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ABSTRACT

NiTi wires having different nanocrystalline microstructures were subjected to
thermomechanical tensile tests datigue tests in a wide temperature range. Accumulated
unrecovered strains and microstructures evolving upon cycling were zesalgyclic
instability of stressstrairi 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 increasechengéiasing 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 uowered strain andfew isolated dislocation loops

and segments)t the forward and/or reverse martensitic transformation proceeded under large
external stress (200 MPa), the responsessamples with 25@m grainbecamaunstable (large
accumulated unoevered strains and high density of dislocations and deformation bands). A
scheme allowing for estimating the cyclic instability of functional behaviors of various NiTi
wires inawide range of thermomechanical loading tests was introdiM&dwires with the
smallest graing- 20 nm)displayedastable stresstrain responsieutthelowest fatigue life (N

< 2500 cycles), while the wires wittme largest graingd~ 250 nm)displayedan unstable
response and highest fatigue lifes N 12000 cycles), thougthe N decreased rapidly with
increasing test temperaturd suitable strategy to improve the fatigue performance of
superelastic NiTis to create microstructure that allows for some plastic deformation while
suppressing the formation of deformation bdwdas leading to microstructure refinement.
Among the tested microstructures, these requirements are best matched by the aged wire
containing 75 nm grainsnd NiTis naneprecipitates.
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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, robotarsd the automotive industryowing to their
unique superelastic and shape memory propéitjea[3][4][5][6]. NiTi SMA alloys havahe
potential to be utilized in novel applications such as refrigeration/elastocaloric caoagte

heat recycling7][8]. However, some of these applications are severely limiteétidiatigue

life of NiTi. Superelastic and actuator fatigue of NiTi is hence currently being investigated from
a wide variety of perspectiveshe fatiguelife of NiTi is limited to thousandsf cycles in the
superelastic regime in tensiof|[10][11]. On the other hand, NiTi loaded in compression
[12][13] or thermally cycled under constant load (actuatibn)15][16] reachessignificantly

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 Tife ajing
treatment of Nirich NiTi seems to hae apositive effect not only on functional fatigue but also

on structural fatigu€][21]. The aingofNi-r i ch Ni Ti at temperatures
2 h introduces 10 30nm NiTis precipitates intdhe material microstructur€1][22], as a

result of which the microstructure is strengthened against plastic deformation and
transfornation temperatures increase.

Strain amplitude applied in a fatigue test affects fatigue performance, as inbvetating and
torsional fatigue experimen{g1][23][24] or even in tension25], if transformation stress
plateau is lost due to functional degradati®antrarily, fatigue life is less sensitive to the strain
amplitude within the plateau range in tensile t€s®$in which the superelastic deformation is
localized[26]. Similar insensitivity to strain amplitude was observed even in rt@nging

tests in[9][27][28]. Besides the strain amplitude, the most important parameter of fatigue tests
is the upper plateau stregsl][23][28][29] that can be adjusted by chiead composition,
microstructure manipulatiomnd test temperature. Important factors are also surface finishing
treatmentg28][30] and TiC and TiNiOy inclusion content as fatigue cracks preferentially
nucleate at the surface inclusidig|[32][33]. However, these factors are of less importance

in this research as all samples were preparedtiiersame spool of 1ddm Ni Tiacedd r e i n
work state.

It is well known that the superelastic deformation of NiTi tends to be accompanied by plastic
deformation giving rise t@an accumulation of unrecovered strains upon cycling trel
instability of cydic stressstrain response (functional fatigud)|[35][36]. However, it is much

less understood how it affects structural fatigue (number of cyri@sfailure). Although
higher functional degradation is commonly associated with infitiggue performance of NiTi

at higher temperatures (stresses, strain amplitudegB7], the coupling between
microstructure changes and the functional and structural fatigue of superelasstiINi€eds

to be established.

In this research, superelastic NiTi wires were subjkto 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 defe@nd NiTis precipitates). The experimental approach

to the characterization of fuctional and mechanical properties of NiTi wires in wide
temperature and microstructure ranges introduceéti9hwas adopted in the fatigue research
presented her&he 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 wWiBé§38][39][40][41][42][43]

suggest that the austenitic microstructure of NiTi may change signijiagron superelastic

cycling due to plastic deformation accompanyingstnessinduced martensitic transformation,
particularly deformation twinning in oriente
martensite has been treatechamew deformatioomechanism called kwinking by Seiner et al.

[44] or earlier asa nontransformation pathway by Gao et @l5][46] and proposed to be an

origin of functional fatigue of NiTi.The @meprocesses referred to as graefinement in

[47][48] havethe potential to affect fatigue life. Wheth#rese processes become activated or

not during the superelastic cycling of nanocrystalline NiTi wires depends on the temperature

and microstructurgl9].

1.2 Superelasticity

Superelasticity isthe stressinduced martensitic transformatioirig. 1 shows a tensile
superelastic cycle ad NiTi wire at various temperaturgéaboveaustenite finistemperature
Ay). At first, the unloadedvire is in theB2 austenitg(cubic) Then,the transformatiorfrom
austenite t@ 1 Imdrtensitgmonoclinic)is triggeredupon reaching transfmation stress (or
transformation peak as shown kig. 1) and elastic loading is followed bgxothermic
transformation at almostonstantstress. This part othe stressstrain curve is called
transformation plateaand elongation of the wire is achieved ayhange ofthe crystal
structure Then, reversendothermidransformation® 1 9 6B2) takes placeuting unloading
at a lower stress level thaforward transformationand the superelastic cycle is completed
without permanenstrain inthe ideal casg49]. This is thesimplestcase ofthe superelastic
cycle and some of the other phenomena accompanying superelastic cyclingdisitussed
later.

The sitionof transformation stresses is consideratilppenced by ambient temperatwiace
the higher theemperature is, theorestable austenite is. This relation is also expressehdoy
ClausiusClapeyrorrelation

— —h (1)
whereAX isthechange of transformation stredsds thechange of transformation temperature,
Y( is the enthalpy ofransformation per unitolume T is testing temperatur@nd ey is
transformationstrain [50][51]. Only one martensite variant (ideally) is created the
superelastic cycleunlike in the stressfree thermallyinduced martensitic transformation
Transformation strain values dependalmading axisorientationto the NiTi crystal lattice
Transformation strains for equiatomsingle crystalNiTi are asfollows: 107 % 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 shtnansformation strain arounds%
[3114][18].
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Fig. 1. Stressstrain curves oé superelastic Nii wire at various temperatures.

The — ratio in equation (1) can be determinedperimentallyby superelastic loading at
different temperatuse seen inFig. 1. The slope oftransformation stresses dependence on
temperature, which is almost linear in a certain temperature range, expresseattbéaround

6 MP p[30AKowever, pasticdeformation (primarily <001slip) and {114}, compound
austenite twinningof austenite is preferred aboveq Nmartensite desisttemperatureand
transformation does not ocdi?2]. On the other hand, when NiTi is cooled belk@mperature

A+, transformation is not fully reversible. In summary, reversible sinekgced transformation
occurs inbetweenthe Ar and My tempeature interval that is~ 150A Gwide (the so-called
superelastidemperaturevindow). Since superelastic behavior is accompanied by plastic strain
at high temperatures (near t@)Mthe temperature range foracticalapplications is even more
limited [3], which will be latediscussed in detail in sectiorbl.

