage accumulation
to some extent. On the other hand, no effect has been observed in samples with 500 nm
precipitates that are not coherent with the NiTi matrix [22]. Fatigue life of aged samples was
reported three times higher in [21] at higher strain amplitude, where martensitic transformation
occurs. Except for decreasing dislocation activity, Ni-rich precipitates also decrease Ni content
in the matrix. Therefore, superelastic cycles can be performed at lower stresses, which is
beneficial for fatigue performance in the same way as the decrease in testing temperature.

Impurities in NiTi alloys

The fatigue life of the NiTi alloy is negatively affected by the presence of contaminating
elements (oxygen and carbon). Well-known inclusions are carbide particles TiC and TizNi
intermetallic phase with a high concentration of oxygen in solid solution (often denoted as O-
rich or oxide particles) [31][98]. The crystal lattice of O-rich particles is FCC and no orientation
relation with NiTi matrix has been found [63]. Carbides have BCC lattice [99]. Moreover, Ti is
preferentially depleted from the matrix to create O-rich and C-rich particles, which decreases
the transformation temperatures of NiTi alloy [31].

These inclusions exhibit significantly distinct material properties from the NiTi matrix. First of
all, C-rich and O-rich particles are not as superelastic as the NiTi matrix. Another problem is
the high elastic modulus of these phases compared to the NiTi alloy, which causes
incompatibility even in the elastic loading region of austenite. Elastic modulus is around 150
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GPa in the O-rich phase and 380-450 GPa in the TiC phase [31][99]. The high hardness of the
ceramic particles also gives rise to micro-cracks nucleation (particle/void assessment) during
cold working, which is seen in Fig 23. Furthermore, O-rich particles seem to have a more
negative impact on NiTi fatigue life due to larger dimensions and weaker cohesion with the
matrix, which causes a 5 times higher number of the particle/void defects than TiC particles,
according to [31]. Moreover, the length of micro-cracks created on O-rich particles during cold
working was one order of magnitude higher. In general, inclusions weaken the structural
integrity of the NiTi alloy and give rise to fatigue crack nucleation.

Fig. 23. SEM of crack initiation sites (carbides- left and oxides- right). The double-tip arrows indicate
the longitudinal wire direction. [31]

1.5.3 Fracture mechanics of NiTi

Fractography

Fractography provides information about material damage through the identification of
fractographic features on fracture surfaces. Determination of the reason for fatigue failure is
frequently required as suggested in the previous sections. Examples of analysis of fatigue
fracture surfaces will be discussed in this section.

The fatigue fracture surface of a NiTi wire after the rotating-bending test is shown in Fig. 24a.
The nucleation site of fatigue crack, area of fatigue crack propagation, and the final fracture can
be identified together with the macroscopic and microscopic direction of crack propagation.
Pronounced striation fields are visible in the cyclically-loaded area of fatigue crack propagation.
Value of striation spacing indirectly expresses a local rate of fatigue crack growth according to
formula

v=D.s, 3)

where v is crack growth rate, s is striation spacing and D is the coefficient depending on material
properties, crack length, loading conditions, etc. [100]. The effect of strain amplitude (£s=0.8 %
and 1.5 %) on striation spacing is illustrated in Fig. 24b). Higher strain amplitude causes higher
striation spacing and crack growth. However, striations are not created necessarily in each
cycle, especially in the early stages of fatigue crack growth, and more sophisticated methods
are needed for the identification of idle cycles [100]. Lastly, the area of final fracture (Fig.
24a(3)) is characterized by ductile dimples caused by microvoid coalescence nucleating on the
matrix/inclusion interface.
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The fracture surface of CT specimens with large grains (~ 1 um) mainly shows dimples
indicating a dominant ductile fracture. For smaller grains (~ 100 nm), the fracture surface is
characterized by a mixture of dimples and cleavage planes. With further grain size reduction,
the tendency of the cleavage increases in the fracture process.[54]
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Fig. 24. (SEM) (a) Fatigue fracture surface of wire after the rotating-bending test. White arrows denote
crack propagation direction and the black arrow denotes crack nucleation site. The dotted line separates
the area of fatigue crack propagation and the final fracture surface. (b) Striation fields with different
spacing as a function of strain amplitude. [31]

The nucleation site of a fatigue crack is appreciated information, providing a clue to the increase
in fatigue life. The most frequent fatigue crack nucleation sites in the NiTi alloy are TiC
carbides and O-rich particles (Figs. 23 and 25) and the decrease in size and concentration of the
impurities increases the fatigue life of the superelastic NiTi wires [31][32]. As the inclusions
are not superelastic, separation of the inclusions from the NiTi matrix during superelastic
cycling is reported [32][101]. As shown in Fig. 25, only the dimple remains in the crack
nucleation site. Even a high number of fatigue cracks can independently nucleate in the NiTi
during superelastic loading throughout the whole length of the tested sample, as shown in Fig.
26.
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Fig. 25. (SEM) Initiation of crack on a near-surface inclusion: left micrograph- lower purity sample,
right micrograph- high purity sample. [32]
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Fig. 26. (SEM) Longitudinal section of superelastic wire after fatigue test with 3% strain amplitude.
[27]

Crack tip stress field

Surface defects such as cracks or notches act as stress concentrators and give rise to multi-axial
stress, even in uniaxial loading. The level of stress concentration is characterized by the so-
called stress concentration coefficient

_ Omax
a = c ! (4)

where og,,,, 1S maximal stress and o is mean stress (in a fractured or in an intact cross-section
of material) [102]. Stresses at a notch or crack tip can highly exceed nominal stress, but the
upper limit is given by yield stress and tensile strength of a material.

A stress intensity factor K characterizing the stress and displacement fields near to a crack tip
is very often used in fracture mechanics. A general formula for the K factor is:

K=a*\/ﬁ*f(%), ®)
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where o is an applied load, a is a crack length, W is the width of a tested specimen, and f (%)
is a geometric factor of the order of unity [103].

In addition to yield stress and tensile strength, transformation stresses are important for NiTi
behavior at a crack tip. As shown in Fig. 27a), superelastic NiTi alloy resembles ideal
elastoplastic material in a certain deformation range, and values of transformation stresses are
a function of various variables (temperature, Ni concentration, or annealing), which
consecutively affects the shape and size of a crack tip zone. The size and shape of an actual
crack tip zone, represented by the black color on synchrotron X-ray microdiffraction strain
maps, are shown in Fig. 27b. The actual shape of the transformation zone is significantly
affected by grain misorientation complicating martensite propagation and even by
austenite/martensite compatibility on the interphase [26].
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Fig. 27. a) Model of stress and phase distribution at the crack tip of superelastically loaded NiTi alloy,
b) Local equivalent strain map evaluated by micro XRD showing the actual transformation zone at the
crack tip (transformed martensitic grains are not imaged by this method and so they are in black). [103]

Another possibility to observe a plastic and transformation zone at a crack tip is digital image
correlation (DIC). The utility of this method is increased in combination with scanning electron
microscopy (SEM DIC) [104][105]. Imaging of the strain field at the NiTi crack tip is shown
in Fig. 28, where the effect of grain size is clearly proven and samples with small grains exhibit
much smaller transformation and plastic zone at the crack tip as transformation stresses are
higher and transformation strain lower. This also proves the importance of a final microstructure
and heat treatment. Another utilization is in-situ tracking of propagation of martensite bend
front especially in complicated shapes loaded by multiaxial stresses.
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Fig. 28. Grain size effect on the strain distribution at the crack tip of CT samples. [54]

X

Factor affecting crack tip zone and crack propagation

Except for the notch effect, martensite bend front is affecting stress distribution in NiTi as well.
Although nominal stress is 420 MPa, 600 MPa stress was measured in surface grains and only
250 MPa in the middle of the cone, which is the key feature of the martensite band front in NiTi
wires revealed in [26]. This kind of stress concentration on the wire’s surface could be a crucial
factor in undesired fatigue failure of superelastic components. Moreover, NiTi alloy exhibits a
very low amplitude of threshold stress intensity factor AKw needed for crack propagation, and
especially the cold-worked NiTi is comparable with ceramic materials. Although heat treatment
improves AKin, even hot-rolled NiTi alloy tested in [106] shows lower AK than other tested
materials used in medical implants (Fig. 29). Influence of temperature and asymmetry of the
loading cycle (stress ratio) on AK were tested in [107], where NisgoTiso1 CT samples were
tested after annealing at 750°C/1h. The beginning of fatigue crack growth curves is shown in
Fig. 30.
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Fig. 29. Comparison of fatigue crack growth rate as a function of stress intensity factor AK of NiTi alloy
subjected to different thermomechanical treatment (CD: cold-drawn, HR: hot-rolled) and other materials
used for biomedical implants. [106]
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Fig. 30. The near-threshold crack growth rate in NisgoeTiso1 heat-treated 750°C/lh at various
temperatures for stress ratio R=0.9 and 0.1. [107]

The formation of the plastic zone at the crack tip of NiTi alloy also creates stress fields
(compressive at the crack tip), which increases stress resp. K factor needed for crack tip opening
(oop resp. Kop). If a small number of overloading cycles are added to a monotonous loading, the
plastic zone at the crack tip and Kop is increased, which decreases crack growth rate. The effect
of overloading cycles on NiTi alloy has been studied in [108][109]. As can be seen in Fig. 31,
overloading cycles have a significantly positive impact on fatigue life in thermal cycling under
constant uniaxial tension (wire actuation). Fatigue crack growth rate is decreased, even though
transformation strain is at around the same level of 4 %. Contrastingly, the higher the
overloading stresses are, the higher the permanent strain is accumulated during fatigue cycling

(Fig. 32 a).
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Fig. 32. a) lllustration of overloading cycle influence on fatigue life, transformation strain (RS) and
permanent strain (RD), b) influence of actuation stress level. [109]

The heat treatment method called *’healing’’ is also described in the NiTi literature. The sample
is intentionally overheated highly above As temperature during thermomechanical cycling to
remove residual martensite or even recover dislocations introduced by martensitic
transformation. Consequences of previous cycling (functional degradation) can be to some
extent removed by this treatment. However, this method is beneficial only in the case of
low-cycle fatigue, where martensitic transformation occurs, before nucleation of a macroscopic
crack [110]. On the contrary, if a macroscopic crack nucleates, stress relaxation at the crack tip
increases fatigue crack growth rate. Repeated overheating in each actuation cycle also decreases
fatigue life. For example, overstepping of Ar temperature by 40 °C instead of 10 °C results in
three times lower fatigue life [109].

The grain size of the polycrystalline matrix significantly affects the material properties of NiTi
alloy. The benefits of nanograin microstructure are increased tensile strength, yield stress, and
suppressed dislocation activity, which decreases accumulated permanent strain in superelastic
cycling [18][19][53]. However, the ductility of that microstructure is limited. Note that ductility
of NiTi alloy varies significantly from approx. 4% up to 60 % depending on heat
treatment/grain size [19][74]. The result of a nanograin microstructure is substantially
decreased plastic zone at the crack tip and an increase of stress concentration leading to a
decrease in fracture toughness and an increase of crack growth rate [106][111]. Fracture
toughness Kic of Niso.9Tisg.1 alloy was measured in [54], where cold working and heat treatment
of CT samples yielded a grain size 10-1500 nm. The reported fracture toughness of samples
was approx. 46 MPa*m¥2resp. 25 MPa*m*2for grain size 1500 nm resp. 10 nm (Fig. 33).
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Fig. 33. Grain size effect on force-displacement curves and fracture toughness of CT specimens. [54]

Another important factor affecting fracture toughness of superelastic NiTi alloy is
transformation stress. Mobility of the martensite band front is suppressed by grain boundaries
of nanograin microstructure, high dislocation density, and even amorphous phase after severe
cold-working. Therefore, transformation stresses are increased and the martensitic zone at the
crack tip is reduced (see Fig. 34) leading to lower fracture toughness [71][112]. Mechanical
properties of grain boundaries become more relevant in nanograin microstructure and act as a
rigid shell with a superelastic core [71]. Thus, martensitic transformation is not localized into
the martensite band front described in [26] for NiTi with grain size above 50 nm.
Transformation occurs in individual grains independently at different macroscopic stresses
(without transformation plateau). Another view of this issue is presented in [54]. Crooked
propagation of fatigue crack (in mixed mode I and Il) was observed in a coarse-grain NiTi. In
contrast, direct propagation in mode I is observed in a nanograin microstructure (Fig. 34). Thus,
fracture toughness and Kt are lower again in nanograin microstructures. On the other hand, it
is explicit that the crack mainly propagates transgranularly and intragranularly by occasion (Fig.
35) in [113] and the effect of larger grains on the direction of crack propagation is not as
pronounced as illustrated in [54].

In summary, the extent of the martensitic and plastic zone at the crack tip is significantly
reduced in nanograin microstructure due to the combination of higher transformation stresses,
suppressed transformation strain, and ductility of the material. On the contrary, annealing above
500 °C creates a microstructure with higher fracture toughness. However, stability of
superelastic cycles is compromised in material with higher grain size and compromise must be
found for an individual application of NiTi alloy.
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Fig. 34. lllustration of grain size effect on the crack propagation and deformation zones at the crack tip.

[54]

Fig. 35. SEM image of the crack morphology; the white lines highlight the grain boundaries. [113]
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2  Experimental part/objectives of the dissertation

Functional properties of NiTi alloys can significantly differ depending on chemical composition
and thermomechanical treatment (cold working, annealing, etc.) that affects the virgin austenitic
microstructure (grain size, lattice defects, and NisTiz precipitates). In this dissertation, stress-
strain-temperature curves of NiTi wires in tension are recorded in various thermomechanical
loading regimes (superelasticity, actuation, shape memory effect) as a source of data for
characterization of functional properties of NiTi wires. The main objective is to find a
connection between functional fatigue, structural fatigue, virgin microstructure, and
microstructure evolution during thermomechanical (especially superelastic) loading at various
conditions (temperature and stress). The tested wires were pulse heat-treated by electric current
as well as conventionally annealed in an environmental furnace to identify effects of
microstructure recovery/recrystallization, as well as the effect of Ni-rich precipitates created by
suitable annealing. Low cycle fatigue tests in the superelastic regime are used to characterize
functional properties and structural fatigue of the NiTi wires. These tests were complemented
by extensive TEM and SEM analysis of the virgin and thermomechanically loaded samples to
evaluate changes in microstructure. An important assumption of this work is that the majority
of the unrecovered strain and generation of lattice defects occur when martensitic
transformation proceeds under applied stress and depends on the stress levels of forward and
reverse transformations. In other words, levels of transformation stresses are more relevant for
fatigue damage and permanent strain accumulation than stress or strain amplitudes. These
claims are evidenced by a series of thermomechanical loading tests and TEM microscopy of
the tested samples.

3 Experimental details

Cold-worked Ni-rich NiTi wire (50.8 at. % Ni, 45 £ 5 % CW, 0.1 mm in diameter, produced
by Fort Wayne Metals in 2011) was used in the experiments. The NiTi wire was annealed by
electric current pulse with the aim to obtain superelastic samples with desired nanograin
microstructure. Constant power 160 W/mm? (62.5 W for 50 mm samples) of the electric pulse
was applied for 10 ms, 13 ms, 15 ms, 16 ms, and 20 ms to produce samples with different virgin
austenitic microstructures. The pulse time is used to denote the produced NiTi wires further on.
Moreover, selected 13 ms, 15 ms, and 20 ms samples were further aged for 1 h at 400 °C to
introduce precipitates of NisTiz phase. Such heat-treated wire is called 13 ms+400 °C/1h.