1.3 Heat treatment

Although coldworked NiTi alloys exhibit high tensile strength (up to approx.GPa),
superelastic properties are suppressed by high dislocation density aataverphouphase

is introduced by cold working18][53]. A stressstrain curve of NiTi allog under these
conditions is similar t@ conventionahlloy. Furthermore, fracturtoughness and ductilitgre
significantly decreasedas will be discussed latgb4]. Finally, conventional NiTi wires
produced for sperelastic applications contain over &6 Ni. Excess Ni is dissolved the

NiTi matrix afterafabrication process of the wiresd Nkirich precipitates are not present in
theNiTi matrix[18]. Thus, heat treatment is required to restbeamicrostructure with desired
functional properties.Processes sh as dislocation recovery, recrystallizatioand
precipitation are utilized to set transformation stresses and strain, stability of superelastic loop
(accumulation opermanent strainand tensile strength. The process of heat treatment and the
final maerial properties depermh previous history (cold work, grain size, impurifiet.)as

well [18][55]. The dfect of heat treatmenbn stressstrainresponsas illustrated inFig. 2.
Althoughthe change of transformation stresses is inevitable during superelastic cptiiag
paramegrs sut as permanent strain or tensile strength can be modified by heat treatment.
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Individual processetaking place irheat treatmerdnd their influence on functional properties
will be discussed ithefollowing sections.

2000
1800 +

a) 520°C/30min 205 b) 350°C/1min

—1%cycle —1*"¢ycle
16001 12" cycle 1600 —— 12" ¢ycle
1400 — tensile test 1400 — tensile test P

1200

1000
800 A

Stress (MPa)
Stress (MPa)

600

400 4
200

0

Strain (%) Strain (%) ;
Fig. 2. Comparison ofhe 1st andl2thsuperelastic cycle followed by tensile tastil ruptureat 20A C
of the same typ of NiTi wire subjected to differertteat treatmersa) 52 0 A C/ 3306n0i AnC / alnnt

1.3.1 Precipitation

Precipitates are particles wietdifferent crystal sucture and composition thame matrix and
are created byhe decomposition of supersaturated solid solufjprecipitation).Quenching
below solvus temperatuigereation of supersaturated solid solutiamd pecipitationat the
appropriateeemperaturas commonlyused to create fine precipitates suppressing dislocation
movementand increasing tensikrength Solvus temperature of the stable NiTi phase region
isillustrated inFig. 3[49]. Typesof precipitates and their influence thresuperelastic response
will be discussedh thefollowing section

Weight Percent Nickel
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lm I T 1 T i T 1 T 1 - ' T A . 1 T 1 T
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g 7
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H |
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327 | A [ -
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Fig. 3. NiTi phase diagram and detail of the superelastic composition réd#dihl]
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1.3.1.1 Ni-rich precipitates

Precipitation often taleplace in severasuperelastistages, in which metastable phases are
created before reachinfpe final stable phaseThreetypes of Nirich precipitategNisTis,
NisTiz, and NgTi) are known in NiTi alloyNisTis andNisTiz are metastable phases andTNi

is the final stable phase thithe highest Ni concentratioAlthoughthe phase diagram iRig.

3 showsthatprecipitation should proceed above 50 at.% Ni, supersatui@tomd50.5at.%

Ni is needed tdrigger precipitation processé@sthe NiTi matrix in a reasonable time period
[51][57]. Maximal attainable supeaturation inthe Nirich NiTi is around 5 at.% Ni. On the
other hand, only about Hit.% Ti supersaturation is attainablethre Ti-rich NiTi matrix. The
alloy exhibis weak dependence of transformation temperatures on composition in this region
and M (martensite startemperature is around 6@ A CThis differs from the Nrich region,
where transformation temperatures and stresses are sensitive to comesgibiy. 4).
Therefore, precipitation decreasing Ni content irthe matrix can be used talecrease
transformation stresses @superelastic loading dncreasetransformation temperatures of
athermal actuator.

400 | 1 | 1 ! I |
350 -ﬁ + o =
300
=3 X
2 250+ - =
=
‘©
E 200 Experimental -
£ [0 Tang(37)
S 4504 © Kormilov(40) |
- + Hanlon{41)
s’ ¥ Melton(42)
1004 Z Miyazaki(34,43) -
& Nishida(1)
50 X Wasilewski(2,9) i
& Smith{32)
* Saburi{39)
0 T

] T T | T |
@ 48% 3‘,185 490 495 500 505 510 515 520
Mole-Fraction Ni

Fig. 4. a) Influence of Ni content on transformation temperature martensite sfaith@olid curve
shows predicted values acdorg to[50] (Ms=6 0 afBDat.% Ni and increase of 0at.% results in
about 168K decreasén Mstemperature) in comparison with experimental data of various researchers.
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Fig. 5. TTT diagramof NiszTisg alloy precipitdion afterhomogerzationat I000AC and q[blenchi ng

TheTTT (Time Temgrature Transformation) diagramMis Tisg alloy is shown irFig. 5. The
aging of theNi-rich alloy can be separated into 3 temperature ranges

a) At first, NisTiz precipipe t es ar e cr eat e theNis€idpbage iscc@died An@. T h e
thefinal product of annealing theNisTi phase afteanextremely long time (4000h).

b) The Ni4Tis phase is not created atemperature above 680 C  a 8T prédipitates are
created instead ithe temperature rangaf 680A €750A Gollowed byNisTi precipitatesafter
alonger time of annealing.

c) The NisTi phase is created directly without metastable phast#sitemperature rangef
750A @B00A CThe NiTi matrix is stable above 80@ Cat the given composition and
precipitation is not taking place or-Xch phases dissolvé1]

NisTis precipitateshave a rhombohedral crystal structurea€0.6704n m, =11 3 .,8 5 A)
lenticular shapgFig. 6), and nucleate at relatively low temperatufgs][58][59]. NisTis
shrinks 23 %in the direction of the habit plane normal, and 0.5 % in the habit pl&hevhich

is given bythedifference of lattice parameters and molar volume. Thus, strain fields are created
around coherent precipitateamall precipitates are coherent wighmatrix up to appx. 156

300 nm[60][61] (orup to500nm according t¢59]). These strain fields increase tensile strength

[3] and promote Fbhase transformatiod9][57][62]. The hghersize of precipitates leads to
semicoherent interfageandlattice strain is relaxed by dislocatiofi®]. However,the Ni4Tis

phase does not exhibit martensitic transformation. Therefor&jsNloes not contribute to
superelastic behavipand a shortening of trasformation strain can be expected after aging
[17]. Orientation relation between coherentsNg and B2 matrix is (1T TO)guTi3||E p)e2,
[010]niaTiz||[213k2 andthe habit plane {1113 [51].
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Fig. 6 Orientation inthe NiTi matrix and TEM micrograph of NTis precipitates[60]

The second type of precipitate tise NisTi> phase. These precipitatesso exhibit phase
transformation. Crystal structure is tetragonaf (@.3095 nmand c= 1.3585nm) at around
100A C  anthdrhombic & = 0.4398 nm, b= 0.4370nm and c= 1.3544nm) at room
temperaturg49]. No considerable strengthegireffect has been reported y€he laststable
phase is NiTi with ahexagnal crystal structure @0.510 nm and & 0.831nm) [63].