Thermomechanical testing and fatigue cycling were performed on the MITTER rig (Fig. 1)
developed and constructed at the Department of Functional Materials at the Institute of Physics
of the Czech Academy of Sciences for testing NiTi wires. The testing rig MITTER allows both
mechanical testing and pulse heat treatment by electric current, which eliminates transmission
of samples. Peltier elements are controlling the testing temperature in the range from -40 to
200 °C. More detailed information on the testing rig and pulse heat treatment by the electric
current can be found in [18][72][73][74]. Tests below the lower temperature limit were carried
out by means of an aluminum heat sink filled with liquid nitrogen placed on the top of the
copper body of the Peltier chamber to reach nearly -100 °C. The ends of the wires were clamped
into stainless steel capillaries (1.6 mm in the outer and 0.18 mm in the inner diameter) for easier
manipulation and gripping in the MITTER tester. The gauge length of the wire sample between
the capillaries was 50 mm. The sample with capillaries fits into the 80 mm long copper chamber
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and can be kept at a homogenous temperature with a minimum temperature gradient from the
wire center towards the capillaries.

Data acquisition and electric
heat treatment system

Stepper motor

" Load-cell _ °

— Position sensor

NiTi sample in capillaries

Fig. 1. Miniature tensile tester MITTER (equipped with a load cell, stepper motor, position encoder,
Peltier-based environmental chamber, resistance measurement, and closed-loop LabView-based control
system) used to perform both the electro-pulse heat treatment and thermomechanical loading tests of the
NiTi wires.

The cooling/heating dilatometry experiments (Fig. 3a,b) were performed using
thermal/mechanical analyzer LINSEIS TMA PT1600 under a force of 0.1 N (13 MPa tensile
stress) using cooling and heating rate 3 °C/min. The DSC measurements were performed using
DSC 25 apparatus by TA Instruments.

Tensile tests were performed at various temperatures in the range from -30 °C to 190 °C in a
displacement-controlled regime to explore superelastic stress-strain response and deformation
until fracture (Fig. 2). The displacement rate of the test was 0.05 mm/s (0.1 %/s strain rate).
The following material characteristics were evaluated: upper plateau stress cp"?, upper plateau
strain gp"?, and unrecovered strain &ys in the first superelastic cycle, yield stress oy (the point
above the upper plateau of the first loading cycle where the stress-strain curve deviates from
the linear path by 0.2 % of strain), tensile strength Rm, and ductility A.
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Fig. 2. Material characteristics of superelastic NiTi wire evaluated from the tensile test (upper plateau
stress op'®, upper plateau strain g,"?, unrecovered strain g, yield stress oy, ductility A, and tensile
strength Rm). NiTi wire was subjected to: 1) tensile deformation up to the end of stress plateau and
unloading (green curve) and 2) tensile test up to fracture (red curve) at a constant temperature. Stress-
strain curves recorded at temperature 80 °C and strain rate 0.1 %/s are shown only as an example on
which the definition of material characteristics is demonstrated.

Superelastic fatigue tests were performed at a 1 %/s strain rate in the displacement-controlled
regime. Since the higher strain rate used affects a stress-strain response [114] owing to the
exothermic/endothermic character of the forward/reverse martensitic transformation, tensile
cycles at a lower strain rate (0.1 %/s) were included during the fatigue tests to monitor the
evolution of stress-strain response upon cycling. The lower loading limit was 10 MPa, which
prevents buckling of NiTi wires as unrecovered strain accumulates in the fatigue cycling above
As temperature. The upper loading limit was set to the end of the stress plateau at a given
temperature. A temperature range in which the fatigue experiments were performed (roughly
-5 °C to 110 °C) depended on fatigue and material characteristics of a particular wire (A,
gus <4 % and Nt > 1000 cycles). Fatigue tests were repeated 5 times at each temperature to
capture a scatter of fatigue life.

Samples for TEM observation of lattice defects in the virgin and deformed wires were prepared
by the Focused lon Beam (FIB) method using the FEI Quanta 3D FIB-SEM electron
microscope. TEM lamellae were extracted in such a way that the wire loading axis always lies
in the plane of the lamellae. TEM observations were carried out using the FEI Tecnai TF20 X-
twin field emission gun microscope operated at 200 kV.
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4 Results

4.1 Thermomechanical characterization of NiTi wires

4.1.1 Microstructure and transformation temperatures

As explained in chapter 1.3, the thermomechanical properties of NiTi wire depend on chemical
composition (transformation temperatures) and microstructural state (grain size, lattice defects,
precipitates). Both can be adjusted by the heat treatment to some extent. Hence, we need to
characterize the virgin microstructure and transformation temperature of all NiTi wires used in
thermomechanical loading experiments. Virgin microstructures of the tested wires before
thermomechanical and fatigue experiments were analyzed by TEM (Fig. 3e, f, g, h). While the
partially recrystallized microstructure of the 10 ms wire (d ~ 20 nm) contains a high density of
lattice defects, microstructures of the 13 ms and 15 ms wires are completely recrystallized with
mean grain size 75 nm and 250 nm, respectively.

Transformation temperatures of the wires were determined by DSC (Fig. 3a, b) and compared
with dilatometry measurement under a constant tensile stress of 13 MPa (0.1 N) (Fig. 3c, d).
The 10 ms wire does not show any significant response induced by B2-B19’ martensitic
transformation in the tested temperature range and only marginal R-phase transformation. The
13 ms wire shows R-phase transformation below 0 °C (with a similar broad and flat
transformation peak as the 10 ms sample) and R-B19’ transformation with transformation
temperatures: Ms=-81 °C and Af= -8 °C. The additional 400°C/1h aging results in the increase
of both Ms = -77 °C and Af = 44 °C temperatures and distinct R-phase transformation. On the
other hand, cooling under stress, that produces oriented martensite, shows much higher
Ms = -51 °C, which better represents the change in the stress-strain response (Fig. 4b). Since
the Ar temperature increases more than the Ms, the aged sample exhibits wider temperature
hysteresis. The 15 ms wire shows R-phase transformation as well and the R-B19’
transformation displays temperature hysteresis with Ms = -70 °C and A = -5 °C. Contrastingly,
the sample exhibits direct B19°-B2 transformation with As = -20 °C in the heating under stress,
and Ms = -54 °C (see the dilatometry in Fig. 3c).
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Fig. 3. Thermal responses (a, b, ¢, d) of NiTi wires having various microstructures (e, f, g, h). Standard
DSC record is shown in a) and b). The strain-temperature curves (c, d) were recorded upon
cooling/heating under 13MPa constant stress (0.1N force). TEM micrographs (e, f, g, h) show
microstructure of the NiTi wires heat-treated for €) 10 ms, f) 15 ms and g) 13 ms (at a constant power
density of 160 W/mm?3) and h) 13ms+400°C/1h.
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4.1.2 Mechanical properties of NiTi wires determined from tensile tests

Stress-strain responses of the wires at 20 °C with different microstructures are shown in
Fig. 4a,b. The cold-worked wire shows no transformation plateau strain, ductility of 6 %, and
the highest tensile strength ~ 1900 MPa. The 10 ms wire (d ~ 20 nm), which did not show any
transformation in the thermal cycle, exhibits superelasticity at room temperature, with 5.2 %
transformation strain P at nearly constant upper plateau stress o' of 560 MPa, 13 %
ductility, and only slightly lower tensile strength ~ 1700 MPa. The 13 ms wire (d ~ 75 nm)
exhibits perfect superelasticity with a larger upper plateau &,"° of 6.7 % and upper plateau stress
cp® of 475 MPa. Ductility remains around 13 %, however, tensile strength decreases
significantly (Rm ~ 1300 MPa). Finally, the 15 ms wire (d ~ 250 nm) displays the largest &,"°
of 7.3 %, upper plateau stress cp"? of 420 MPa, further reduced Rm ~ 1030 MPa, and a very
large ductility of 56 %. The first superelastic stress-strain cycles at 20 °C are perfectly
recoverable in the case of all wires (the aged sample has to be heated above 44 °C to induce
reverse transformation).
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Fig. 4. Mechanical responses of NiTi wires showing the effect of a) recrystallization and b) aging. The
stress-strain curves were recorded in uniaxial tensile tests (one superelastic cycle followed by
deformation until fracture) at 20 °C.

The additional aging treatment (400°C/1h) applied to the 13 ms wire does not increase the grain
size (d ~ 75 nm) (Fig. 3f), but changes the transformation temperatures (Fig. 3b), which causes
the decrease of upper plateau stress cp*? by approx. 170 MPa (Fig. 4d) and increases the Ry to
approx. 1500 MPa. Furthermore, the upper plateau strain g,** is reduced to 5 %. The ~ 30°C
difference in Ms temperature of samples with and without the additional aging (Fig. 3b)
corresponds quite well to the decrease in upper plateau stress (Fig. 4b) (considering the stress

rate % =6 MPa/°C (Fig. 7a)). The detailed STEM analysis of the aged 13 ms wire is shown in
Fig. 21.

In order to determine the superelastic functional behavior of NiTi wires subjected to various
heat treatments and establish temperature ranges for fatigue experiments, tensile tests were
carried out in the temperature range 20 °C to 190°C. A comparison of the tested
microstructures at the same temperature point is shown in Fig. 5 and a comparison of one
microstructure at various temperature points is in Fig. 6. After deformation up to the end of
stress plateau and unloading, the wires were stress-free heated up by 100 °C above the test
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temperature to relieve residual martensite and determine the unrecovered strain introduced
during the first superelastic cycle. Temperature dependence of upper plateau stress o, (Fig.
7a) and unrecovered strains eys (Fig. 7b) were plotted as a function of temperature. The
superelastic stress-strain curves shift to higher stresses with increasing test temperature,
showing the characteristic temperature dependence of transformation stress of ~ 6 MPa/°C (Fig.
7a), as is common for superelastic NiTi alloys. This does not necessarily mean that the stress-
induced B2-(R)-B19’ martensitic transformation is the only deformation mechanism activated
within the martensite band front propagating at plateau stress, particularly in tensile tests at
elevated temperatures [86]. Deformation twinning in the martensite phase and dislocation slip
accompanies the stress-induced martensitic transformation in tensile tests at elevated
temperatures (see [41][86][95] for detailed discussion).
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Fig. 5. Stress-strain superelastic response of the NiTi wires at a) 20 °C, b) 60 °C, ¢) 80 °C, d) 120 °C, e)
150 °C and f) 190 °C. One loading/unloading cycle to the end of the upper plateau followed by heating
by 100 °C to recover residual martensite to examine mechanical properties (cp"?) and stability (eus) of
superelastic loops.
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Fig. 6 Stress-strain curves recorded in tensile loading/unloading tests up to the end of stress plateau on
four different NiTi wires at various test temperatures in the range of 20 °C to 190 °C. a) 10 ms,
b1) 13 ms, b2) 13 ms+400°C/1h and c) 15ms NiTi samples. The wires were heated up by 100 °C to
recover residual martensite.

Although all tested microstructures are stable at 20 °C and less than 0.1 % unrecovered strain
eu IS measured in one superelastic cycle (shape memory cycle for the aged sample), there are
large differences in upper plateau stress, unrecovered strains, and cyclic instability in tensile
tests at elevated temperatures (compare the stress-strain curves of 10 ms and 15 ms wires in
Fig. 6a,c). The 10 ms wire shows the lowest unrecovered strain and highest upper plateau
stresses in the whole temperature range. Moreover, the linear temperature dependence of upper
plateau stress cp'P-T of the 10 ms wire in the whole temperature range (Fig. 7a) suggests that
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the additional plastic deformation processes have a significantly smaller impact on the stress-
strain response compared to the other samples (Figs. 6a, 7b). The temperature dependence of
upper plateau stress op“P-T of the 13 ms and 15 ms wires deviates from linear behavior
above 110°C and 80 °C, respectively, which points out the massive activity of plastic
deformation processes in these tests [86]. The lower stress plateau on the stress-strain curve of
the 10 ms, 13 ms, and 15 ms wire vanishes at 140 °C, 100 °C, and 60 °C, respectively. The aged
sample (13 ms+400°C/1h) exhibits lower cp"P by approx. 170 MPa, smaller unrecovered strain,
and higher yield stress oy compared to the 13 ms sample. Thus, the aged microstructure shows
better functional stability at higher temperatures (see Fig. 7a,b). However, the 13 ms+400°C/1h
wire is not capable to reach the end of its stress plateau at 190 °C and the sample breaks
unpredictably within the plateau region, unlike the 13 ms sample. The slope of the temperature

dependence of transformation stress % is not significantly affected by the precipitation or

recrystallization processes in the linear part of the o,"°-T diagram (varies from 5.9 MPa/°C of
the 10 ms wire to 6.3 MPa/°C of the 15 ms wire). The op"P-T curves are only shifted in the
stress/temperature space (Fig. 7a).

6+
a) o b
1600131, %Y | e e )
1400 - > P
< /
i ~ 44
RS -g /
o [
< 10001 = 3.
@ 800 3
o s 27
5 6004 2
e 8 11
400 .’.’/ —=—13ms 5 -
200 . —=—13ms+400°C/1h ~ 0 -T-meaasi=lrs—" Range of
15ms - fatigue tests
0 T T T T T T T T T T ol T T T T T T T T T T
-256 0 25 50 75 100 125 150 175 200 25 0 25 50 75 100 125 150 175 200
Temperature (°C) Temperature (°C)

Fig. 7. Effect of temperature on superelastic properties of the NiTi wires- a) temperature dependence of
upper plateau stress o™ (showing Clausius-Clapeyron relation) and yield stress oy and b) unrecovered

strain gy in the temperature range -30 °C to 190 °C (data points are obtained from superelastic and
tensile tests shown in Figs. 4-6).

4.1.3 Analysis of unrecovered strain in thermomechanical loading cycles

An important assumption of this work is that plastic deformation accompanies martensitic
transformation only when it proceeds under external stress, and that it depends on the stress
levels of both forward and reverse transformations. In other words, levels of transformation
stresses are more relevant for fatigue damage and accumulation of unrecovered strain than
stress or strain amplitudes. Moreover, the functional degradation of stress-strain-temperature
response is the display of dislocation activity and deformation twinning. These claims are
substantiated by a series of thermomechanical loading tests of the 13 ms and 15 ms and 16 ms
wires with grain size ranging from ~ 75 nm to 600 nm in the following sections.
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15 ms microstructure

Cyclic superelastic and thermal loading tests

A series of cyclic superelastic tests at constant temperature (Fig. 8) and thermal cycling at
constant stress (Fig. 9) were performed to evaluate unrecovered strain and permanent lattice
defects generated by martensitic transformation proceeding under very different stress—
temperature conditions. Since the superelastic strains in the tensile test at -30 °C are not
recovered upon unloading (Fig. 8a), the closed-loop thermomechanical loading cycle was
completed by heating under 20 MPa stress. The superelastic test at 20 °C and actuator test at
280 MPa (averaged stress of forward and reverse plateau of the superelastic test at 20 °C) are
basic tests used to investigate functional thermomechanical properties of NiTi wires. The results
of these tests are compared with the results of tests performed under extreme/unconventional
conditions, for which the martensitic transformation proceeds at either very low or high stresses
and temperatures.