1.3.1.2 Factorsaffecting precipitation

Heterogeneitiesand defectsin the crystal structure

Precipitation idiffusion-driven phase transformatiofhe aeationof stable nuclefollowed

by growth is neededicreate precipgtes in general araphase interface is established between
precipitate and matrixyhich is a barrier for further growthThe energy ofthe interfaceis
proportionalto adiscrepancy of lattice parameters of matrix and precipitate. phepitation
takes place through metastable stagesT(tiNizTi2) before stablerecipitates (NiTi) are
created. Nudation of precipitates is alsnergtically favorable in areas of crystal defects,
where deformation energy is releasedhmgrowth of precipitates. These areas are dislocation
networks, grain boundaries, stackiaglts or inclusions such as carbidé&sg. 7) [49][64]. The
effect of grain boundaies can be seemspecially in large grainsvherethe grain interior is
almost without precipitates unlikee grain exterior(Fig. 79. Even NiTiz precipitates affect
the nucleation of other precipitates in their surroundihy strain fields and lead tthe
arrangement captured Hig. 7d [64]. The abovementionedcircumstancesffect the driving
force (Y'O of the diffusional phase trssformation which can beexpressedy individual
components

Yo Yo YO YO Yo, (2)

whereY"O  Tris transformation energyproportional tahevolume of precipitatg the sign of
inequality shows higher stability of precipitate ttsupersaturated matrix at given conditions
YO Tmis theenergy of phase interface between matrix and precigjatportional tothe
surface of precipitajeY’O  Tis thechange of strain energy thecrystal latticeand ¥'O

1t is the energyof crydal defects A level of supersaturatioralso affects the kinetic of
precipitation processeas will be discussed ihe sectiorl.4 Rphase
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Fig. 7. The pesenceof NisTis precipitates on a) grain boundaries andric)usmns ¢) Absence of
precipitates in grain interior of large grains and d) chaigfis precipitates growthin thestress field

of neighboring particleg4]
Temperature

As Ni-rich precipitatesvith higher Ni content require highesmperaturesr longer aging time,
the NisTiz phaseis created atelatively low temperatures and aging may take omiyutes.
Commonly used NiTi wires manufactured for superelastic applications contain approx.
50.551at. % Ni. Therefore, precipitation of ich phases is shifted to lower temperatures
than in 52at.% Ni alloy shown ithe TTT-diagram Fig. 5) andthecreation of NiTiz has been
reported even ah temperature aroun@50 A dn 50.8 at.% Ni alloy However, growth is
significantly hindered anthe size of precipitates does not excé&fthm even aftethundreds

of hours[58]. Solvus temperature for Wiz phase is around 56850 A Gor this composition
[3], which is in therecwystallization temperature ranges well [18]. The deal reported
temperature fothefast nucleation and growtif theNisTisphasds around 425 5 0 [3466].
Diffusional processes are faster at higher temperatures, but nucleation rate degeddses
asmalernumber of large serdoherent precipitateand tensile strength decreag&ls

Stress-assisted aging

Eight crystallographicvariants ofNisTiz canareformed on{111}-planes[51]. As mentioned
above, precipitates create strain fields. Therefexégrnal or internal stsses can favor or
suppressthe occurrenceof certain NisTiz variants [66]. External stresses camemedythe
heterogeneousdistribution of precipitates inthe large grains (se€ig.79 and precipitation
occurs also ithegrain interio. Less than 10 MPa is needed to achidng effect[67]. Habit
planes of precipitates subjected to external tendimng agingtend to beparallel to the
direction ofthe applied stress. On the other hand, habit plamiest perpendiculato appied
compression stressluring aging [68][69]. For example, two variants of precipitates
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perpendicular to each other can be formed ainbert wire during aging due to
tension/compression stress8gessassisted aginglsoaffect the size of precipitates. Unlike
stressfree aging, wherthesize of precipitates increases with increasing distancetfregrain
boundarythesize of precipitates is more homogeneous after stgsisted aginfH4|.

1.3.2 Recoveryand Recrystallization

Recovery processes also take plagproximatelywithin the temperature range MfsTizphase
precipitation. Dislocation density decreases in general, which cansis{polygonization
annihilation or gliding of dislocationsand irternal stresses relajo5]. Recrystallization is
referring tonucleation and growth of new grains with low defect density. Nucleation sites are
preferentially regions with high stored deformation endikggynucleatiorsites for precipitation
(grain and subgrain boundaries, inclusiamrshear bandsPrimary recrystallization is finished
whentheformer coldworked microstructure is replaced by recrystallized grains. Then, further
grain growth (secondary recrystallimat) may follow.This phenomenon is undesired as ggain
above approx200 nm withoutprecipitatesare prone to dislocation activiiy superelastic
cyclingleading to high permanent strginstability of superelastic loop, sé&. 8, 9) [18].

Recrystallization occurs in commer[@(d.8A8 Ni Ti
recrystallization belongs wiffusionatdriven processeanincreasen temperature is naturally
accelerating grain growth. However, recrystallization temperature and kinetic of grain growth
may significantly vary. On one hanthe presence of alloying elements, inclusiprms
precipitates decreases recrystallization kinetic (Zener pinning). On the otherah@gter

degree of cold work (higher deformation energy) has the opposite effect. Higher cold work also
increases nucleationtea(number of recrystallized grains) and yields microstrustuith finer
grains[55]. For example, ©m gr ains are present in gimperel s
contrast to 2660 nm grains after cold working followed by heat treatniési. If the heating

rate and final temperatusge high enough, recrystallization takes plat¢he expense ahe

other processes (recovery and precipitat|da).

12 ms 14 ms 16 ms 18 ms

BEFORE CYCLING

AFTER CYCLING

Ee A
Fig. 8. TEM of NiTi wireswith various grain sizeafter pulse heat treatment. (@) micrographshow
grain structure before superelastic cycling angli¢pfter superelastic cyclinglL8]

21



1600 <4 1600
1400 1 12 ms 1400 4 18 ms
T 1200 4 @ 1200
a o
gwoo« EIOOO-
3 800 4 8 800 ~
D 4 8
~
5 600-: 5 eoo< ) -
400 400
1
200 200 <4 &
o T v T v | L) 0 ' T ] 1] v 1
0 2 B 6 8 0 2 4 6 8
Strain [%)] Strain (%)

Fig. 9. Tensuperelastic aylesof NiTi wire at room temperatuigter pulse heat treatmesy 160W/mm?
power densitfor 12 msand18 ms.[18]

These processes are necessaryhirecovery of superelastic and shape memory properties of
NiTi alloy after cold working since dislocation netwerand grairboundaries of nanosize
grainsinhibit propagation of martensiticansformation, which increases transfiation stress
and decreasesansformationstrain [18][71]. It is necessary to realize thaeat treatment
triggers several processes in general and each of themsdffedinal microstructure and
functional properties of Ni alloy.

1.3.3 Pulseheat treatmentby electric current

A unique method of pulsennealingoy electric currentRinal Thermanechanical Treatment
by Electric Current (FTMIEC)) was developed for faghnealingof thin NiTi wires intended
for medical or textile applicatiorig2][73][74]. Functional propertieand final microstructure
areset inmilliseconds(seeFigs. 8,9, andlLl) by passing electric current and temperature is not
constant in this type ainnealingunlike conventional annealing@uration and power of the
electric pulse can be precisely adjusted totlsetdesired superelastic response or trewk
evolution ofthe microstructureMoreover theactivity of precipitation processes is suppressed
in the short electric puls€18][53]. Since precipitation is mostly accompanied by other
diffusional processes (recovery and recrystallization) during conventamataling the
FTMT-EC method can be uséa some extento separate thafluence of recovery processes
and precipitation on mechanical properties.

Properties of a NiTi wirean be monitored during the electric pudsmealing An illustration

of theannealingorocesss shownin Fig. 10 wherea50 mm wire witha 0.1 mm diameer and
45% initial cold work is pretressed to 400 MP&he increase of stress at the beginninthef
electricpulse(3W/1s)is attributed tdhereverse transformation of residual martensite induced
by severe plastic deformation during cold working. A,iaermal expansion and even plastic
deformation prevajland stress decreases at constanstcaim. Finally, stress increases during
thecooling of the wire, whetheelectric pulse is terminated. The decrdasesistivity is given

by recovery process. The total decrease is about%40The end ofa steep decreasm
resistivity at 1.5 s indicatethat thewire is already superelastic witplateau strainFurther
annealing is increasing temperature in the wared grain size is increasirag well Thus,
tracking of resistivity during electric pge provides wortihile information.

The evolution of NiTi wire propertieggrain size, transformation strain in the first superelastic
cycle and permanent strain afted cycleslare shown iriFig. 11after electric pulse aonstant
power (160W/mm?). Accelerated grain growth begins time initial nanograin microstructure
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afterl2mand grain size i ncr e a slerasadpernaocentatmaipis o X .
attibuted to grain growth anctlateddecreasén yield stressHowever, the longethetime of
annealing, the highahe transformation strain. Therefore, compromise annealing parameters
are needed tobtain balanced functional properti@sdthe FTMT-EC method isuitablefor

this objective As annealing temperature is not constant dutivgshort electric pulse and
increases with timethe effect of annealing time is more consideralbib@n is usual in
conventionaheat treatment

5.5 700, 800 1.50
5.0 [ 4 w -
600, 700~ 1.40
gl 600 g 3
4.0 '5'500 3 g 1.30:—2_;
35 & 2 500 & 3
g 74008 2
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1.5 N 200 4 200% 1.00(33
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100 20.90
05 1 3 1009 E
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o 8,0 08 10 15 20 25 30 36 4.8
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Fig. 10. Process of heat treatment by electric current as a function efijrapplied power2) evolution
of stress, 3talculatedemperature profileand 4) evolution ofresistance[53]
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Fig. 11. Evolution of transformation straif(black), grain size(red), and permanent straiblue) as a
function of annealing time at pow&80 W/mm?. [18]

14 R-phase

The ®-called Rphase can be formed in streser temperaturénduced martensitic
transformation under specific conditiori®-phase has rhombohedral crystal structura =
030lnman( wh decreases with (1ec8®aS7TAgdgtteMmP2r K
8932A at [75]]. ZThe formation othe R-phase can be describedths stretching oB2

austenite alon§l11] direction[49].

23



The tree main reasonpromoting the formation of the R-phaseare 1) strain fields of
precipitates, 2) dislocationsr 3) alloying elementg!9]. Free energy of martensite is increased
in each of the caseind Rphase transformation is more favorable to occuhafree energy

of the R-phase is not affected smignificantly by change of microstructure or chemical
composition62].

In superelastic loadingd2Y R-phas& B 1 9wo-step transformationsequenceakes place
(Fig. 120). Either reverse transformatioB 1 ¥ 8 YB2 or only B 1 ¥ B2 transformation
proceeds in a NiTi alloy aftea previous forward twestep transformatigrdepending orthe
microstructure of the alloy andhe testing temperaturé76]. The same sequence of
transformations taleplace duringthe cooling and heating thermal cyclésee Fig. 139
[49][75][77].

As R-phase transformation occurs in strain fields ofTNiprecipitatesthe R-phase can be
utilized as an indicator of precipitation procesaeshown ir-ig. 12 wherea) shows stress
strain and resistanestrain responsef theNiTi wire annealed by short pulsdollowed by15
min agingand b)showsthe response othe wire annealed byn electric pulse (without
precipitates)[17][56]
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Fig. 12. Identificatiorof R-phase transformatioin stressstrain and resistanesrain curve®f a NiTi
wire (a) with Rphase transformation at approx. 350 MPawithout R-phase transformatighs]

The ransformation strain d82-R-phaseransformation is around®1 % in a single crystal,

which is ten times lower thanB2-B 1 9téansformation [51]. However, B2R-phase
transformation exhibstvery low hysteresis both in temperatur(1 AC) a n-80MP&)r es s (
cyclein comparison witlB2-B 1 Gransformation49]. Transformation stress &2-R-phase
transformation is more depa@rt on temperatured(VdT* 17MPa/K[75]) thanthe B2-B 1 9 6

one Sincethe R-phase has the highest resistivity of NiTi phasedncrease of resistivity is
another sigmrevealingR-phase transformation. Valuesrole s i st i vi ty ar e
65 e€q/ cm f parndma9r8 eengphasewmccordimg toR]. However, resistivity
may vary depending ona thermomechanical treatment dwinning of martensite
(selaccommodtionor preferential oriemttionunder stress).

82 ¢€q
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Fig. 13.DSC curves for a) Tb1.5Nisinglecrystal solutiorreated at. 0 0 GoA1ch followed by water
gquenchingad agi ng 4ndl®) pdb/Enst@llimeTii 50.6Ni after solutioftreated 1008C/1h

followed by water quenching and agihg0AC/24h [57].

However, three or even more peaks can be found in a DSC record of NiTi cdoting3
suggesting a mukstage transformation. Since no new phase was identdi@lechanism
explaining ths behavior was needed to find dbkplanation of thenulti-stagetransformation

can be found ithe heterogeneity of precipitation processes. As precipitatidtidfiz phase is

favorable on grain boundarig&B), Ni concentration in NiTi matrix idower on grain
boundaries than ithegrain interior(Gl). Consequently, BR-B1 96 tr ansf or mati on
onGBandonly B2B1 96 tr ansf or matheiGb Mhe reauk msasthrepstagec e i n
transformationat three different temperatureghe effet¢ is more pronounced in alleywith

lower Ni excesgFig. 14). For examplethe nucleation rate ithe Gl is nine times lower than

on GBin 50.6at.% Ni alloy, yetthe ratio of GB/GI nucleation rate is only 1.2 in 5at®6Ni,

where higher supersattionincreaseshe driving force for precipitation anthe influenceof

GB issuwppressed57]. Threestep transformation can occur everaiNiTi single crystal with

no grain boundariesThe reason idocal heterogeneity of chemical composition givby
precipitateswith larger spacing> 200 nm)as Ni isdepletedaround precipitatesAt first,
B2-R-phasdransformation proceeds on the pretif®@/matrix interface and then transformation

t o BnarersiteFinally, martensite nucleates in aréagher fromprecipitate§57].
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Fig. 14. A) Unified model for explaining the microstructure evolution at low Ni supersaturafj@n¢a

(b) and high Ni supersaturation) (end (d). It also explains bothhe threestage and twastage
transformation behavior of supersaturateeNTisolid solution. In the figte, Guiiar and Gged CUrves
represent the Ni profile dheinitial (asquenched) state and that after aging, respectively. GB denotes
grain boundaryB) Schematic illustration for the relation between nucleation rate and supersaturation
degree in graimterior region and grain boundary region. Supersaturation degfé defined by the
solute (Ni) concentration beyond its solubility limitthe B2 Tii Ni phase aagiven aging temperature.

The nucleation rate ghegrain boundary anthegrain interior is indicated byt and ki, respectively.