A superelastic tensile test at room temperature (Fig. 8b) generates a medium unrecovered strain
of 1.65 % and a significant amount of slip dislocations (Fig. 8b2). The reader is referred to our
related paper [35], in which these slip dislocations were analyzed as belonging to the
{011}/<100> austenite slip system. Deformation bands containing residual B19’ martensite or
{114} austenite twins can rarely occur. The stress—strain response in the test was unstable, and
the hysteresis width decreased due to the gradual decrease of the upper plateau stress in 10
cycles. This contrasts with the test performed at -30 °C (Fig. 8a), in which only negligible
unrecovered strain and few scattered dislocation segments (Fig. 8a2) were observed in the
microstructure of the cycled wire and very good cyclic stability of the stress—strain—temperature
response of the wire was observed. In this test, the forward martensitic transformation proceeds
from the R-phase into the B19° martensite at low stress ~100 MPa, while the reverse
transformation takes place upon heating under 20 MPa. Although the maximum stresses,
strains, and temperature applied in the tests at -30 °C and 20 °C were comparable, the forward
and reverse martensitic transformations proceeded at much higher stress in the latter. In the
superelastic test at 80 °C, the recorded cyclic stress—strain response of the wire was extremely
unstable (Fig. 8c). Unrecovered strain reached 6.45 % and the stress—strain curve became
almost linear with small hysteresis after 10 loading cycles. The microstructure of the cycled
wire is dominated by deformation bands (Fig. 8c1,c2). Detailed analysis of deformation bands
created by tensile cycling of the 16 ms NiTi wire deformed superelastically at elevated
temperatures have shown that the bands contain either residual B19’ martensite or {114}
austenite twins [41].
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Fig. 8. Cyclic tensile tests at the temperature of a) -30 °C, b) 20 °C and c) 80 °C. Stress-strain curves
recorded in the 1st and 10th cycle and resulting lattice defects observed by TEM in the microstructure
of cycled wires (10 closed-loop cycles followed by heating to 150 °C to recover residual martensite).

In the thermal cycling under constant stress 280 MPa (Fig. 9b), a slightly larger unrecovered
strain of 1.9 % was observed compared to the superelastic test at 20 °C. A significant amount
of slip dislocations but no deformation bands were observed in the microstructure after 10
cycles (Fig. 9b1,b2). The strain—temperature response was unstable and the hysteresis width
decreased significantly upon cycling, similarly as in the superelastic test at room temperature.
This contrasts with the very stable strain—temperature response of the wire thermally cycled at
6.5 MPa (50 mN force) (Fig. 9a). Practically no unrecovered strain was recorded, and no lattice
defects were found in the wire microstructure after 10 cycles (Fig. 9a1,a2). This result, although
it seems to be trivial, is very important. There are reports in the literature showing various kinds
of dislocation defects created upon stress-free thermal cycling of NiTi across a range of
transformation temperatures Ms-As [115][116], which gives an impression that cyclic
martensitic transformation proceeding even without external stress generates dislocation
defects in the austenite lattice. Although this might be true as concerns point defects or faults
[116] (difficult to resolve by conventional TEM), our results clearly prove that no slip
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dislocations, twins, or other lattice defects easily observable by TEM were created during the
first 10 thermal cycles at low stress 6.5 MPa. The most likely explanation of this contradiction
is that the literature studies were typically performed on solution-treated NiTi alloys, while our
experiments were performed on superelastic NiTi wire possessing nanograin microstructure.
Upon thermal cycling at 750 MPa (Fig. 9c), strain-temperature response was very unstable of
the ratcheting character, accumulated unrecovered strain of 20.1 % reached far into the plastic
deformation range (Fig. 4), and a very high amount of deformation bands and slip dislocations
were found in the microstructure of the wire. It shall be pointed out that while the reverse
martensitic transformation proceeded upon heating under stress (Fig. 9c), the wire almost did
not shorten. We have investigated and analyzed these ratcheting stress—strain—temperature
responses upon thermal cycling of NiTi wire under large stress in [38][39]. The reader is
referred to these articles for detailed explanation and interpretation of the ratcheting
phenomenon.
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Figure 9. Thermal cycling at constant stress of a) 6.5 MPa, b) 280 MPa and c) 750 MPa.

Strain-temperature curves recorded in the 1st and 10th cycle and resulting lattice defects observed by
TEM in the microstructure of the cycled wires.
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Cyclic Shape Memory and Recovery Stress Tests

Results of experiments reported in the previous section suggest that the stress and temperature,
at which the martensitic transformation proceeds, play a key role in the mechanism generating
the unrecovered strain and permanent lattice defects. This in turn implies that the stresses and
temperature applied to the wire when it does not transform are less important. In order to prove
that beyond any doubts, we have performed two thermomechanical loading experiments
involving high stresses and temperatures, but the martensitic transformation in them never
proceeded at high stresses and temperatures throughout the whole volume of the NiTi wire. The
first experiment is the cyclic shape memory test (Fig. 10). The wire was loaded at -75 °C up to
400 MPa (8% strain), unloaded, and subsequently heated under 20 MPa stress up to 20 °C. The
large strain induced in the martensite state recovered almost completely during the reverse
transformation during heating in each cycle. The wire displayed stable stress—strain—
temperature response, a small unrecovered strain of only 0.12 %, and a negligible amount of
permanent lattice defects (mainly dislocation segments and loops) was generated in the 10
shape memory cycles (Fig. 10c-e). It has been empirically known that, in order to use NiTi
elements in shape memory cycles multiple times, they have to be deformed below the Ms
temperature in the low-temperature martensite state. It has been implicitly assumed that the
element accumulates more damage when it is deformed above Ms because of the higher stress,
though reliable experimental evidence is lacking. To the extent of the author’s knowledge,
experimental data on the stability of the cyclic shape memory effect are not available in the
literature. Results published in the literature (e.g. [117]) were typically obtained on soft NiTi
alloys and were limited to a few tens or hundreds of cycles.

59



700 91
a) b)
—— 1st cycle 8
600 ——10th cycle
7
500 "
g g °
S 400 > 5
~ [ =
(7] ‘©
© 300+ 7 %
n 34
2004  £,5=0.12%

-40 -20 0 20 40
Temperature (°C)
" C

Fig. 10. Stress—strain (a), and strain-temperature (b) curves recorded in the first 10 cycles of Shape
memory cycling and resulting lattice defects observed by TEM in the microstructure (c,d,e) .

The second experiment is the cyclic recovery stress test (Fig. 11). The wire was loaded at
—75°C up to 400 MPa (8% strain), unloaded to 100 MPa (7% strain), and subsequently
thermally cycled under constant strain between 100 MPa and 500 MPa. Note that, although the
stresses, strains, and temperature involved are rather large, the martensitic transformation does
not massively occur upon thermal cycling (variation of phase fraction is negligible [118]). The
stress-temperature response upon thermal cycling is stable, unrecovered strain is small
(0.44 %), and only a low density of dislocation defects (no deformation bands) was observed
in the microstructure of the wire after 10 thermal cycles (Fig. 11c-e).

60



700 a) 700 - b)

——— 1st cycle
600 6004 — 10th cycle
10 cycles -40-80°C (100-500 MPa)

= 500 \ = 500 -
o o
= 400- = 400-
[ Y (]
(%] [%2]
£ 300+ £ 300
7] [

200 -

1001

T 1 0 T T T T T T T

Fig. 11 Recovery stress cycling. Stress-strain (a), and stress-temperature (b) curves recorded in the first
10 cycles and resulting lattice defects observed by TEM in the microstructure (c,d,e).

Cyclic Bypass Tests Separating the Effects of Forward and Reverse Transformations

We knew from the results of [34] that the unrecovered strains generated by the forward and
reverse martensitic transformation are generally different. Obviously, this cannot be analyzed
based on the results of the previous superelastic and actuation tests (Figs. 8 and 9). This section
presents results of thermomechanical loading experiments (Figs. 12 and 13) designed to
evaluate the unrecovered strains and permanent lattice defects created upon cycling during the
forward and reverse transformations, separately.

The conventional cyclic superelastic test (Figs. 12a) was performed at 30 °C (slightly higher
compared to the test at 20 °C (Fig. 8b)) since we wanted a higher density of lattice defects to
be generated upon cycling. The recorded accumulated unrecovered strain (2.5 %) is larger
compared to 1.65% unrecovered strain in the test at 20 °C (Fig. 8b) and there appear
deformation bands in the microstructure of the wire cycled at 30 °C, which correlates with a
loss of transformation plateau in the 10th superelastic cycle. To find unrecovered strain
generated during the forward loading and the reverse unloading branches of the superelastic
curve, bypass thermomechanical loading tests were performed (Fig. 12b,c).

The forward martensitic transformation upon loading at 30 °C proceeded exactly in the same
manner as in Fig. 12a, but then, instead of unloading, the wire was cooled (constrained at the
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end of transformation plateau) down to -30 °C, unloaded, and heated under 20 MPa stress back
to the 30 °C temperature (Fig. 12b). Such a closed-loop thermomechanical loading cycle was
run 10 times. An unrecovered strain of ~ 2 % was recorded after 10 thermomechanical loading
cycles. When the thermomechanical loading test was performed along with the same stress—
temperature route but in the reverse order (cooling to martensite — loading to 8% strain —
heating back to 30 °C — unloading to perform reverse transformation under stress), a slightly
lower unrecovered strain of ~1,5 % was determined in the test (Fig. 12c). Based on the results
of tests in Figs. 10 and 11, the majority of the recorded unrecovered strains and permanent
lattice defects were assumed to be generated when the martensitic transformation proceeded
under large stress upon the forward loading (reverse unloading), respectively.
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Fig. 12 Thermomechanical loading tests performed to evaluate unrecovered strains and lattice defects
generated separately by the forward (b) and reverse (c) martensitic transformation in superelastic test
(a). Stress-strain curves recorded in the 1st and 10th cycle in thermomechanical loading tests and lattice
defects observed in the microstructure of the cycled wires. Compared to (a), there is no sharp
transformation stress peak in (b), since the test was performed in dilatometer on short wire sample, in
which the transformation front was nucleated within the grips.

The analysis of microstructures in wires subjected to these bypass tests showed that there are
fewer slip dislocations and fewer deformation bands in both microstructures, compared to the
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superelastically cycled wire (Fig. 12al,a2). Although both microstructures look quite similar,
long slip dislocations appear preferentially in the forward microstructure (Fig. 12b1,b2). Also,
note that approx. 0.8% strain was recovered after 10 cycles at 30 °C during subsequent heating
to 150 °C, which clears out most of the residual martensite, and only permanent defects in
microstructure are observed by TEM. Residual martensite accounted for ~ 0.5% strain in the
bypass tests.

Fig. 13a shows the conventional cyclic thermal test under 400MPa stress. In comparison to the
similar test performed under smaller stress of 280 MPa (Fig. 9b), the accumulated unrecovered
strain is significantly larger (3.7 % vs. 1.9 %), and there are more deformation bands in the
microstructure of the cycled wire (Fig. 13al,a2). The hysteresis width gets narrower to a similar
extent as in the test presented in Fig. 9b but, in a contrast, the decrease of the hysteresis width
is mainly due to the shift of the reverse transformation to lower temperatures.

-
-
]

-
=)
Y
~

400MPa

~———1st cycle
—— 10th cycle

Strain (%)
© =2 N W & 00 O N 0 ©
v oye B G o TR G SR AR

20 0 20 40 60 80 S
: —— 100 nm

Temperature (°C)

IS
o

<
g

- b)
1400 MPa

-

400MPa Forward

Strain (%)
o = N W H OO N ©® © O
B B s n

£,,=0.41% 400 MPa"

T i .
-40  -20 0 20 40 60 80 l100

Temperature (°C) 20 MPa
144
:Z:c-’ 400MPa Reverse
114
104 (400 MPa ——
= 944 £,s=6.4%
s g+
.g ;-
2 5 400 M
4
34
1 l20mp
14 a
0 l\ .

40 20 0 20 40 60 80
Temperature (°C)

Fig. 13. Thermomechanical loading tests performed to evaluate unrecovered strains and lattice defects
generated separately by the forward (b) and reverse (c) martensitic transformation in thermal cycling
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loading tests and resulting lattice defects observed in the microstructure of the cycled wires (al-c2).
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Again, we did not know from the test how much unrecovered strain and how many lattice
defects were generated during the forward cooling and reverse heating. The bypass
thermomechanical loading tests were performed to find out. While the only small unrecovered
strain of ~0.4 % was recorded in the test of forward martensitic transformation during cooling
at 400 MPa (Fig. 13b), a very large unrecovered strain of 6.4 % was recorded in Fig. 13c, in
which the reverse martensitic transformation proceeded under the same stress only during
heating.
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Fig. 14. (a) 3D T—o—eus diagram for the 15 ms NiTi wire. Color ellipses mark different magnitude of
unrecovered strain generated by the forward and reverse martensitic transformations proceeded at
temperature and stress conditions denoted by transformation lines in stress—temperature space;
(b) microstructure when martensitic transformation proceeded at low stresses - almost no unrecovered
strain and very few permanent lattice defects in a form of dislocation loops were generated;
(c) dislocations in {110}<001> slip system and medium unrecovered strains were generated when
martensitic transformation proceeded at intermediate stresses; (d) deformation bands containing {114}
austenite twins and/or single variant residual B19” martensite plates [41] together with a high density of
unidentified dislocations were observed when martensitic transformation proceeded at high stresses.
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The microstructures observed in the cycled wires (Fig. 13b, c) agree with the difference in
unrecovered strains. It appears that the permanent lattice defects (slip dislocations and
deformation bands) were generated mainly during the reverse heating under stress. The
unrecovered strain and amount of lattice defects generated in the test (cyclic reverse
transformation under stress) are much higher than in the conventional cyclic thermal test under
400 MPa. The unrecovered strain and type of lattice defects generated under various stresses
and temperatures are summarized in Fig. 14. The 3D T—o—eys diagram in Fig. 14 shows
unrecovered strains accumulated in 10 thermomechanical loading bypass cycles, in which
forward or reverse martensitic transformation proceeded at temperature and stress conditions
denoted by transformation lines in stress—temperature space. The three color ellipses drawn in
the 3D T-o—eus diagram denote [temperature, stress, strain] conditions under which very
different unrecovered strains and lattice defects were observed.

13 ms microstructure

Cyclic shape memory and bypass tests separating effects of forward and reverse transformations
were performed in the case of the 13 ms microstructure as well. Fig. 15 demonstrates how much
of unrecovered strain (eus = 1.1 %) is generated in the first superelastic cycle at 80 °C. The
forward transformation from austenite to martensite generates ~ 0.65% e&us and reverse
transformation generates an even higher eys of 0.8 %, when it precedes the forward
transformation of a conventional superelastic cycle. Note that sum of & in the ‘forward’ and
‘reverse’ tests is larger than gys in the conventional cycle at 80 °C, where the forward precedes
the reverse transformation, giving a ‘strain hardening’ effect.

80 °C
] Full SE cycle
1200 ~ Tensile test
M—A transformation
1000 4 —— A—M transformation

Strain (%)
Fig. 15. Thermomechanical loading tests performed to evaluate unrecovered strains generated separately
by the forward (red) and reverse (green) martensitic transformation in the superelastic test at 80 °C.

Less than 0.05 % of unrecovered strain was generated both in the tensile loading of martensite
at -90 °C (Fig. 16a, g) and austenite at 150 °C (Fig. 16¢, i), and very few dislocation defects
were observed by TEM in the wires since there was no martensitic transformation proceeding
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under stress. It shall be noted that this was the case despite the large stress (900 MPa) and large
strain (9 %) applied in the shape memory tests (Fig. 16a, g). This evidence shows that if the
austenite and martensite phases do not transform under high stress, they are highly resistant to
dislocation slip or any other source of inelastic deformation. Additionally, a significant
unrecovered strain of 1.1 % (1.3 % without recovery of residual martensite) is generated by the
forward and reverse martensitic transformation in the same wire at approx. 900 MPa and
500 MPa, respectively, even though the maximum stress and strain in the loading cycle are
comparable to the previous tests performed at -90 °C and 150 °C. The accumulated unrecovered
strain exceeds 3 % in just 10 cycles of superelastic tensile loading at 80 °C and the wire fails at
~ 900 cycles (Fig. 16h).
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Fig. 16. Stress-strain response of the NiTi wire in tensile tests at various temperatures: (a) -90 °C (b) 80
°C, (c) 150 °C. Lattice defect observed in the microstructure (bright-field TEM micrographs) after
deformation (d, e, f) and the cyclic stress-strain response recorded in cyclic tensile tests (g, h, i). The
wire is heated/cooled stress-free to restore the austenite prior to the next tensile loading in the case of
(9). Since no martensitic transformation under stress takes place in the tests (a, g) and (c,i), lattice defects
and unrecovered strain are massively generated only in b) and h).