[57]

15 Fatigueof NiTi alloys

The fatigue of NiTi alloys can be classified into two categories: functional and structural
fatigue.Functional fatigue is related tbhedegradation of thermomechanical response tleeg.
evolution of transformation temperatures, stresmes strainsStructural fatiguas meant in its
standard sensean accumulation oflislocations and iernal stressescrack nucleationand
growth until the failurg78]. The cydic evolution of mechanical propertiesvestigated since
thenitinol discovery in the 19608lowever, superelastic fatigue life is not sufficient for many
applications yetlt is known thatthe superelastic response of Nid@lloy evolves during
superelast cycling and howthis is related tothe evolution of microstructure and internal
stresgsto some exter[B6]. It is well known that thetressinducedmartensitic transformation

in superelastic NiTi tends to be accompanied by unrecovered sBalattice defects are
introduced upon thermomechanical cycling, microstructure evolves irreveesblyunctional
properties gradually change upon cyclifigl][34][36][39]. Although higher functional
degradation is commonly associated with inferior fatigue performance as higher temperatures,
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transformation sessesand strains lead tthe deterioration of both functional properties and
fatigue life[1][25][28], the rate of deterioration and coupling between functional and structural
fatigue and microstructa changes during fatigue life need to be further examined for various
microstructures.

1.5.1 Functional degradation

Evolution of the stressstrain response

Decreasén transformation stressesasvell-known phenomenoaccurringduring superelstic
cycling of the NiTi alloy[25][79][80]. These changes are caused especially by redistribution of
inner stresses in differently oriented graiasincrease of dislocation densigndanincrease

of a residual martensite volume dten [36][79]. It is also important toconsiderthat
superelastic deformian is realized bynartensitdand front propagationn theuniaxial tension
(Fig. 153) [10][26]! Austenite and martensite have different crystal strustamd deformation

is not homogenougspecially inthe martensite band frontHe strain ofthe martensitic part is
almost ten times higher in tension loading). This kind of discrepancy is minimizedharp
and thin interface, which is incl i rorfiinsappr o>
[82]. On the contrarythe interface has shape of a rounded cone in NiTi wires loaded in
uniaxial tension shown ifig. 15b, wherethe distribution of streses is evaluated by three
dimensionalX-ray diffraction (3DXRD) microscopy. Although nominal stress is 42Pa,
600MPa stress was measured in surface grains and onliyIRa0n the middle of the cone,
which is the key feature of the martensite bendtfreNiTi wires, revealed if26]. The next
featureof functional degradatiois a decreasen transformation strain andccumulation of
unrecoveredtraineisas well(Fig. 16. Change in transformation stress cannot be fllyided
during superelastic cycling, however, the accumulatioaugénd dislocation activity can be
greatly reduced in a nanograin microstructure (8,9,16. Since fatigue failure occurs after
stabilization (10200 cycles) of functiongbroperties, ti seems thatunctional fatigueis not
directly connected with fatigue failurédowever, small increments of permansirain and
other features of functional degradation can be detected in a whole fatigaé [[ige!].
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Fig. 16. Functional degradatioin superelastic cycling) The first and tenth superelastic cycle of NiTi
wire at 20A Gifter electric pulse heat treatmga60Wmm?3/13ms) b) Ten superelastic cycles plus
heating above 10AC i n bet ween rsdoal matenditgpulse beatetrmatneent
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Results of thermomechanical loading tests reaching into high tempénaihrstress regime
revealfurther evidence foNiTi deformation behaviors due to the martensitic transformation
coupled with plastic deformation. First of all, the unrecovered strains generated separately by
the forward martensitic transformatien” upon cooling under large stremsd by the reverse
martensitic transformatioa,X upon heating under large stre&y6.17,18) were investigated

usi ng t hAppréaBdy ipteodused recentlyin [34]. They reported that:) 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 tharby the forward ongFig. 17d,18). 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 eald fromthe stressstraintemperature response of NiTi wire in 3
thermomechanical loading testsmposed ofbadinguntil 870, 990and 1100 MPad@1 00 AC, co ol i
under constant stress 870, 990 and 1100 MPartad u ¢ e tradsforimhationunloading to 2MPa and

stressfree 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 eijgb]

The results ofheseries of bypass tedbr martensitic transformations proceeding upon cooling
(Fig. 17 or heating fig. 1§ under constant tensile stresses below 1 GPa are essentially the
same as those reported #|, only the unrecovered strains are larger. When reaching the high
temperaturé@ high-stress regime above 1 GPa applied stress, howineenbserved stress
straintemperature responses become quite diffefidme. green curve ifig. 17and magenta

in Fig. 18represent extreme loading conditions at 1100MPa stress of NiTi wire with the tensile
strength of 1300 MPd@esides the strain evohg during the martensitic transformation upon

29



cooling under 1100 MPa, significant tensile strain develiypther upon cooling in the
f ur t h ey, 1B)e Fuhermate) tensild €rai gr e e

martensite state

increases upon heating at 1100 MPa stress instead of decreasing (magentafegrvesi
as commonly observed in NiTi actuator tests.
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Fig. 18. Stresstemperature dependence of unrecovered strains generated by tlee masrensitic
transformation upon heating under stress (blue exponential in d) as evaluatatidisinessstrain
temperature response of NiTi wire in thermomechanical loading tests consistingssiree cooling
to-100 AC, | oadi n,®00t1000 &nd BLOOOMPa, Fedtidhg und&rOcOnstant applied stress
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The test starts (solid circle) by loading the wire to the required stress and cowlergstresd ts course
can be tracked by following arrows in (a,b[6R]

Deformation twinning

The

deformation t wi nni [B384]j88]occursiugontensile lodBlihgd 6 ma
of NiTi wires when the applied strain excedtle martensite yield limif40][83] or as an
intermediate step of thetressinduced BY B 1 ¥ 82T (B2" i twinned austeniteequential
martensitic transformatiorproceeding at elevated temperatures and stfg6§ The

B2Y B 1 ¥ B2 transformation isctivatede.g. upon thermal cycling under large sti@sg,

upon constrained heating of the deformed N#Bi|, or upon severplastic deformation of Niil
[88][89][90]. As revealed irj40], the deformatiortiwinning in oriented martensite results in
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permanent deformatioandsuppressethe recoverability of transformation strains in tensile
tests atelevated temperatures. In a contrast, dislocation slip, while it also cplastie
deformation, does not restrict the recoverability of transformation strains.

Atthesingge crystal | ev el transitidn pathEanbd seéndy 8B8s2quence of
kinematically compatible structures evolving in the crystal lattice under increasing stress. This
sequence is outlined iRig. 19h The crystal lattice is initially in the austenstate, 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 miaminate 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 |azingge

variant of martasiteforms from the martensite laminate under the action of this sifbss
elongation of the crystal lattice in the direction of the loading provided by the single martensite
variant i $27§%%mhis is thel maaimal dftain the lattice caramtvia cubic to
monoclinic martensitic transformation. The continuous elastic distortion of austenite and
martensiteis not considered irFig. 19. The maximal straintogether 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 loadingabovethe stress plateauthe martensite single crystal ig. 19b[)
undergoes comuous elastic distortion and further plastic deformation can theoretically
proceed via dislocation slip stressinduced martensite. Alternativelgfurther inelastic strain

may appear in a form of #Adi sl ocatt winnrsilng) fa
The {20/ 1} deformation twinning reported in the literature is a good exan@dg84]. The