Although accumulation of unrecovered strain is mainly affected by transformation stresses and
the maximal stress in a loading path has a minor effect, overloading of superelastic NiTi alloy
beyond the plateau strain decreases reverse transformation plateau stress (Fig. 17). The
downward shift of reverse transformation stress is related to the extra energy needed to
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overcome problems at the habit plane during the reverse transformation as additional
deformation beyond plateau strain rearranged martensitic variants. This effect is also called the
“stabilization of martensite by deformation” [119]. The sample deformed up to the 1300 MPa
did not recover upon unloading and had to be heated up to 35 °C (~ 40 °C above the original
As temperature, see Fig. 17). Surprisingly, the recoverable strain after the complete
thermomechanical loading cycle was 12 % (permanent strain only 0.9 %). That is nearly twice
as large of a recoverable strain as commonly considered for NiTi polycrystalline wire.
Therefore, the final part of the tensile test curve beyond the upper-stress plateau is not
conventional elastoplastic loading and additional partially reversible martensite twinning.
Based on this evidence, superelastic fatigue cycling has to be limited by the end of the
transformation plateau to prevent any potential overloading and martensite stabilization effects.

1400 - T=20°C

1200
1000
© |
[
S 800+
(2 8
@
2 600-
17
400 -
200-/—
)
Ol‘[?' T ’ T d T ¥ T ¥ T ’ T s T
o A 2 4 6 | s 10 12 14

Heating to 35°C Strain (%)
Fig. 17. Stress hysteresis increase due to the stabilization of martensite by deformation - superelastic

loading of the 13 ms sample at 20 °C to 600 MPa (black), 1000 MPa (green), 1200 MPa (purple), and
1300 MPa (red).

16 ms microstructure

Experimental results in Fig. 18 (stress-strain-temperature records and bright-field (BF) TEM
micrographs partially taken from [40]) demonstrate how the virgin austenitic microstructure of
the NiTi wire gradually evolves upon tensile deformation from 10% to 20% strain at room
temperature. Recall that after tensile deformation and unloading, the wires were always heated
up to 150 - 200 °C to complete the strain recovery and the effect of martensite stabilization can
be observed as well. As a result, the microstructures in Fig. 18 are thus mainly austenitic, very
rarely with R-phase or B19’ martensite in deformation bands. All stress-induced B19’
martensite existing in the wire under peak stress thus retransformed to the austenite upon
unloading and heating. In this way, lattice defects observed in Fig. 18 in the austenite phase
were probably created by the tensile deformation presumably in the martensite state. Those
defects were inherited by the austenite phase during the reverse transformation upon unloading
and heating.
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Fig. 18. Stress-strain-temperature curves and microstructures observed in superelastic NiTi wire
deformed at room temperature up to 10-20% strain, unloaded, heated under 20 MPa stress until the end
of the strain recovery, and cooled back to room temperature. The data were partially taken from Ref.
[40]. Three BF images in each row characterize lattice defects (deformation bands with {114} austenite
twins, R-phase or B19’martensite and slip dislocation) created during the thermomechanical loading
tests, the results of which are shown in the left column.
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After tensile deformation up to 10% strain, only isolated dislocations and dislocation loops at
oxide particles remained in the unloaded and heated microstructure (Fig. 18a). At 12% strain
(Fig. 8b), a significant density of slip dislocations corresponding to <100>{011} slip systems
appeared in the microstructure. Starting from 14% strain (Fig. 18c-f), deformation bands
appeared in the microstructure and their density gradually increased with increasing total strain.
Although there is dislocation contrast within the deformation bands, these are not conventional
shear bands associated with localized deformation via dislocation slip. The deformation bands
were found to contain single variant crystal lattices different from the austenite matrix (austenite
twin, R-phase, or B19’ martensite). At 14% (Fig. 18c) and 16% strain (Fig. 18d), the
deformation bands containing R-phase prevailed over those containing {114} austenite twins.
At 18% strain (Fig. 18e), deformation bands containing {114} austenite twins started to
dominate the microstructure (Fig. 19). There is strong dislocation contrast both within the
austenite matrix and austenite twins. At 20% strain (Fig. 18f), the microstructure mainly
consists of a high density of deformation bands formed by {114} austenite twins, although
deformation bands containing R—phase were sometimes found in this microstructure as well.

It shall be pointed out that the wire was completely martensitic when it was loaded beyond the
end of the stress plateau in the tensile test, as was confirmed by the in-situ synchrotron x-ray
diffraction method [86]. We see in Fig. 18a,b, no deformation bands appear in the tensile test
up to the yield point.

TEM analysis of the microstructure in the plastically deformed, unloaded, and heated/cooled
wire revealed deformation bands (Figs. 18c-f) containing mainly austenite phase (Fig. 19)
and/or R-phase. This means that all martensite, which remained in the microstructure of the
wire deformed up to 18% after unloading, transformed to the austenite phase upon heating (Fig.
19). Note that ~5% inelastic strain was recovered on heating (Fig. 18e). The microstructure of
the wire after heating/cooling is dominated by the {114}g> austenite twins (Fig. 19) extending
across whole grains, sometimes forming wedges and/or crossing over grain boundaries. Note
that the spots in diffraction patterns taken from the unloaded and heated/cooled microstructure
in Fig. 19 are broadened in an azimuthal direction. The larger the SAED area, the stronger is
the azimuthal spreading (Fig. 19c¢,d). This was attributed to the various austenite lattice rotations
in different locations within the grain introduced during the reverse martensitic transformation
upon unloading and heating under 20 MPa stress [40].

Fig. 20 shows that, even though the wire was deformed to 8% strain and transformed completely
to the martensite in the first tensile cycle at room temperature, practically no lattice defects
remained in its microstructure after unloading and heating. Upon further tensile cycling,
however, slip dislocations and deformation bands gradually appeared in the microstructure, as
evidenced by bright-field TEM images taken after the 2nd, 5th and 20th cycle at 20 °C and
50 °C. It shall be mentioned that the cycled wire was not heated to 150 °C after unloading.
Massive deformation bands appear in the 20th cycle at room temperature alongside a high
density of slip dislocations. The stress-strain response of the wire is much more unstable in
tensile cycling at 50 °C. Deformation bands appear already in the Ist cycle and a high density
of bands was found in the microstructure after the 2nd cycle.

The loss of the plateau type stress-strain response upon cycling correlates with the appearance
of deformation bands in the microstructure of cycled wires. The observed deformation bands
are similar to the bands observed in the same wire deformed only once beyond the yield point
(Fig. 18). However, in contrast to the bands in Fig. 18, most of the bands in Fig. 20 contain a
single variant of the B19” martensite or R-phase, while only very few bands contain {114}
austenite twins.
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Fig. 19. Microstructure in NiTi wire deformed to 18 % at room temperature, unloaded, heated to 150 °C
under 20 MPa, and cooled to room temperature (corresponding to Fig. 18e): (a) a grain with multiple
wedge-shaped deformation bands was selected for the analysis; (b) the lamella was tilted into the [011]
crystal zone, and the deformation bands nearly disappeared; diffraction patterns from the large (c), and
small (d) selected areas differ in the azimuthal spreading of spots; pattern in (c) is due to the diffraction
from multiple slightly misoriented austenite domains within the large area. The diffraction pattern from
the small selected area is indexed in (e) as belonging to the austenite matrix (red) and two austenite
twins (green, blue). Dark-field (DF) images taken using the denoted spots visualize the austenite matrix
(9), (11-4)g; austenite twins (h), and (1-14)s. austenite twins (i). Traces of the observed austenite twin
planes are denoted by colored lines in (f, g, h, i). The black dashed line denotes (100)g austenite twin
plane between the green and blue lattices.
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4.1.4 Characterization of NiTi wires with aged microstructures

In general, the aging of Ni-rich NiTi can significantly alter thermomechanical response (as
demonstrated in sections 1.3.1 Precipitation and 1.4 R-phase). This section shows
microstructures and mechanical behavior of samples that were subjected to the 400°C/1h aging
after various pulse heat treatments by electric current (13 ms, 15 ms, and 20 ms) that generate
microstructure with the average grain size of 75 nm, 250 nm, and 5 um respectively. Note that
the additional aging does not change even the lowest average grain size used in these
experiments (see Fig. 3g,h).

Fig. 21. Microstructure of the 13 ms NiTi wire after additional aging treatment at 400 °C for 1 h: (a)
TEM micrograph, (b) STEM micrograph showing preferential precipitation along grain boundaries, (c)
detail of grain with precipitates in the grain interior, and (d) the <111>g, SAD pattern from the region
highlighted by a white circle in (a) showing additional diffraction spots at 1/7<123>g, positions
generated by the NisTis precipitates.

72



a) 15ms+400°C/1h,d~250nm

oA

Fig. 22. Microstructure of the 15 ms NiTi wire after additional aging treatment at 400 °C for 1 h:
(a) TEM micrograph, (b) STEM micrograph showing preferential precipitation along grain boundaries
and c) detail of grain with precipitates in the grain interior.

As shown in Figs. 4, 23, additional 400°C/1h aging of the 13ms samples increases tensile
strength by about 200 MPa and decreases transformation stresses by 170 MPa. Micrographs in
Fig. 21 reveal that the aging generates Ni-rich precipitates (identified as Ni4sTis phase based on
their shape, the applied aging parameters, and SAD pattern corresponding to observations in
[60][64]) that nucleate preferentially along grain boundaries. The average size of precipitates is
approx. 20 nm in length and 8 nm in thickness. The same aging treatment of the 15 ms
microstructure (d ~ 250 nm) results in a similar distribution of precipitates (Fig. 22 b,c), but the
size of these particles is slightly larger (approx. 28 nm in length and 10 nm in thickness)
suggesting lower efficiency in the age hardening of the NiTi matrix. That was confirmed by the
tensile test showing a lower increase in tensile strength by 100 MPa compared to the aging of
13 ms samples. Moreover, a lower decrease in plateau stress by 140 MPa indicates slower
kinetics of precipitate’s nucleation, probably due to the decreased amount of grain boundaries
compared to the 13 ms samples and larger grain size accentuates preferential nucleation along
grain boundaries as well (see Fig. 22 b). Consequently, the grain interior remains vulnerable to
functional degradation at higher temperatures. As a result of the increase in transformation
temperatures by the aging, the 15 ms+400°C/1h sample has to be tested at least at 45 °C to
finish the superelastic cycle, which leads to extremely unstable functional behavior (Fig. 24).
That could be attributed mainly to the relatively high temperature of aging and lower
supersaturation by Ni promoting nucleation of Ni-rich precipitates at grain boundaries [57].
Furthermore, a significant decrease in ductility from 56 % to only 14 % indicates that the sample
is incapable of homogeneous plastic deformation, and the deformation at high stresses is
localized in a small area of necking, where it ruptures. Finally, the aging of 20 ms samples with
a grain size of ~ 5 um results in a negligible change of both plateau stress and tensile strength
by ~ 40 MPa, and ductility is moderately decreased from 64 % to 58 %.
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Fig. 24. Mechanical response of a) 13 ms at 15 °C, b) 13ms+400°C/1h at 50 °C, ¢) 15 ms at 15 °C and
d) 15ms+400°C/1h at 50 °C in the first and tenth tensile loading cycle to the end of the superelastic
plateau.
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Further optimization of aging parameters would be needed in the case of microstructures with
larger grain sizes. Initial deformation before low-temperature aging (250 °C/8h) and the
introduction of nucleation sites for precipitation in the grain interior could potentially solve this
issue as proposed in [20]. On the other hand, the 10 ms pulse annealing yields only partially
recrystallized microstructure with similar grain size (d ~ 20 nm) as well as the length of NisTi3
precipitates after the 400°C/1h aging. Therefore, aging of the 10 ms wires was not attempted
since maintenance of the grain size during the aging was not guaranteed and the effect of aging
on functional and fatigue performance would be superimposed with grain growth in this case.
Thus, these two aged microstructures were not included in the following fatigue experiments
and only one aged sample - 13 ms+400°C/1h (Fig. 32, Table 1) was included.

4.1.5 Characterization of NiTi wires with aged microstructures by SANS

Another possibility to study precipitation processes in NiTi alloys is small-angle neutron
scattering (SANS) [17][101]. As neutrons have a much higher penetration depth than electrons,
SANS provides information on microstructure (precipitates) from the whole sample (wire)
compared to TEM lamella only. Another advantage is that the SANS measurement does not
require any time-consuming sample preparation. On the other hand, the measured data provide
information only on the size and shape of structural heterogeneities, and neither their chemical
composition nor crystal structure can be determined by SANS.

Small-angle neutron scattering (SANS) experiments were performed in the SANS Il of the PSI
facility in Switzerland (local experimental setup covers measurement up to 100 nm size of
defects/heterogeneities) and MAUD of Nuclear Physics Institute of the CAS in Rez (covers
detection of defects/heterogeneities above 100 nm). Thirteen wires of a diameter 1.7 mm and
length 30 mm were stacked together in a sample holder in this experiment. The samples were
annealed at temperatures 350, 400, 450, 500, 550, 600, 650, and 900 °C for 2 h. A 2D record
of scattered neutron intensity (Fig. 25a) was then integrated by azimuthal angle and transferred
to a 1D curve (Fig. 26) from which size and volume fraction of scattering heterogeneities (Fig.
27) are determined by inverse transformation of the SANS cross-sections. Namely, if their
volume fraction is low and there is no inter-particle interference, the SANS nuclear and
magnetic cross-sections can be written as

dx2(Q) _ (80? [ N®I[VRFIF(Q, R)PdR
dQ g (6)

where N(R) is the number per unit volume of defects with a size between R and R + dR, V their
volume, [F(Q, R)|? their form factor (assumed spherical in this case) [120].
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Fig. 26. Nuclear SANS cross-sections for the tested NiTi samples- cold-worked and annealed for 2 h at
350, 400, 450, 500, 550, 600, 650, and 900 °C.

At first, precipitates less than 10 nm in size are created at 350 °C (Fig. 27) and effectively
increase tensile strength as stated in the previous section. The size of precipitates gradually
increases with temperature. The mean size of the NisTiz precipitates is approx. 20 nm at 400 °C,
which corresponds to the TEM observation (Figs. 21, 22). However, there is a huge gap between
500 °C and 550 °C from 50 nm to almost 500 nm, where the volume fraction of precipitates
peaks. That phenomenon corresponds to the decrease in tensile strength above 500 °C [56].
Then, the size remains almost constant, but the volume fraction decreases as the solubility of
excess Ni in the matrix increases. Finally, only inclusions of TiC remain at 900 °C. Those
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inclusions are always present in the NiTi matrix, and the mean size is approx. 800 nm with
larger scatter than precipitates, which corresponds to SEM observation of fatigue fracture
surfaces (Fig. 34-37).
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Fig. 27. Mean size of precipitates (structural heterogeneities) after aging for 2h at 350 °C, 400 °C,
450 °C, 500 °C, 550 °C, 600 °C, 650 °C, and 900 °C and their volume fraction in NiTi matrix based on
the SANS measurements.

4.2  Fatigue experiments

Fatigue experiments of pulse heated and precipitation hardened wires were performed to find
out the influence of precipitates and ambient temperature on fatigue life. Another motivation
for the experiments is to find out a general criterion for fatigue life prediction based on available
values of transformation stresses, accumulation of permanent strain, or transformation strain.
The maximal strain of superelastic cycles was set to the end of the upper transformation plateau
with respect to martensite stabilization.

The temperature range, in which fatigue tests were performed, was set based on the
experimental results in Figs. 3-7. In order to accomplish the full superelastic cycle during the
whole fatigue life, the lower temperature limit was set at a temperature well above Ay, so that
the gradual decrease of the lower plateau stresses during the tensile cycling did not affect the
strain recovery upon unloading. The effect of a higher strain rate applied in fatigue tests had to
be also accounted for. The upper-temperature limit was set mainly with respect to an excessive
accumulation of unrecovered strain s at high temperatures. The actual temperature range of
fatigue tests (indicated by color bars in Fig. 7b) varies quite significantly for the NiTi wires
with different microstructures based on these criteria.

The key issue in the planning of the fatigue experiments was the cyclic instability of stress-
strain response at various temperatures. In order to document qualitatively different cyclic
instabilities of stress-strain curves, superelastic stress-strain curves of the tested wires were
recorded as they gradually evolved during the tensile fatigue test until failure (Figs. 28-31). The
cyclic stress-strain curves of the 10 ms wire maintain both upper and lower plateaus upon
cycling up to the failure in the whole temperature range (Fig. 28). Moreover, the 10 ms wires
exhibit the lowest accumulation of g,s among the tested microstructures.
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Fig. 28. Stress-strain response of the 10 ms wire in superelastic tensile cycles at constant temperature
until fracture: a) -5 °C, b) 0 °C, ¢) 20 °C, d) 40 °C, and e) 60 °C.

However, a decrease of plateau stresses (especially the upper one) cannot be avoided at any
temperature. Moreover, the decrease in upper plateau stress op*? is always around 200-250 MPa,
regardless of the applied heat treatment. The 13 ms samples show stable superelastic behavior
with respect to the accumulation of gy at low temperatures close to Ar. The stability

significantly decreases with increasing temperature and the wire is unable to maintain a stress
plateau above 50 °C (Fig. 29).
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Fig. 29. Stress-strain response of the 13 ms wire in superelastic tensile cycles at constant temperature
until fracture: a) 15 °C, b) 20 °C, ¢) 40 °C, d) 50 °C, e) 60 °C and f) 80 °C.

A similar development of stress-strain response was observed in the case of the aged sample as
well, but the temperatures are shifted up by ~ 30 °C due to precipitation (Fig. 30). In contrast
to the 10 ms wire, the 15 ms wire shows a rapid accumulation of gys in the initial phase that lasts
only 10 to 50 cycles and slower accumulation further on, which gives rise to the two stages of
the fatigue test (Fig. 31). The cyclic stress-strain curves exhibit character similar to the 13 ms
microstructure at high temperatures and stress plateaus can be maintained at 15 °C only. The
total accumulated eys during any fatigue test of the 15 ms wire always exceeds 2.5 %.
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Fig. 31. Stress-strain response of the 15 ms wire in superelastic tensile cycles at constant temperature
until fracture: a) 15 °C, b) 20 °C, c) 25 °C, and d) 30 °C.

Knowing that stabilization of functional degradation occurs mainly in the early stages of fatigue
life, accumulation of permanent strain in a few cycles (possibly even in the first cycle) could
be utilized for fatigue life prediction. The accumulated unrecovered strains evaluated from the
above-presented fatigue tests are plotted as a function of the number of cycles in Fig. 32. The
obtained dependences plotted in a logarithmic scale show two stages differing in slopes. The
10 ms wires show by far the best functional stability in the tested temperature range (-5 °C to
60 °C) and the accumulated eys never exceed 0.5 % strain (the effect of irreversible R-phase is
excluded in Fig. 32a). Moreover, the accumulation of gys at the lowest temperatures almost lacks
the initial stabilization stage, and eus thus slowly increases throughout the whole fatigue life.
On the other hand, the 15 ms wire exhibits at least five times the higher accumulation of &,
and more than 70 % is accumulated in only 10 loading cycles. The 13 ms wires (with and
without the aging) behave similarly to the 10 ms wire at low temperatures and similarly to the
15 ms wire at higher temperatures. Moreover, the samples show almost identical dependence
of fatigue life on accumulated permanent strain (Fig. 32 and 33c) and the origin of that behavior
could be related to similar grain size and dislocation activity. The wires behave in the same
manner with respect to the accumulation of permanent strain regardless of aging (presence of
NisTis precipitates) and different tensile strength. The data shows potential to further increase
fatigue life by a decrease in transformation stresses via ambient temperature or Ni-rich
precipitates. Unfortunately, high-stress hysteresis of fully superelastic cycling is always a
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limiting factor. Regardless of decreased transformation stresses by aging, temperature, or
functional fatigue, the number of fatigue cycles is below the limit desired by industrial

applications (>10°-10° cycles).
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Fig 32. Accumulation of unrecovered strain in fatigue tests on NiTi wires at various temperatures:
a) 10 ms, b1) 13 ms, b2) 13 ms+400°C/1h and c) 15 ms samples.in logarithmic scale. The majority of

the unrecovered strain is accumulated in stage | (10-50 cycles) and after the transition to stage 11, follows
approximately a linear increase in the unrecovered strain.

Figure 33 is the key figure of this work summarizing the fatigue life of the 4 different
microstructures dependent on the test temperature, upper plateau stress, and unrecovered strain.
The results are also summarized in Table 1. In general, we observe that the closer the test
temperature is to the Ay, the lower the upper plateau stress, the better the functional stability in
the superelastic loading regime is and the longer is the fatigue life. This clearly points out the
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essential role of upper (and lower) plateau stress in structural fatigue. Decreasing fatigue life
with increasing unrecovered strain (Fig. 33c) points out the detrimental effect of plastic
deformation accompanying the stress-induced martensitic transformation on structural fatigue
as well.
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Fig 33. The fatigue life of various NiTi wires as a function of: a) temperature (in the perspective of
transformation temperatures recorded by DSC (d)), b) upper plateau stress and c) unrecovered strain.

However, the conclusion appears to be different when we start to compare the fatigue life of
individual wires. The 15 ms wire displaying the highest cyclic instability exhibits the highest
(structural) fatigue life (Nf ~ 12 000 cycles at 15 °C) though in the narrow temperature range
only. In contrast, the functionally stable 10 ms wire exhibits the lowest fatigue life (N+ < 2 500
cycles) in the wide range of temperatures and stresses. The 13 ms microstructure shows a
moderate fatigue life (Nf ~ 4 000 cycles at room temperature) in a similarly wide temperature
range. The aging of the 13 ms wire enables superelastic testing at the highest temperatures and
slightly improves fatigue life. Similar trends can be seen in Fig. 33a,b since the transformation
stress and temperature are coupled.

The upper plateau stress increasing from 400 MPa to nearly 900 MPa with increasing
temperature is definitely an important factor for functional fatigue as well as for structural
fatigue. However, the slopes of curves in Fig. 33 are important, too. The 15 ms wire with the
largest grain size especially stands out in this perspective. As the fatigue studies reported in the
literature were rarely performed using a range of microstructures and test temperatures at the
same time, this is quite often overlooked. Considering NiTi wires having various virgin
microstructures, the conclusion of the effect of plastic deformation on the fatigue life is
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suddenly very different. A small unrecovered strain does not automatically imply better fatigue
life. On the contrary, the least stable 15 ms wire shows the highest fatigue life. Since we believe
that this originates from the evolution of microstructure during tensile cycling and its effect on
a crack propagation rate, we analyzed the microstructures in cyclically deformed wires by TEM
and studied fracture surfaces by SEM to obtain direct experimental information.

Table 1
Overview of the performed fatigue tests indicating grain size after heat treatment and fatigue life at a
given temperature and upper plateau stress c,*.

Heat treatment 0 D 0 | 300 650
]
Grain size (nm) 20 75 75 (+ 20nm Ni,;Ti;) 250
N:(-)| o, (MPa)|N: ()| o, (MPa)|N:(-)| 5, (MPa) | Nt (-) | 5, (MPa)

-5 2415|480
o 0 2280| 495
Z 15 4685| 445 12785 397
7 20 1997 573 [3800] 480 10416 420
) 25 6131 453
;%’ 30 3844 | 485
e 40 1412] 691 [2570] 601
0 50 1665| 660 |5690| 459
= 60 1025] 809 1400 730  |4847| 522
80 70 3395 595
g 80 915 860  |2388| 655
a 100 1167 807

110 1038] 866

4.3 Characterization of lattice defects in deformed NiTi wires

4.3.1 Fatigue fracture surfaces and nonmetallic inclusions

Fatigue fracture surfaces (FFS) of the tested wires were observed in SEM with the aim to find
out whether the applied heat treatment and testing conditions affect fatigue crack propagation.
Figs. 34-37 document fracture surfaces of the tested microstructures at ‘low’ and ‘high’
temperatures of the temperature window shown in Fig. 33. Fig. 34a shows the FFS of the 10 ms
NiTi wire cycled at -5 °C. This particular sample shows two nucleation sites of separate fatigue
cracks that grow simultaneously and merge before the final fracture. The area of fatigue crack
propagation is distinct from the area of the final fracture. The area of fatigue crack propagation
consists of river marks and quasi-cleavage fracture surfaces in the vicinity of the nucleation site
verging into the fatigue striations zone. The area of the final fracture is characterized by ductile
dimples caused by microvoid coalescence nucleating on the matrix/inclusion interface. These
fractographic features are common for each sample regardless of their average grain size
ranging from 20 nm to 250 nm. The only ratio of crack propagation/final fracture area slightly
differs probably depending on transformation stress and temperature of fatigue tests.
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Fig. 34. Fatigue fracture surface of the 10 ms sample tested at a) -5 °C (Nf = 2550 cycles) and b) 60 °C
(Nf = 890 cycles). 1) overview of the whole fracture surface, arrows indicate nucleation site of fatigue
cracks), 2) detail of the nucleation site of the fatigue crack, 3) striation field and 4) detail of ductile
dimples in the region of final fracture.

Fig. 35. Fatigue fra 50 cycles) and b) 60 °C
(Nf = 1420 cycles). 1) overview of the whole fracture surface, arrows indicate nucleation site of fatigue
cracks), 2) detail of the nucleation site of the fatigue crack, 3) striation field and 4) detail of ductile
dimples in the region of final fracture.
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Fig. 36. Fatigue fracture surface of the 13 ms+400°C/1h sample tested at a) 50 °C (Nf = 5460 cycles)
and b) 110 °C (Nf = 1010 cycles). 1) overview of the whole fracture surface, arrows indicate nucleation

site of fatigue cracks), 2) detail of the nucleation site of the fatigue crack, 3) striation field and 4) detail
of ductile dimples in the region of final fracture.

Fig. 37. Fatigue fracture surface of the 15 ms sample tested at a) 15 °C (Nf = 12700 cycles) and b) 30 °C
(Nf = 3800 cycles). 1) overview of the whole fracture surface, arrows indicate nucleation site of fatigue
cracks, 2) detail of the nucleation site of the fatigue crack, 3) striation field and 4) detail of ductile
dimples in the region of final fracture.

The tested samples commonly contain inclusions, which are mainly titanium carbide particles
(the elements detected by EELS are titanium, carbon, and trace amount of oxygen). The STEM
image in Fig. 38a shows 1 um TiC inclusion embedded in a NiTi matrix with 75 nm grain size
and the SEM image (Fig. 38b) illustrates damage (longitudinal cracks) around 1.6 um TiC
inclusion in the 15 ms sample. The average size of TiC inclusions is approx. 0.8 um, but the
largest particles can exceed 3 um (see Figs. 35b2 and 36b2). The fatigue cracks nucleated at
the inclusions on the surface. These inclusions can be directly seen on the nucleation site, or a
cavity is left in its original position (Fig. 35a2). These inclusions are quite common and up to
3 nucleation sites were detected on a single fracture surface (Fig. 37b1). As these inclusions are
created during the solidification process of a molten NiTi containing carbon [121], the applied
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heat treatment after cold-working does not change the size or distribution of the inclusions.
Thus, the ductile dimples created in the area of final rupture exhibit nearly the same
morphology.

a)

Fig. 38. Examples of TiC inclusions embedded in NiTi matrix: a) STEM image of the 13 ms+400°C/1h
sample and b) SEM image of the 15 ms wire.

Although the FFS are not significantly affected by the applied heat treatment and resulting
morphology is shaped mainly by the presence of TiC inclusions, the comparison of striations
fields in Fig. 39 indicates some degree of difference in the fatigue crack propagation. All
micrographs in Fig. 39 were taken approx. 35+5 pm from the crack nucleation site. The fatigue
striations are wider and more pronounced on fracture surfaces from tests at ‘higher’
temperatures. A similar trend can be seen in the comparison of different microstructures.
Together with fatigue life (the caption states particularly Nt of the observed samples), these
fractographic features indicate higher stress intensity factor (K factor) and higher fatigue crack
propagation rate in samples with smaller grain size tested at higher temperatures. However,
higher degree analysis of fatigue crack propagation is beyond the focus of presented fatigue
tests.
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Fig. 39. Comparison of the fatigue fracture surface of tested NiTi wires formed during ‘high
temperature’ fatigue tests on a) 13ms+400°C/1h (Ns= 1010 cycles at 110 °C), b) 15ms (N = 3800 cycles
at 30 °C) and c¢) 10ms (Nr = 890 cycles at 60 °C) wires, and at ‘low temperature’ fatigue tests on d)
13ms+400°C/1h (Nt = 5400 cycles at 50 °C), €) 15ms (N¢ = 12300 cycles at 15 °C) and f) 10ms (N; =
2450 cycles at -5 °C) wires, respectively. The micrographs were taken approx. 35+5 um from the crack
nucleation site.

4.3.2 Evolution of microstructure during fatigue tests

As the stress-induced martensitic transformation in superelastically cycled NiTi is accompanied
by plastic deformation processes [33][38][39][40][41][42], lattice defects are generated upon
cycling, accumulate, and gradually change the virgin microstructure. Whether it takes place and
how much the microstructure changes, depends on the virgin microstructure and test
temperature [86]. Fig. 40a-c shows the completely recrystallized microstructure of the virgin
15 ms wire with a negligible density of lattice defects. This microstructure changes differently
upon tensile cycling at different temperatures. After the fatigue test at 15 °C (Fig. 40d-f), the
microstructure contains a high density of slip dislocations and only a few deformation bands,
mainly in smaller grains (Fig. 40f). On the contrary, the microstructure of wire fatigued at 30 °C
exhibits a large number of deformation bands, which frequently extend across multiple grains
(Fig. 40g-i). The dislocation density does not significantly increase compared to the sample
tested at 15 °C. This demonstrates that, although the virgin microstructures of the wires were
the same, fatigue cracks propagated through different microstructures depending on
temperature.
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tests at 15 °C (Nf = 12300 cycles) (d-f), and at 30 °C (N = 3900 cycles) (g-i).

However, as the material deforms differently ahead of the propagating crack and in the bulk
[103], we wanted to see the microstructure through which the fatigue crack actually propagated.
Hence, we extracted TEM lamellae from the fatigue fracture surface of the 15 ms wires tested
at 15 °C and 30 °C (Fig. 41). Both lamellae were extracted approx. 20-25 um from the crack
nucleation site so that the wire axis lies in the lamella plane (Fig. 42). Compared to the
microstructures in lamellae extracted from elsewhere in the bulk (Fig. 40), the microstructures
observed in Fig. 41 contain a significantly higher amount of deformation bands. Nevertheless,
there are differences between microstructures created at 15 °C and 30 °C temperatures as well.
The microstructure of the wire cycled at 15 °C contains mainly short deformation bands, even
in the grains bisected by a propagating fatigue crack (see Fig. 41b,d), whereas the
microstructure of the wire cycled at 30 °C contains long deformation bands spreading deeper
across multiple grains throughout the majority of the crack path (Fig. 41f-h). The crack
propagates mainly transgranularly (Fig. 41b,c), as observed also by other authors [113]. Both
samples show a higher density of deformation bands in the areas of sharp change in crack
propagation direction (Fig. 41c,g), which is more pronounced in the sample cycled at higher
temperature again. It is thus confirmed that the fatigue cracks indeed propagate through
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different microstructures in tests at 15 °C and 30 °C and the stress concentration at the fatigue
crack tip significantly contributes to the microstructure evolution.