{207 1} plastic twins appearing in the martensitic lattice cannot be described by a continuous
mapping of the reference configuration in the CatiBbyn sensé91] - i.e. these twins are not
predictable by the mathematical theory of martensitic microstructures. Instedokntiad¢ion
mechanism of these twins comprisgfsboth shearing and shufflin@3] and the resulting
twinned martensitéhus loses its tight lattice correspondence to the initial parent austenite
lattice. Beaking the lattice correspondence tloe parentaustenite lattice (its particular
orientation) gives the martensitic lattice an additional degree of freedom and potential for
additionalelongation in the sense Big. 19b(c). The deformation twinning enables tilting and
rotation of the cryst lattice, such that the maxintahnsformation strain can get better aligned
with the applied | oading andB2¥{BHRO%] pY-qice i s
1} martensitic deformation twirgsshown inFig. 19b(c) The experiments segto suggest that

small inelastic strains caused by the {2P twinning at low temperatures are partially
recoverable at low temperatu(€ig. 20), but get gradually irrecoverable with increasing
temperature aboverA

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. 19(d). Additionally, upon subsequent unloading and/or heatithgg remaining
neighboring martensite lattice will transform to the parent austenite lattice, as gi¥én in
19b(e) As the two twinrelated variants of martensite kig. 19b(c,d) correspond to two
different reference configurations, the reverse tramsiproceeds into a mixture of two
differently rotated austenitic lattices. In this way, thei{Eptwins are inherited into austenite
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as {114} austenite twin§92][93] - i.e. the tilting of the martensite lattice due to thei{Ep
twinning is adopted by the cubic lattice of auste(fiig. 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 originanmeéeconfiguration | and a rotated
configuration R at the same energy level in mirror symmetry with respect teettex. The low
symmetry martensite phasg(FnR) forms from the austenite phase | (R) via martensitic transformation
upon cooling by overauing the energy barrier between | andf and kR). The martensite variang F
belonging to the Ericksé@&Ritteri neighborhood of | (b) may form the martensite varia®, Belonging

to the B P neighborhood of R (d) by deformation twinning involvangpmbination of plastic shearing

and shuffling (c). Parent phase with reference configuration R (e) may be obtained frogR the F
reverse martensitic transformation on heating, unloadind/or further tensile loading. The {20}

twin interfaces in the mamsite phase (f) are converted into {114} twin interfaces in the austenite phase
(g) after the reverse martensitic transformation. The atomic configurations appearing sucagssively
tensile loading at various temperatures B the initial austenite léfjcéhe oriented Bl®martensite
phase (b); the deformation twinned BXBartensite phase (d); twinned austenite (e) yield increasing
respectively effective strain (right). Sketches of polycrystal grains outline the microstructure in the wire
at the pealstress at three different temperatufés]
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Fig. 20. Two-dimensional lattice image of the partially reverse transformé&0Téat%Ni alloy
deformed in thdully martensitic state, showing continuity of K1 planes betweeRl{20 otyvin in
retained martensitic phase ard1(1). twins in reverse transformed parent phd$e dectronbeamis
parallel to [010d 1 eand [0%1]g2. [92]

An in-situ high-resolution digital image correlation investigation during uniaxial tensile
deformation reveals the recoverable and theneooverable strain mechanisms in &i1Misg

all oy with a mea(hig. 2y Besides tiseirecoverablé stranbby rmamensitic
transformation, nomecoverable strain is accommodated by dislocation slip in the austenite and
austenite twinning following the sequence:-B2L 88X} Finally, small amounts of retained
martensite are detected, contributing to the-removerable strain. The coexistence of stress
induced martensite, slipnd twinning in martensite/austenite results in deformation bands with
high axial straif96]. These processes referred to as grain refinemgd|¥8Jw havethe
potential to affect fatigue lifetlfe effect of grain size and internal stresses will be discussed
later in sectiorl .5.3).

Wstram

0.3

0.08

Fig. 21. a) HR-DIC map at maximu Iod (i.ewverage strain of 10%gnd ) Map of residual strains
after complete unloadingQ6]
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1.5.2 Aspecsof NiTi fatigue life

Transformation stressesand temperature

A boundarybetween elastic and superelastic loadinyidi alloy is alsotheboundary between
high-cycle and lowcycle fatigue In terms ofthe number of cycles to failur@Ny), it is approx.

10°-10* cycles[27][31][78]. However, values of stress or straivheretheboundary is, depend

on factors such as NiTi composition, heaatmentandtesting temperatur&train amplitude
applied in a fatigue test aftts fatigue performanceke for example in rotarpending and
torsional fatigue experimen{&1][23][24] or even in tension25], if transformation stress
plateau is lost due to functional degradation. On the other hand, fatigue life is less sensitive to
the strain amplitudeand mean straimithin the plateau range in tensile tegi9][97]. An
explanationcan be found in the localization of martensitic transformation showginl5
[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 similaradull superelastic loading of a shorter sample
Similar insensitivity to strain amplitude was observediambending tests ifP][27][28].

Different fatigue curves of NiTi wiresubjected taherotatingbending testan be seen iRig.

22 astheresult ofvariousNi content.The redcurve showghe fatigue life of austenitic wire,
wheremartensitictransformation does not occur, which causes serious shortening of fatigue
l i fe at hi gh 5.Onthezdntray, ahape méntony (artergsitic) wire shows®
orders of magnituddéigher fatigue life at the s@e testing temperaturdhe reason is the
capability of martensite taccommodatéarge strain by twin reorientation, which requiltes
stresseg~ 100MPa[27][49]). The fatiguelife of superelastic wire (pink curvés located in
between the previous curves. Superelastic wire behaves as pure austenite at low strain
amplitude. Thenthe region insensitive to strain amplitude occurs in the range aroéth 3
strain amplitudgregion of transformation strainfrindly, the fatigue life ofthe superelastic

wire reserblesthe performance ofhe martensitic onet a 10 % strain amplitude regiof27].

From that point of view, testingrngeraturgtogether with NiTi composition) plays a crucial
role in NiTi fatigue life[23][28][29]. Moreover,anincrease in fatigue life is observed with
decreasing testing temperati2é&], which is expected considering Claus(Cigpeyron relation

and decreasia transformation stressel other wordsthe strain amplitude insertsie region

in Fig. 22 shifts to the rightvith decreasing temperatudnother unusual fatigue feature related

to martensitic transformation tee low sensitivity of fatigue life ormean strain at low strain
amplitude in superelastic plategr].
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Fig. 22. Effect of phase transformation temperaturlést curves for superelastic (pink), austenitic
(red), and martensitic (orange) wire inerotatingbending test27]

Precipitates

Ni4Tizprecipitatesignificantly affectthe mechanical properties of NiTi alloy as mentioned in
sectionl.4. Thus,theeffect of aging ondtigue life has been studigalfind ou the benefits of
Ni-rich precipitateslt was found out that coherent hfh NisTiz precipitates inhibit dislocation
activity during superelasticcycling and decreasethe accumulation of permanent strain
(functional degradation) compared to samples witlpoectipitatesThus, it can be concluded
that strain fields of coherent precipitates proteetNiTi matrix against damage accumulation
to someextent On the other hand, no effect has been observed in samples withn500
precipitateghatare not coherent witthe NiTi matrix [22]. Fatigue life of aged samples was
reportedthree times highan [21] at higher strain amplitude, where martensitic transformation
occurs.Exceptfor decreasing dislocation activity, iich precipitdes also decrease Ni content
in the matrix. Therefore, superelastic cycles can be performed at lower stresses, which is
beneficialfor fatigue performance the same way abedecreasén testing temperature

Impurities in NiTi alloys

The fatiguelife of the NiTi alloy is negatively affected byhe presenceof contaminating
elements (oxygen and carbon). Watlown inclusions are carbide particles TiC aneNTi
intermetallic phase with high concentration of oxygen in solid solution (often denate®
rich or oxice particles)31][98]. The aystallattice of Grich partcles is FCGndno orientation
relation with NiTi matrix has been four@3]. Carbides have BCC latti¢@9]. Moreover, Ti is
preferentially depleted frorthe matrix to create @ich and Grich particles, whicldecreases
thetransformation temperatures of NiTi allg31].