Fig. 41. TEM micrographs showing the near fatigue crack microstructure of the 15 ms NiTi wire after
the fatigue test at 15 °C (a-d) and at 30 °C (e-h). TEM lamellae were cut perpendicularly to the wire
cross-section and black arrows indicate propagation of the fatigue cracks. The fatigue crack is covered
by a protective tungsten (W) layer during the process of lamella preparation.
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Fig. 42. Extraction of TEM lamellae from fatigue fracture surface of wires tested at a) 15 °C and b)
30°C. White arrows indicate the position of the crack nucleation site and green rectangles show the
position of TEM lamella before FIB extraction.

4.3.3 Short cracks at the wire surface

The surface of the tested wires was observed by TEM as well, as surface finish treatment can
significantly affect the results of fatigue tests. It was found that the surface is covered by an
approx. 50 nm thick oxide layer of TiO2 (Fig. 43 - the darker layer between NiTi matrix and
tungsten protective coating applied during lamella preparation process). The wire was not
subjected to any kind of polishing. Therefore, all samples exhibit higher surface roughness and
contain pre-existing notches that can be up to 200 nm deep, probably created during the cold-
working process. However, the thickness of the TiO- layer and surface roughness are unaffected
by the applied heat treatment methods.

Short cracks (<100 nm) were observed after only 10 loading cycles in both superelastic (Fig.
43) and actuation regimes (Fig. 44). These cracks nucleate preferentially in the area of stress
concentration (Fig. 43b). Moreover, deformation twinning and increased density of dislocations
were observed around the crack as well. Despite the high density of those small cracks
underneath the surface, the terminal fatigue cracks always nucleated at TiC inclusions.
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500 nm |
Fig. 43. STEM micrographs showing microstructure underneath the 15 ms wire surface in a) virgin wire,
b) after 10 superelastic cycles at 20 °C and c) after 10 cycles at 30 °C. A dark surface oxide layer is
covered by a bright Tungsten cover layer applied while preparing the TEM lamella. Small cracks in the
NiTi (black arrows) appear at stress risers already after 10 cycles.

Fig. 44. STEM micrographs of the 15 ms wire subjected to 10 thermal cycles at a constant stress of
400 MPa. a) Overview of a subsurface microstructure with two surface cracks created during the thermal
cycling and b) detail of the surface with deformation band nucleated at the crack tip.
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5 Discussion

5.1 Effect of Heat Treatment on Functional Properties

Four different heat treatments were applied to the cold worked superelastic NiTi wire to explore
the effect of microstructure on functional and structural fatigue. Heat treatments by 10 ms,
13 ms, and 15 ms pulses of electric power resulted in microstructures characterized by the
average grain size of 20 nm, 75 nm, and 250 nm, respectively. The applied heat treatments
adjusted the microstructure and functional properties of the NiTi wire as shown in Figs. 3-7.

The additional aging of the 13 ms wire at 400 °C for 1h created approx. 20 nm long Ni-rich
Ni4Tis precipitates in the microstructure but did not affect the grain size. Aging is more effective
in lowering the upper plateau stress "’ than heat treatment from the 10 ms to the 15 ms
microstructure. Simultaneously, the aging shifts the R-phase transformation to higher
temperatures and increases yield stress oy, which improves the cyclic stability of the stress-
strain response. However, the aging could also be disadvantageous in some applications, as the
upper plateau strain gp"? is reduced from 6.7 % to nearly 5 % and the Ar temperature increases
up to 44 °C (Fig. 3b).

In order to select a suitable temperature range for fatigue experiments, superelastic tensile tests
were performed in the temperature range from -30 °C to 190 °C (Figs. 5-7). Although all tested
samples show stable stress-strain-temperature curves at room temperature (less than 0.1%
unrecovered strain is measured in a single closed-loop cycle), the stress-strain response of the
15 ms wire is considerably less stable at elevated temperatures (reaches 1% eys at only 40 °C
while the 10 ms wire reaches that at ~ 140 °C). The 13 ms sample without and with the aging
reaches 1% gys at 80 °C and 110 °C, respectively. The instability of cyclic stress-strain response
of wires with different microstructures had to be considered when designing the fatigue
experiments. Moreover, the decrease in cp"? by approx. 200 MPa always occurs regardless of
the virgin microstructure or low accumulation of gys (Figs. 28-31).

5.2 Lattice Defects Generated by Cyclic Thermomechanical Loading

Based on the presented results (Figs. 8-16) it appears that plastic deformation occurs
(unrecovered strains and permanent lattice defects are generated) during the thermomechanical
cycling of NiTi wire only if the martensitic transformation proceeds under elevated external
stress (i.e. not when the wire transforms under low stress, when it is deformed in the low-
temperature martensite state or when it is loaded elastically to very high stresses at high
temperatures in the austenite state). This is the key result of this work. Concerning the
unrecovered strain, this was the main conclusion of our previous work [34] but very little was
known about the permanent lattice defects. Of course, this conclusion applies only for NiTi
wires deformed within the transformation range. If the wire is deformed plastically beyond the
crystallographic limits of the B2-B19’ transformation, plastic deformation proceeds within the
martensite phase, and lattice defects created in the martensite are inherited into the austenitic
microstructure upon the reverse martensitic transformation (Figs. 17-19) [19][122].

With respect to our earlier experiments in [34] on the 13 ms wires (Figs. 15,16), the
thermomechanical loading experiments on the 15 ms wires (Fig. 8-14) were performed with
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three important innovations: 1) the experiments were performed on recrystallized NiTi wire
with suitable grain size so that permanent lattice defects created in the virgin austenitic
microstructure upon cycling can be better observed and analyzed, 2) the type of experiments
were carefully selected to cover the whole range of stress and temperature conditions at which
the martensitic transformations may proceed in real applications, and 3) 10 thermomechanical
cycles were performed instead of one cycle only (this is important since deformation bands are
promoted by cycling). These tests also better represent damage sustained during fatigue life.

5.2.1 Stable functional responses

Considering that unrecovered strains are generated only if martensitic transformation proceeds
under elevated external stress, questions appear whether this wire can be used in
thermomechanical loading tests without generating unrecovered strains and lattice defects. We
have reported that marginal unrecovered strains and only very few permanent lattice defects
were generated in cyclic thermomechanical loading tests in which:

e martensitic transformation proceeded under very small stress (Fig. 8a,9a),
e no transformation proceeded under stress in the cyclic shape memory regime (Fig. 10),

e the transformation proceeded only marginally upon thermal cycling in the cyclic
recovery stress regime (Fig. 11).

The observed stress-strain-temperature responses in all these tests were found to be very stable,
despite the large stresses, strains, and temperatures applied in some of these tests. This
observation is very important since it contradicts the results of many literature reports, in which
massive dislocation generation in transforming NiTi was observed upon stress-free thermal
cycling [115], martensite reorientation by deformation [123][124], or martensitic
transformation under low stress [35][96].

The problem is that the NiTi alloys used in these experiments were frequently either solution-
treated or annealed alloys, which were simply too soft to show functional behavior. The
solution-treated NiTi single crystals and polycrystals show different properties from the
nanocrystalline NiTi wires studied in this work. The two most important differences are that 1)
the solution-treated alloys have very low yield stress for plastic deformation and ii) martensitic
transformation upon stress-free cycling proceeds via propagation of habit plane interphases
between B2 austenite and type Il twinned martensite interfaces [49]. In contrast, the NiTi wires
with nanocrystalline microstructure are highly resistant to plastic deformation in martensite [34]
and the microstructure of thermally induced martensite is formed by (001) compound twins
[125][126][127].

The results of the above-mentioned tests (Fig. 8a, 9a, 10, 11) clearly show that martensitic
transformation may proceed in thermomechanically cycled nanocrystalline NiTi wire without
generating unrecovered strains and permanent lattice defects observable by conventional TEM.
This allows for stable stress-strain-temperature responses in thermomechanical loading tests
under specific conditions. High cycle thermomechanical loading tests to determine the
functional and structural fatigue of such wires remain to be performed.
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5.2.2 Permanent lattice defects

Since the martensitic transformation, in theory, does not leave behind any lattice defects, the
permanent lattice defects observed in the microstructure of deformed wires are considered to
be relics of the plastic deformation processes that potentially accompanied the cyclic
martensitic transformation during the closed-loop cycling. In other words, if an incremental
plastic deformation occurred within the cycled wire, we shall evaluate unrecovered strain, and
we might observe permanent lattice defects in the austenitic microstructure of the cycled wire.
If it did not occur, we shall see no unrecovered strains and shall not find any new permanent
lattice defects in the microstructure of cycled wires.

We have performed 10 thermomechanical loading cycles to increase the probability that the
observed type and density of lattice defects are statistically representative for the martensitic
transformation taking place under given stress/temperature conditions. To provide the reader
with relevant experimental information on the observed defects, we used STEM mode, in which
dislocation defects, austenite twins, and deformation bands are better highlighted in a large
number of variously oriented grains within one micrograph and in which the disrupting contrast
on bending contours is suppressed. For a detailed investigation of individual lattice defects,
particularly slip dislocations [35], residual martensite bands [42], and austenite twins [86], see
our related papers.

The permanent lattice defects observed by TEM in the microstructure of NiTi wires subjected
to 10 thermomechanical loading cycles are:

e dislocation loops and isolated dislocation segments observed in tests, in which
martensitic transformation proceeds at very low stresses and temperatures (Fig. 8a, 9a,
10)

e (110)/<001> slip dislocations at intermediate stresses and temperatures (Fig. 8b, 9b,
11, 12, 13b)

e deformation bands typically containing {114} austenite twins with a high density of
unidentified slip dislocations both inside the twins and surrounding matrix at high
stresses and temperatures (Fig. 8c,9¢,12,13a,c).

The type of the observed permanent lattice defects depends mainly on the stresses/temperatures,
at which the forward and/or reverse martensitic transformation proceeded in the test. This will
be further discussed in section 5.2.3 (Effect of temperature/stress at which the forward and
reverse martensitic transformation takes place).

Isolated dislocation loops and segments were observed in the austenitic microstructure after
thermal cycling under the lowest stresses of 6.5 MPa (Fig. 9a). The recorded strain—temperature
response was stable and the hysteresis width was about 40 °C. The thermally induced martensite
in this nanocrystalline wire is formed by domains of (001) compound twinned B19’ martensite
[125] which form via R-phase, reorients upon tensile deformation into a single domain
martensite [125], and transforms back into parent austenite upon stress-free heating during the
shape memory cycle. Since the forward and reverse martensitic transformations proceed in the
absence of stress during the shape memory cycle, very small unrecovered strains and very few
permanent lattice defects were generated upon cycling.
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The compound twinned martensite in nanograined NiTi was analyzed in detail in a series of
articles by Waitz [126][127][128]. He argued that the B2 austenite in nanograined NiTi
transforms into single or multiple compound twinned domains of B19’ martensite because of
energy reasons [128]. Our results [125] show that this is also the case for the 15 ms NiTi wire
with a significantly larger mean grain size ~ 250 nm. Anyway, there must exist a mobile
interface between the B2 austenite (R-phase) and the B19’ martensite, which propagates
cyclically under low stress without generating unrecovered strain and lattice defects with
~40 °C hysteresis, which has a potential to operate for a very large number of transformation
cycles.

Slightly more dislocation loops and segments were observed in shape memory tests (Fig. 8a -
deformation at Ms < T < As) and (Fig. 10 - deformation at T < Ms), in which the reverse
transformation of oriented martensite took place upon heating at 20 MPa stress. Compared to
the thermal cycling under 6.5 MPa (Fig. 9a), the wire was deformed in the martensite state to a
large strain via martensite reorientation. For information on the change of martensitic
microstructure upon straining see [125]. It shall be pointed out that, the As temperature was
shifted 40 °C upwards (Fig. 10b) compared to the thermal cycle (Fig. 9a), and yet practically
no lattice defects were created upon cycling in the microstructure and the stress-strain-
temperature response was remarkably stable. This upward shift of the Ar temperature
(martensite stabilization) is caused by the deformation in martensite but not with lattice defects.
It is thus evident that the martensite stabilization by deformation does not involve any plastic
deformation and cannot be ascribed to slip dislocations, as frequently argued in the literature
[129]. It is solely due to the additional energy required to form strain-compatible
austenite/martensite interfaces on the grain scale within the deformed martensitic
microstructure before the reverse transformation takes place on heating [34][125]. This
martensite stabilization by deformation is the reason why the reverse transformation line in the
o-T diagram never coincides with the Ar temperature determined from the stress-free DSC or
electric resistivity tests on thermally cycled NiTi wires.

(110)/<001> slip dislocations were systematically observed in all tests, in which martensitic
transformation proceeded at elevated stresses (Figs. 8b, 9b, 11, 12, 13b). There are basically
two types of slip dislocations observed in the microstructure of cycled wires (Fig. 14)—
individual slip dislocations segments, while the recorded accumulated unrecovered strains were
relatively low (< 2 %), and dense dislocation fields within deformation bands left in the
microstructure of NiTi wire subjected to highest stresses and temperatures in thermomechanical
loading tests, while the recorded unrecovered strains were typically large (> 2 %). These
dislocations were analyzed and ascribed to the {011}<100> austenite slip system in our work
[35]. The dense dislocation fields in deformation bands were observed in the tests at high
stresses and temperatures (Fig. 8c, 9c, 13c). We assume that these dislocations originate from
the dislocation slip on the (001) plane in the B19” martensite lattice (lattice correspondent plane
to the {011} austenite plane) and are inherited by the austenite during the reverse martensitic
transformation [125].

There are various theoretical predictions in the literature for the origin of the slip dislocation
generated by superelastic cycling [34][38][115][130][131][132]. Several authors claim that the
{011}<100> austenite slip dislocations are generated at the propagating habit plane interface at
the cross-section between the habit planes and type-II twins inside the martensite. Since type-
Il twins were never observed in stress-induced martensite in nanocrystalline NiTi [125], these
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predictions do not fit our experiments. However, they may still work for NiTi single crystals
and solution-treated NiTi. We have proposed earlier [34][38] that slip dislocations form mainly
during the reverse martensitic transformation behind the propagating habit plane interface by
the slip in the austenite phase, facilitating strain compatibility at the habit plane. This
proposition has to be revised as well since Fig. 12 clearly shows that {011}<100> slip
dislocations are generated during both forward and reverse transformations. An alternative
plausible explanation would be that the observed slip dislocations simply form by the activation
of the {011}<100> slip in the austenite matrix due to stress concentrations during the
martensitic transformation. Interestingly, the individual {011}<100> dislocations appear
mainly in large grains (Figs. 8b, 9b), while isolated single deformation bands are more
frequently observed in small grains (Figs. 12b2, 40e,f). This most likely originates from
different stress states in small and large grains of the transforming polycrystal. Further
theoretical and experimental research is currently in progress to reveal the mechanism by which
the slip dislocations actually form during the thermomechanical cycling of nanograined NiTi.

In summary, individual {011}<100> slip dislocations were observed in the microstructure of
NiTi wire superelastically or thermally cycled at intermediate stresses, while the recorded
accumulated unrecovered strains were relatively low (~ 2%). The dense dislocation fields,
alternatively, were observed within the isolated deformation bands left in the microstructure of
the NiTi wire subjected to the highest stresses and temperatures in thermomechanical loading
tests while the recorded accumulated unrecovered strains were typically very large (> 5 %).

Deformation bands were commonly observed in tests, in which martensitic transformation
proceeded at high stresses (Figs. 8c, 9¢, 12, 13a,c). The unrecovered strains recorded in these
tests were typically very large (> 2 %). In our opinion, the deformation mechanism leading to
the creation of deformation bands (and large unrecovered strains) has its origin in the plastic
deformation of the oriented B19’ martensite phase by (100) deformation twinning [42][125]
and/or kwinking [44] occurring selectively in polycrystal grains experiencing high stresses
during the thermomechanical loading tests.

Recent TEM analyses of stress-induced martensite in deformed NiTi reported in the literature
[42][125][134][135] suggest that the stress-induced B19’ martensite in nanocrystalline NiTi
wires is not formed by <011> type Il twinned martensite plates but (001) compound twinned
single domains of the B19” phase [125]. It is claimed in [125] that the dislocation slip on the
(001) plane in the B19’ martensite lattice is likely to occur at elevated stresses. Sittner et al.
[42] identified the interfaces separating the B19” deformation bands from the B2 austenite
matrix in the residual martensite observed in a very similar 16 ms NiTi wire subjected to two
superelastic cycles as the (—21-1)g2//(10-1)s19’ interfaces. Two martensite variants forming the
(20-1)B19’ deformation twin in Fig. 2 in Ref. [92] are separated from the surrounding austenite
matrix by the same interface. Casalena et al. [133] recently observed this interface in the
microstructure of NiTiHf alloy subjected to 10 superelastic cycles at room temperature.
Although these interfaces are not strain compatible and shall not exist in NiTi from the
theoretical point of view [49], they were regularly observed experimentally in deformed NiTi
alloys. We suspect that (100) deformation twinning in overstressed B19’ martensite is
responsible for the initiation of martensite bands [42][125] upon cyclic superelastic loading
(Fig. 12) and actuator cycling (Fig. 13).
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The microstructure observed in some tests (Fig. 9c), however, contains a very large density of
deformation bands and very large unrecovered strains introduced by the kwinking deformation
[44]. The kwinking (combination of deformation twinning and dislocation-based kinking in the
B19’ martensite) was claimed to be responsible for the onset of plastic yielding of martensite
[125]. It gives rise to the deformation bands containing {114} austenite twins in the
microstructure of the wire observed by TEM after unloading and heating above As temperature
[40][42]. We originally treated the deformation mechanism leading to the creation of
deformation bands as deformation twinning in the B19° martensite followed by reverse
transformation of the crystal within the band to the austenite twin [40][42], but there is a high
density of slip dislocations within the deformation bands (e.g. Figs. 12a2) as well as in the
surrounding austenite matrix (Fig. 9c), which needs to be taken into account. Later on, we
realized that this localized deformation involves a combination of deformation twinning and
dislocation-based kinking, called kwinking in [44]. Since the kwinking deformation takes place,
when the material is loaded in the martensite phase, it can take place during the forward and/or
reverse transformation, whenever the stress acting on the B19” martensite locally increases in
thermomechanical loading tests.

As introduced in [44], kwinking deformation leads to mesoscopically localized plastic
deformation of the stress-induced martensite. It may occur during the forward loading (or
cooling under large stress), during loading in martensite state, or during the reverse
transformation upon reverse unloading (or heating under large stress). In fact, the results of the
bypass experiments seem to suggest that deformation bands tend to appear preferentially during
the reverse transformation on unloading and heating. Hence, unrecovered strain and
deformation bands accumulate upon thermomechanical cycling involving heating under large
stress (Fig. 12c). In the case of reverse martensitic transformation proceeding under very large
temperature/stress (Fig. 9¢), the wire almost did not shorten upon heating under 750 MPa stress.
The detailed mechanism of the kwinking deformation accompanying the cyclic martensitic
transformation remains to be investigated both experimentally and theoretically. It was
observed that the martensite lattice within the deformation band transforms to the {114}
austenite twins upon the constrained heating to high temperatures [38][42][125]. The austenite
phase is, thus, completely restored during the reverse transformation upon heating but large
unrecovered strain remains. Reverse martensitic transformation upon heating proceeding into
austenite twins within the deformation bands [38][39][42] is considered to play a key role in
this.

In summary, the deformation bands observed in the microstructure of NiTi wire subjected to
thermomechanical cycling at high temperatures/stresses correlate with very large unrecovered
strains recorded in these tests. The deformation mechanism by which the deformation bands
are created is related to the (100) deformation twinning [42][125] and/or kwinking deformation
[44][125] in oriented B19’ martensite.

5.2.3 Effect of temperature/stress at which the martensitic transformation

takes place

The results of superelastic (Fig. 8) and actuation/thermal (Fig. 9) tests provide clear evidence
that the amount of unrecovered strains and permanent lattice defects recorded after 10 closed-
loop cycles dramatically increases with increasing temperature and stress, at which the
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martensitic transformation proceeds. Concerning unrecovered strains, we already knew that
from the work [34]. New information brought in by the present experiments is that the type and
density of lattice defects vary with increasing temperature and stress as well.

The conventional superelastic and thermal cycles, in which martensitic transformation
proceeded at intermediate stresses (Fig. 8b, 9b), show that the observed unrecovered strains and
lattice defects are comparable in superelastic cycling and thermal cycling if they take place at
comparable temperatures/stresses. The problem is that the forward and reverse transformation
proceed at different temperatures/stresses (Fig. 14) and analysis of unrecovered strains and
lattice defects from the conventional tests is impossible. We knew from the results of [34] that
the amount of unrecovered strain generated in a single thermomechanical cycle on NiTi wire
can be evaluated separately for the forward and reverse transformation by employing bypass
tests. This bypass test analysis was applied to cyclic superelastic loading tests (Fig. 11) and
actuation/thermal tests (Fig. 12) to determine unrecovered strains and permanent lattice defects
created by the cyclic forward and reverse transformations, separately.

Let us discuss the results of the cyclic bypass tests with the help of Fig. 14 in which the
unrecovered strains and lattice defects, generated by martensitic transformation proceeding at
denoted temperature and stress conditions, are presented. The 3D gys-o-T diagram in Fig. 14
shows unrecovered strains accumulated in 10 thermomechanical loading bypass cycles, in
which forward or reverse martensitic transformation proceeded at temperature/stresses denoted
by the transformation lines in stress-temperature space. The diagram is just a sketch (adopted
from [34]) reflecting the experimental data.

The upper plateau transformation stress is generally considered in the SMA field to be relevant
for estimating functional fatigue of NiTi wires. In this respect, it is somehow surprising to learn
that roughly equal unrecovered strains (and permanent lattice defects) were generated during
the forward and reverse martensitic transformations in the superelastic cycling, even if the
forward transformation stress is much higher than the reverse one. At the same time, much
larger unrecovered strains were generated during the reverse martensitic transformation in the
actuation cycle, in which both forward and reverse transformations proceed at equal stresses.
This is reflected by the shape of the US curves in the 3D eys-o-T diagram (Fig. 14).

The difference in lattice defects generated by the forward and reverse transformation is even
more evident in the thermal cycling at constant stress 400 MPa (Fig. 13). The unrecovered strain
generated during 10 cycles of forward transformation under stress was only 0.4 %, while that
generated through the reverse transformation was 6.4 %. The permanent lattice defects observed
by STEM are very different as well. The plastic deformation upon thermal cycling under stress
takes place during the heating and the strain-temperature response upon heating, thus gradually
shifts towards lower temperatures during the 10 cycles (Fig. 13a). However, it also depends on
the applied stress. The strain-temperature response upon thermal cycling under 280 MPa shifts
on both cooling and heating sides, suggesting minor comparable problems during both forward
and reverse transformation. In this case, however, no deformation bands were found in the
microstructure of the cycled wire. Obviously, these results are of key importance for the design
of NiTi actuators.

It is interesting to see that the gradual evolution of stress-strain-temperature response upon
cycling (cyclic instability) reflects the accumulation of unrecovered strains and lattice defects
by the forward and/or reverse martensitic transformations. In the case of the cyclic superelastic
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stress-strain curves, this frequently means that the hysteresis decreases because the forward
transformation stress decreases upon cycling (see Fig. 8b). In the case of the strain-temperature
response upon thermal cycling under stress, this frequently means that the hysteresis width
decreases because of the shift of the strain recovery upon heating to lower temperatures (see
Fig. 13a). Nevertheless, it shall be pointed out that superelastic cycling at constant temperature
and thermal cycling under constant stress are special cases of general cyclic thermomechanical
loading tests which include also cyclic shape memory tests, recovery stress tests, or bypass
tests. The 3D &us-o-T diagram represents a unique tool enabling the estimation of cyclic
instability of NiTi in any general thermomechanical loading test.

The three color ellipses drawn into the 3D euws-o-T diagram in Fig. 14 denote [temperature,
stress] conditions under which very different unrecovered strains and lattice defects were
observed. Lattice defects were discussed in section 5.2.2, ‘Permanent lattice defects’. Since the
defects could have been partially created by plastic deformation processes in the martensite
phase, it would be great to know the martensitic microstructures existing in polycrystal grains
in these tests. The reader can find relevant information on the martensitic microstructures in
thermomechanical tests on a similar NiTi wire in [125].

Based on the 3D eys-6-T diagram we can understand why cyclically stable superelasticity is in
fact hardly achievable for the 15 ms NiTi wire but it is relatively easy to achieve stable cyclic
strain-temperature responses in thermal cycling under constant stress. In other words, we can
understand why commercial NiTi wires can survive millions of thermal cycles under constant
stress but only thousands of superelastic cycles. To achieve cyclic stability in thermomechanical
cyclic tests on NiTi wires, the temperatures/stresses at which martensitic transformation
proceeds have to be kept under some critical values to prevent the generation of unrecovered
strains and permanent lattice defects. It shall be pointed out that the 15ms NiTi is a model alloy,
on which the permanent lattice defects could be beneficially investigated. The commercial
superelastic NiTi wires are much stronger (oy > 1300 MPa) and the values of the critical
stresses/temperatures are hence higher [34][37].

5.2.4 The effect of virgin austenitic microstructure

It is well known that functional responses of NiTi wires depend on the virgin austenitic
microstructure [19]. Although the experiments were performed only on the 15 ms NiTi wire
with the optimized microstructure, we would like to briefly discuss the effect of the virgin
austenitic microstructure on the stability of cyclic functional behavior of NiTi wires because
this is, after all, of great importance for engineering applications of NiTi wires.

We use the term “microstructure” in a general sense covering grain size, dislocations, twins,
precipitates, internal stress, and texture of the wire. In the SMA modeling literature, however,
the meaning of the term microstructure is frequently reduced to the grain size. In reality,
however, excluding NiTi wires with partially recrystallized microstructures having a grain size
below 100 nm [134], the superelastic stress-strain response of NiTi is only slightly affected by
the grain size, but the cyclic instability of the stress-strain response varies dramatically with the
grain size since the yield stress for plastic deformation of martensite decreases with increasing
grain size [35][37].
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In view of the anticipated impact of the yield stress oy for plastic deformation of martensite on
the cyclic stability, we have introduced the material parameter YS determined as the yield stress
needed to trigger the plastic deformation of martensite in the tensile test. While the parameter
decreases only slightly with the increasing test temperature, the transformation stress ¢™R
increases with increasing temperature at ~6MPa/°C rate as common for NiTi (Fig. 7a) in the
superelastic regime. In general, the parameter ™R denotes both forward and reverse martensitic
transformation in both superelastic and actuation regime. Since the generation of unrecovered
strains and lattice defects is different during the forward and reverse martensitic transformations
(Figs. 14), we propose to use a parameter

YT R=||[6*, T*]-[c, T]F R|| (7)

YTFR are actually the distances from the [, T]7R states (at which the transformation proceeds)
to the critical states [o*,T*] PR (at which the forward (reverse) transformation line meets the
yield stress line in the o-T diagram (Fig. 7a)). The shorter the distance is, the larger the
unrecovered strain (Fig. 14) and the more unstable the cyclic stress-strain-temperature response
of the NiTi wire will be in the thermomechanical loading test passing through the [c,T]™ states.
Based on the parameters YT™R for given thermomechanical loading test and 3D eys-6-T
diagram, one can estimate the cyclic instability of any NiTi wire in any thermomechanical
loading test.

This scheme makes it possible to fully understand the results of our earlier work [35] focussed
on the TEM analysis of lattice defects in NiTi wires with a range of microstructures subjected
to 10 superelastic cycles at room temperature. While no evidence for dislocation slip was
observed in 12 ms NiTi wires with small grain size ~50 nm, the pronounced activity of
dislocation slip in three austenite slip systems {0 1 1}<100> was observed in 16 ms NiTi wires
with ~500 nm mean grain size, the {114} austenite twins were observed only in 18 ms NiTi
wires with the largest mean grain size of ~1000 nm. The 3D eys-o-T diagram of these three
wires would be very different.

The key advantage of this scheme is thus that it can be used to estimate the cyclic instability of
stress-strain-temperature response of various NiTi alloys (various compositions given various
cold work/heat treatment) subjected to many kinds of cyclic thermomechanical loading tests.
Transformation stress ¢™R at a given temperature for a particular wire depends mainly on the
chemical composition of the alloy. The yield stress oy (varies between ~1 700 MPa and
~500 MPa with the heat treatment [19]) depends significantly on the grain size. This is because
the plastic yielding is due to combined deformation twinning and dislocation-based kinking
[125] constituting the kwinking deformation mechanism [44], which is very sensitive to the
grain size. In the case of NiTi wires with small grain size [19], the massive activity of this
deformation mechanism leads to strain localization, necking, and fracture at 13-15%
macroscopic/engineering strain. The cyclic instability of any NiTi wire in any
thermomechanical loading test thus depends on the type of wire (characterized by oy and 6™F)
and the type of the test (characterized by ¢™® and T).

There are three basic approaches to how to try to achieve a more stable stress-strain-temperature
response from NiTi shape memory alloy. The first classical one consists in the strengthening of
the wire to increase the yield stress as much as possible. The second is to determine the 3D &ys-
o-T diagram and perform the thermomechanical loading in such a way that the martensitic
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transformation takes place under conditions at which no unrecovered strains and lattice defects
are generated. The third one would require the discovery of the mechanisms by which the slip
dislocations are generated by the martensitic transformation and modifying the martensitic
transformation (lattice parameters of involved phases by adjusting chemical composition) so
that it does not generate unrecovered strain and permanent lattice defects when it proceeds
cyclically under large stress [136][137][138]. All three approaches can be beneficially
combined.

5.3 Correlation between functional and structural fatigue

As illustrated in Fig. 5, the stress-induced martensitic transformation proceeds in a wide range
of upper plateau stress in the first superelastic cycle at temperatures between the As and M.
However, as concerns cyclic superelastic deformation, there are limitations at low as well as
high temperatures stemming from the cyclic instability. If more than 1 000 cycles and less than
4% eys in the fatigue life in superelastic regime is demanded, the temperature range is drastically
reduced as indicated by color bars in Fig. 7b.

The correlation between functional and structural fatigue of wires with different microstructures
tested can be analyzed based on the results presented in Figs. 32, 33. The 10 ms wire with
partially recrystallized microstructure (20 nm grain size) exhibits great functional stability
(eus < 0.5 %) and Nr decrease only slightly with increasing temperature. However, the fatigue
life is very limited (N < 2500 cycles). The fatigue life of the 13 ms wire (75 nm grain size) is
longer (Nf ~ 4000 cycles), however, the Nf decreases with increasing temperature faster than in
the case of the 10 ms wire, so that the Nf become comparable at the highest
temperatures/stresses. The 15 ms microstructure (250 nm grain size) has an excellent fatigue
life (N ~ 12 000 cycles at 15 °C) compared to the other tested wires, but the temperature
window in which the fatigue tests could be performed is severely limited and the Nr sharply
decreases with increasing temperature (Fig. 33a).

The numbers of cycles till failure Nrdecrease with increasing test temperature for all four wires
because the upper (and lower) plateau stress increases with increasing temperature (Fig. 33a,
b). That is related to the increasing amount of plastic deformation (Fig. 33c). At the same time,
however, the Nt increases with increasing grain size, while larger grains are prone to higher
plastic deformation. The amount of plastic deformation accompanying the stress-induced
martensitic transformation thus evidently plays a dubious role in controlling both functional
fatigue (negative) and structural fatigue (both negative and positive depending on temperature
and microstructure). In other words, the functional and structural fatigue of NiTi are coupled in
a more complex way than usually assumed.