These inclusions exhibit significantly distinct material propeftia® the NiTi matrix. First of

all, C-rich and Qrich particlesare notassuperelastic athe NiTi matrix. Another problem is
the high elastic modulus of these phases comparedhéoNiTi alloy, which causes
incompatibility even irthe elastic loading regioonf austenite. Elastic modulis around 150
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GPain the O-rich phaseand 388450GPain the TiC phas€31][99]. The hgh hardness of the
ceramic particles also gives rise to micracks nucleation (particledid assessmepturing
cold working which is seen irFig 23. FurthermoreO-rich particles seem to hawemore
negative impact on NiTi fatigue life due to larger dimensions and weaker cohesiotinavith
matrix, which causea 5 times higher number of thepticle/void defectshan TiC particles
according td31]. Moreover thelength of micrecracks createdn Orich particles duringold
working was one order of magnitude higher. In genenalusions weakerthe structural
integrity oftheNiTi alloy and give rise to fatigue crack nucleation.

Fig. 23. SEM of crack initiation sites (carbiddeft and oxidesright). The doubldip arrows indicate
the longitudinal wire directiorj31]

15.3 Fracture mechanics of NiTi

Fractography

Fractography provigs information about materialamagethrough the identification of
fractographic features dmacture surfacedDetermination otthe reasonfor fatigue failure is
frequentlyrequired as suggested in the previous sectiBramples of analysis of fatigue
fracturesurfaces will be discussed in this section.

The fatiguefracture surface dd NiTi wire aftertherotatingbending test is shown irig. 24a.

The rucleationsite of fatigue crack, area of fatigue crack propagasiod the final fracture can
be identiied together withthe macroscopic and microscopic direction of crack propagation.
Pronounced striation fields are visible in the cyclicédigded area of fatigue crack propagation.
Value ofstriationspacing indirectly expresses a local rate of fatigaekcgrowth according to
formula

v=D.s, 3

wherevis crack growth ratesis striation spacing arid is thecoefficientdepending on material
propertiescrack length, loading conditionetc.[100]. The dfecto f st r ai n=08%p | i t ud
and 1.5 %) on striation spacing is illustratedrig. 24b). Higher strain amplitude causes higher

striation spacing and crack growth. However, stret are not created necessarily in each

cycle, especially in the early stages of fatigue crack groavth more sophisticated methods

are needed fothe identification of idle cycleg100]. Lastly, the area of final fracture=(g.

24a(3) is characterized by ductile dimples caused by microvoid coalescence nucleahieg on
matrix/inclusion interface.
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The fracture surface of CT specimens with large gr&inl O m)mainly shows dimples
indicating a dominant ductile fracture. For smaller grains (~ 10Q t@)fracture surface is
characterized by a mixture of dimples and cleavage planes. With further grain size reduction,
the tendency of the cleavage increases irirdature procesgp4]

NI ST T T
l '\\ x\h\‘l

)

Fig. 24. (SEM) (a) Fatiguéracturesurface of wire aftetherotatingbending test. White arrows denote
crack propagation directicandtheblack arrow denotes crack nucleation sliee dttedline separates

the area of fatigue crack propagation and the final fracture surface. (b) Striation fields with different
spacing as a function of strain amplitudel]

The rucleationsite ofafatigue crack isppreciated informatigprovidingaclue totheincrease
in fatigue life. The most frequent fatigue craakucleation sites in the NiTi allogre TiC
carbidesandO-rich particleqFigs. 23and25) andthedecreas@ sizeand concentration of the
impuritiesincreasegshe fatigue life ofthe superelastic NiTi wire§31][32]. Asthe inclusions
are notsuperelastic separationof the inclusionsfrom the NiTi matrix during superelastic
cycling is reported[32][101]. As shown inFig. 25, only the dimple remains in the crack
nucleationsite. Evena high number of fatigue cracks cardependentlyhucleatein the NiTi
duringsuperelastic loadinthroughoutthe whole lengttof thetested sampleas shown irig.
26.
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Fig. 5. (SEM) Initiation of crack on a neawurface inclusion: left micrograpfower 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 concentragives gl to multaxial
stresseven in uniaxial loadingThe level of stress concentration is characterizedthsyso
called stress concentraticnefficiert

A (4)

where,, is maximal stresand,, is mean stres@n a fractured or in an intact cresection
of material)[102]. Stresses at a notch or crack tip can highly exceed nominal stresise but
upper limit is given by yield stress and tensile strengtorobterial.

A stress intensity factoK characterizigp t he st r ess anndartdaicagktipa c e me n
is very often used in fracture mechanidggeneral formula for the K factor is:

O LZU BQ—nh (5)
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where,, is an applied loadais a crack length, W thewidth of a tested specimgand™Q —
is a geometric factor of the order of unify3].

In addition toyield stress and tensile strength, transformation stresses are important for NiTi
behavior & a cracktip. As shown inFig. 27a), superelastic NiTi alloy resembles ideal
elastoplastic material in a certain deformation raagevalues of transformation stresses are

a function of various variables (temperature, Ni concentration annealing), which
consecutively affectthe shape and size of a cratig zone.The sze and shape o&n actual
cracktip zone represented byhe black color onsynchrotron Xray microdéraction strain
maps,are shown inFig. 27b. The actual shape dhe transformation zone is significantly
affected by grain misorientation complicating martensite propagation and even by
austenite/martensite compatibility on the interpHasé
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Fig. 27. a) Modelof stress and phase distributiortfa crack tipof superelastially loadedNiTi alloy,
b) Local equivalent strain map evaluated by micro X§tidwingthe actual transformation zone at the
crack tip(transformed martensitic grains are not imaged by this methodo they are in blagk103]

Another possibilityto observea plastic and transformation zone at a crack tip is digital image
correlation (DIC).The uility of this method is increased in combination with scanning electro
microscopy (SEM DIC)J104][105]. Imaging ofthe strain field at the NiTi crack tip is shown

in Fig. 28, wheretheeffect of grain size is clearly proven and samples with smallgexihibit
much smaller transformatioand plasticzone at the crack tip as transformation stresses are
higherand transfanation strainower. This also provetheimportance o&final microstructure

and heat treatmenfnother utilization is irsitu tracking of propagationf 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 ¢hack tipof CT samples[54]

Factor affecting cracktip zone and crack propagation

Except forthenotch effect, mrtensite bend front is affecting stress distribution in NiTi as well.
Although nominal stress is 420Pa, 600MPa stress was measured in surface grains and only
250MPa in the middle of the cone, which is the key feature of the marteasdéont in NiTi
wiresrevealedifi26]. Thi s kind of stress concecntialati on
factor in undesired fatigue failure of superelastonponentsMoreover NiTi alloy exhibitsa

very low amplitude ofthreshold stress intensitgictor gp Kn needed for crack propaga, and
espedlly the coldworked NiTiis comparablavith ceramic material#lthoughheat treatment

i mpr o wheesen hoKolled NiTi alloy tested if106]s h o ws | gothare atherqekted
materials used in medical implantsd. 29). Influence of temperature and asymmetrythod

l oading cycl e wwere tesgesl §10T], avhereNi)ooTienNCT gakhples were
tested after a.Thedegihningoffatigue cracksgbath Curvess shown in