This intricate phenomenon can be partially resolved when grain size and fracture mechanics is
considered. It is well known that the rate of crack propagation upon tensile cycling is strongly
affected by plastic deformation at a crack tip. The plastic zone ahead of the propagating crack
tip in NiTi was observed in the literature by various methods such as X-ray microdiffraction
[57] or DIC/SEM-DIC [54][139]. Gall et al. [106] demonstrated that NiTi has a rather low
threshold value of stress intensity factor AKw compared to 316 stainless steel or CoCr alloy and
fatigue cracks propagate at a quite high rate. Further evidence on the compromised AKi Of NiTi
is shown in [107]. Moreover, cracks propagate even faster and the AKn is further decreased in
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NiTi containing nanograin microstructure, in which the plastic zone at a crack tip is suppressed
and fracture toughness Kic is lowered [54][140]. On the other hand, ‘softer’ NiTi wires
containing recrystallized microstructures with larger grains (as the present 15 ms wires) display
a larger compressive zone at the crack tip and provide better shielding against the crack opening
(higher opening stress intensity factor Kop) [107]. As the 15 ms microstructure with
compromised functional stability provides a larger plastic zone and a lower rate of fatigue crack
propagation, fatigue life is higher compared to the 10 ms and 13 ms wires.

The analysis of fatigue fracture surfaces provided supplemental information on fatigue crack
propagation. Since the fatigue cracks always nucleated at the TiC inclusions (Figs. 34-37) and
short cracks (<100 nm) can be found after only 10 superelastic cycles (Figs. 37,38), the rate of
fatigue crack propagation controls fatigue life in the superelastic (low cycle fatigue) regime.
Although the performed fatigue tests were not designed to evaluate the fatigue crack
propagation rate and the number of cycles per striation is unknown, it is evident that the
observed fatigue striations are more pronounced and show wider spacing in fatigue tests at
higher temperatures and in tests of wires having smaller grain size— i.e. the fatigue cracks most
likely propagated faster in tests in which the martensitic transformation proceeded at high
stresses and plastic deformation was suppressed.

5.4 Effect of microstructure evolution on fatigue life

As introduced in the previous section, fatigue life in the case of the 15 ms wire is high
(N~ 12 000 cycles at 15 °C) but rapidly decreases with increasing temperature (compared to
the other samples). The virgin microstructure (grain size) alone cannot fully explain this
phenomenon (since plateau stress increases with increasing temperature equally in all wires), it
should be somehow related to a microstructure evolution upon tensile cycling. In order to
confirm or deny this, TEM lamellae were extracted from the 15 ms wires subjected to fatigue
tests at 15 °C and 30 °C (Figs. 40, 41). Note that while microstructure of the 15 ms wire
subjected to the fatigue test at 15 °C contained mainly slip dislocations and only a few
deformation bands in small grains (after 12 300 cycles), the microstructure of the 15 ms wire
tested at 30 °C contained a significantly higher number of deformation bands (after 3 900
cycles) (Fig. 40). This clearly proves that even a very small difference in the temperature of the
fatigue test (AT = 15 °C) gives rise to a significantly different microstructure of the fatigued
wire. Since the difference in upper plateau stress (~ 80 MPa) is rather small (compared to that
observed for the 10 ms and 13 ms samples), we believe that the upper plateau stress affects
fatigue life indirectly, through its effect on the microstructure evolution accompanying the
stress-induced martensitic transformation.

Based on the results in Fig. 40 and systematic analysis of lattice defects in thermomechanically
cycled NiTi wires, we believe that the acting deformation mechanism qualitatively changes
with increasing temperature and stress, at which the stress-induced martensitic transformation
proceeds. This is evidenced by the appearance of deformation bands in the microstructure of
the wire tested at 30 °C. The deformation bands are created upon tensile cycling because the
fraction of the stress-induced martensite undergoes deformation twinning [41][43][95]. It shall
be pointed out that cyclic deformation promotes the creation of deformation bands. It may take
tens, hundreds, or thousands of cycles before deformation bands appear in the microstructure
depending on temperature, upper plateau stress, and grain size.
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Many grains in the bulk microstructure of the 15 ms wire cycled at 15 °C and 30 °C still contain
only slip dislocations. However, the microstructure underneath the fatigue fracture surface (Fig.
41) contains grains filled with a large number of deformation bands suggesting that the material,
which transformed ahead of the propagating crack tip, was exposed to higher stress than the
material elsewhere in the bulk. While at 15 °C, we can see isolated deformation bands in the
grains bisected by the propagating fatigue crack (Fig. 41b), there is a high density of
deformation bands spreading frequently across multiple grains at 30 °C (Fig. 41f-h). These
observations also confirm that fatigue cracks in superelastic NiTi propagate mainly
transgranularly (Fig. 41b,c), as also observed by other investigators [113].

We may consider the microstructure observed along the crack path as being gradually
“cold-worked” by the plastic zone ahead of the advancing crack into a laminate of deformation
bands that are ~50 nm wide. This microstructure resembles the microstructure of NiTi wire
deformed above vyield stress [40]. Furthermore, the twinned microstructure creates high strain
gradients and local strain can increase above 30 % while a macroscopic strain is below 10 %
[96]. Therefore, the virgin microstructure of the 15 ms wire (Fig. 40 a-c) becomes gradually
rebuilt ahead of the advancing crack by the cyclic martensitic transformation proceeding at high
stresses approaching yield stress. The fatigue crack in the test at 30 °C thus propagated through
the refined microstructure containing laminate of deformation bands. As short fatigue cracks
(<100 nm) were observed after 10 loading cycles only (Fig. 43,44), we believe that these
processes control the fatigue life of NiTi in the superelastic regime. Although the wire surface
is rough, as no polishing was applied, this is the same for all microstructures. Despite the high
density of those small cracks underneath the surface, the terminal fatigue cracks always
nucleated at TiC inclusions and further investigation of the crack nucleation and growth is
needed to verify the formation of deformation bands around inclusions and fatigue cracks in
the early stage of the crack nucleation. Nevertheless, our findings agree with the results in the
literature [24][27] claiming that the majority of fatigue life is spent in the crack propagation
stage.

Although no direct observation of the deformed microstructure in the 10 ms wire after fatigue
tests has been performed, the formation of deformation bands in this sample is unlikely, since
the observed accumulation of unrecovered strain €ys is negligible (Figs. 32 and 33). In the case
of the 13 ms wires, the deformation bands appear in fatigue tests performed at high temperatures
[37]. However, the formation of deformation bands on a larger scale at room temperature is
unlikely. The experimentally observed decrease of the fatigue life with increasing test
temperature (stress, unrecovered strain) (Fig. 33) was thus rationalized by considering the effect
of the initial microstructure and its susceptibility to the refinement during superelastic loading
on the rate of fatigue crack propagation.

Considering aspects of grain size and microstructure evolution, the 13 ms wire seems to be a
good compromise between the 10 ms wire (short fatigue life due to the lack of plastic
deformation at any test temperature) and the 15 ms wire (short fatigue life due to microstructure
refinement by the plastic deformation ahead of the advancing crack at elevated temperature).
In order to improve the fatigue life of superelastic NiTi wire in the required temperature range,
we thus need to manipulate its microstructure so that it allows for some plastic deformation but
suppresses the formation of deformation bands.
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5.5 Effect of aging treatment on functional properties and fatigue life

Precipitation processes in Ni-rich NiTi were extensively studied in the literature
[22][57][59][60][69]. Information on functional properties and fatigue life of the aged NiTi can
be found in [3][17] and [9][21], respectively. It appears that the precipitation of NisTiz upon
aging generally increases transformation temperature (depletion of Ni from the NiTi matrix)
and improves the stability of stress-strain responses (strengthening by nanoprecipitates)
of Ni-rich NiTi compared to the solution-treated alloys.

This is nicely confirmed in our experiments, as the 400 °C for 1h aging treatment shifts Ms
temperature upwards by around 30 °C, functional stability at elevated temperatures is improved
(Fig. 32b), fatigue life is longer, but the wire does not show superelasticity below 40 °C, which
is, of course, a serious limitation for medical applications. The fatigue life of the aged sample
is up to 300 % longer when compared with the 13ms sample without aging tested at the same
temperature (Fig. 33a) but only up to ~ 20 % longer in tests at the same upper plateau stress
op™ (Fig. 33b) or unrecovered strain (Fig. 33c). So, the fatigue life improvement due to aging
very much depends on how we look at it and what are the application-related requirements.

As the fatigue life is controlled by the crack propagation rate, we have to understand why and
how aging affects the crack propagation rate. It can be concluded from the discussion in section
4.3 that the fatigue life improvement by aging is achieved via three simultaneous beneficial
effects that slow down the crack propagation upon tensile cycling: i) decrease of upper plateau
stress, ii) enabling crack tip shielding by plastic deformation (ductility is not deteriorated by
aging) and iii) improvement of resistance against microstructure evolution upon tensile cycling.

There is no warranty that the employed 13 ms+400 °C/1h heat treatment is ideal, however, it is
a suitable compromise leading to sufficient fatigue life and functional stability. We originally
thought that applying short electro-pulse treatments after cold work will result in improvement
of fatigue performance compared to NiTi alloys cold-worked and heat-treated in an
environmental furnace but this turned out not to be the case. In reality, plastic deformation is
very limited in NiTi wires treated by a short electric pulse (< 12 ms) containing nanocrystalline
microstructures (d < 50nm). Optimized cold work/heat treatment (~ 13 ms) leading to grain size
d =50- 100 nm followed by aging at 400 °C for 1h improves the resistance against deformation
twinning in martensite and allows the creation of larger plastic at a crack tip at the same time,
which is desired. On the other hand, it destroys the superelasticity of the wire at room or body
temperature, which is obviously a problem. There might be several ways how to improve that.
Superelasticity at body temperature can be achieved by varying the aging time and/or
temperature and the problem with preferential precipitation of NisTisz along grain boundaries
can be solved by applying a small plastic deformation prior to the low temperature (< 300 °C)
aging to introduce nucleation sites for precipitation in the grain interior according to Li et al.
[20], which would be even more beneficial for the 15 ms microstructure with larger grains.
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6 Conclusions

Functional thermomechanical properties and fatigue life of NiTi wires with specific
microstructures adjusted by cold work/heat treatment were investigated by thermomechanical
testing in a wide temperature range and by electron microscopy (SEM, TEM, and STEM). The
key results can be summarized as follows:

Adjustment of the virgin microstructure by heat treatment

A cold-worked NiTi wire (cut from a single spool) was subjected to pulse heat treatments by
electric current, where constant power (160 Wmm-2) of the pulse was applied for 10 ms, 13 ms,
and 15 ms to produce samples with different grain sizes. Moreover, a part of the samples was
further aged at 400 °C for 1 h to introduce Ni-rich precipitates. The grain size d of the NiTi
samples heat-treated by the 10 ms, 13 ms, and 15 ms pulse is 20 nm, 75 nm, and 250 nm,
respectively. The 400°C/1h aging does not increase the grain size of microstructures with
d > 75 nm, which is ideal for assessing the precipitation effect on functional and fatigue
performance.

Functional fatigue

A series of cyclic thermomechanical loading tests (10 closed-loop cycles) on the 15 ms wire
were performed to investigate the origin of the cyclic instability of functional behaviors of NiTi.
The recorded accumulated unrecovered strains and density of permanent lattice defects
increased rapidly with increasing temperature/stress, at which the forward and/or reverse
martensitic transformation proceeded in the test.

Two distinctly different cyclic stress-strain-temperature responses of the wire were found:

e relatively stable, generating only marginal accumulated unrecovered strain and/or few
isolated lattice defects if both the forward and reverse martensitic transformations
proceeded at low external stress (c < 100 MPa)

e very unstable, generating significant accumulated unrecovered strain and high density
of slip dislocations and deformation bands if the forward or reverse martensitic
transformation proceeded under large external stress (c > 250 MPa).

The type of permanent lattice defects observed in the microstructure of the cycled wire by TEM
was found to be dependent on the temperature/stress, at which the forward and reverse
martensitic transformation proceeded in the test, in particular:

e at low stresses (o < 100 MPa), the cyclic martensitic transformation generated only a
few dislocation loops and segments, and the recorded accumulated unrecovered strains
were negligible (eys < 0.1 %)

e at intermediate stresses (100 MPa < o < 400 MPa), high density of (110)<001> slip
dislocations and a few isolated deformation bands were observed in the microstructure
and accumulated unrecovered strains reached few percent (~ 0.5-2 %)

e at high stresses (o > 400 MPa), deformation bands containing B19’ martensite or {114}
austenite twins alongside high density of slip dislocations were observed in the
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microstructure, and accumulated unrecovered strains became very large (> 2 %)
accompanied by loss of transformation plateau

Similar microstructural changes occur in the 10 ms and 13 ms samples. However, these changes
are suppressed by the smaller grain size of these samples and occur higher above As. Therefore,
the 10 ms samples exhibit excellent performance in functional fatigue (eus < 0.5 % in fatigue
tests) and flat transformation plateau in the majority of cyclic superelastic tests.

Fatigue life in superelastic tests

The samples exhibit the highest fatigue life and best functional stability when superelastically
cycled at low temperatures slightly above At This is not surprising since the magnitude of the
upper plateau transformation stress is the essential parameter in fatigue life in the superelastic
regime. However, it was found that the NiTi wire containing the smallest 20 nm grains, which
shows remarkably stable superelasticity, displayed the lowest fatigue life (Nf < 2 500 cycles)
among the tested samples. The NiTi wire containing recrystallized 250 nm grains showing
unstable stress-strain response exhibits the best fatigue performance (Nf ~ 12 000 cycles),
although in a narrow temperature range only, since the N¢ decreased rapidly with the increasing
test temperature (stress). This suggests that the superelastic fatigue performance of NiTi wires
is different from the state-of-the-art view if the range of microstructures (grain sizes) and test
temperatures are considered.

It is claimed that, for the same material parameters (wire diameter, surface quality, inclusions,
etc.), the superelastic fatigue life of NiTi wires is largely controlled by the crack propagation
rate, which depends on the: i) upper plateau stress at which the stress-induced martensitic
transformation proceeds as well as on the ii) crack shielding effect of the plastic zone ahead of
a propagating crack. Moreover, it was found that short cracks (~ 100 nm within the surface
grain) are generated already in a couple of superelastic cycles, and TiC inclusions are common
nucleation sites of fatigue cracks, causing final failure of the tested samples.

A strategy how to improve the fatigue life of superelastic NiTi is proposed. It consists of a
modification of the alloy microstructure to allow for some plastic deformation to accompany
the stress-induced martensitic transformation upon tensile cycling but to suppress the plastic
deformation processes in martensite leading to the formation of deformation bands in the
microstructure (microstructure refinement). Among the tested microstructures, these
requirements are best complied by the aged 13 ms wire containing 75 nm grains and NisTis
nano-precipitates.

The effect of NisTiz precipitation on functional fatigue and superelastic fatigue life

The average size of the precipitates created by aging at 400 °C for 1 h is approx. 20 nm in length
and 8 nm in thickness in the microstructure with grain size d ~ 75 nm. A direct comparison of
the microstructures with and without Ni-rich precipitates shows that although precipitates
nucleate mainly on grain boundaries, the tensile strength of the aged samples increases by
200 MPa (15 % of the initial value) at room temperature. Aging shifts superelastic temperature
window up by approx. 30 °C, slightly increases fatigue life (10-15 %) and decreases plateau
strain by approx. 1 %. The same aging of microstructure with d ~ 250 nm results in 30 % larger
precipitates and a lower increase in tensile strength (by ~ 100 MPa).
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