Fig. 30.
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Fig. 20.Comparisoo f f ati gue crack growth rate as a funct.i
subjected tdlifferentthermomechanical treatment (C&»ld-drawn, HR hotrolled) and other materials
used for biomedical implantsL06]
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temperaturgfor stress ratio R=0.9 and 0[1.07]

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
( dpresp Kop). If a small number of overloading cyclaseadded taamonotonousoading, the

plastic zone at therack tip and Kpis increased, which decreases crack growth Téie dfect

of overloading cyclesroNiTi alloy has been studied [A08][109]. As can be seen iAg. 31,
overloading cyclebaveasignificantly positive impact on fatigue life in thermal cycling under
constant uniaxial tension (wire actuatiofRqtigue crack growth rate decreased, even though
transformation strain is at around the same level of 4C¥ntrastingly the higher the
overloading stresses are, the higtierpermanent strain is accumulated during fatigue cycling

(Fig. 32 a).
a 180 : 250
c H
% 160 a) b) -+-53_OLR175 -+S4 OLR2.0 -=S5 OLR2.25
" 140 T
o 120 ‘E-‘
5 Region | Region Il Region Il ;1 130
‘w100 =
- o
2 g
a = 100
2 60 E
6 o

40 50

20 —

H U 1 1 1
" _
0 0.5 1 1.5 2 25 3 12000 18000 24000 30000 36000 42000 48000
OLR Cycle number

Fig. 31 a) lllustration of overloading cycle effect on fatigue life of actuator at constant stress 200 MPa
(Overload ratiad 0 'Y ——— ), b) Fatigue crack length vehe number of actuation cycles for

wires with varying OLRs[108]
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Fig. 32 a) lllustration of oerloading cycle influence on fatigue life, transformation strain (RS) and
permanent strain (RD), b) influence of actuation stress IghvEd]

The reattreatment method callggh@aling i8 also described in the NiTi literatuiehe sample

is intentionally overheated highly above #®mperature 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
extert removed by this treatmenHowever, this method i®eneficial only in the case of
low-cycle fatigue, where martensitic transformation occurs, before nucleatiamaufroscopic
crack[110]. Onthe contrary, ifamacroscopic 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 femperaturdy4 0 AC i W0dCeaésaf t s
three times lower fatigue lifg.09].

The gainsize ofthepolycrystalline matrixsignificantly affectsthe material propertiesf NiTi
alloy. The lenefits of nanograin microstructure are increased tensile strength, yieldatcess
suppressed dislocation activity, which decreases accumulated permanent strain in superelastic
cycling[18][19][53]. However theductility of that micostructure is limitedNote thatductility

of NiTi alloy varies significantly fromapprox. 4% up to 60 %depending on heat
treatment/grain siz€19][74]. The result ofa nanograin microstructure is substantially
decreased plastic zora the crack tipand an increase of stressoncentration leading toa
decreasdan fracture toughness anah increase of crack growthate [106][111]. Fracture
toughnes&c of Niso.oTis.1 alloy was measured [B4], where cold working and heat treatment
of CT samples yielded grain size 161500 nm The reportedfracture toughness of samples
was gprox. 46 MPam?resp. 28VIPa m*?for grain size 1500 nm resp. 10 nfig, 393).

42



(@)

(c)

900 — - <100 =T
800}~ 763N a/\.N—OASO‘I 8 ;(S)OnorT:‘m i : 08-20 o °° 9 90
700}P, 672N / ~— 64 nm % 80‘: gg::go:;; M ®
P =80TN 4 « 42 nm [
AGOO-F "2 N \\ — 48 iy ; 60. °d’ 090 ® 009 o
e = N b S o } Lot
E T T s ¢ a0f
&200: -j'. | ‘520 990 O 00 909 900 ©
100+ ”‘\ \\ \ 0.460 480,500 ,520.540. 560.580.60 g
. plhatt, O N . 24 L A . L W A . S 0 . . . 2
%.O 02 04 06 08 10 12 14 0 250 500 750 1000 1250 1500 0.0 0.5 1.0 15 2.0

Displacement (mm)

GS (nm)

Crack extension, a-a,(mm)

Fig. 33. Grain sizeeffecton forcedisplacement cwesand fracture toughnesé CT specimeng54]

Another important factor affecting fracture toughness of superelastic NiTi adoy
transformation stres#/obility of the martensiteband front is suppressed by grain boundaries
of nanograin microstructure, high dislocation densityd even amorphous phase after severe
cold-working. Therefore, transformation stresses are increasethanthrtensitic zone at the
crack tip is reducedseeFig. 34) leading to lower fracture toughnessl][112]. Mechanical
propertiesof grain boundariebecomemore relevant in nanogramicrostructure and act as a
rigid shell witha superelastic corg’1]. Thus, martensitic transformation is dotalizedinto

the martensite bBnd front described in26] for NiTi with grain size above 50 nm
Transformation occarin individual grains independently at different macroscopic stresses
(without transformation platequAnother viewof this issue ipresented i{54]. Crooked
propagatiorof fatiguecrack(in mixed mode | and Iljvas observed im coarsegrain NiTi. In
contrastdirect propagation in mode Iabserved irmnanograin microstructur&ig. 34). Thus,
fracture toughnesand Ki, are loweragain in nanograin microstructuré3n the other hand, it

is explicit that the crack mainly propagates transgranularly and intragranularly by o¢Easion
35) in [113] and the effect of larger grains on the direction of crack propagation is not as
pronounced as illustrated [iB4].

In summary, lhe exteh of the martensitic and plastic zoreg the crack tigs significantly
reducedn nanograin microstructurdue tothe combination of higher transformation stresses
suppressettansformation strairand ductilityof the materialOn thecortrary, annealing above
500 AC acmiceostructusewith higher fracture toughnes$dowever, stability of
superelastic cycles is compromised in material with higher grain size and cosgroost be
found for an individual application of NiTi alloy.
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Fig. 35. SEM image of the crack morpholaghe white lines highlight the grain boundarigsi 3]
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2  Experimental part/objectives ofthe dissertation

Functional properties of NiTi alloys can significantly differ depending on chemical composition
and thermomechanical treatment (cold working, anneadtcgthat affects the virgin austenitic
microstrudure (grain size, lattice defectsnd NgTis precipitates)In this dissertation, stress
straintemperaturecurves of NiTi wires in tensionarerecordedn variousthermomechanical
loading regimes (superelasticity, actuation, shape memory etiec source of data for
characterzation of functional properties of NiTwires. The main objective is to finc
connection between functional fatigue, structural fatigue, virgin microstryctamd
microstructure evolution durindgpermomechanical (espatly superelastic) loadingt various
conditions (temperature and stre§g)etestedwires were pulse hedteated by electric current

as well as conventionally annealed in an environmental furnace to identify effects of
microstructure recovery/recrystaktion as well agheeffect of Nirich precipitates created by
suitable annealing. Low cycle fatigue testshia superelastic reginmae used to characterize
functionalpropertiesand structural fatigue of the NiWires. These tests were complemented
by extensive TEM and SEM analysis of the virgin and thermomechanically |sadggles to
evaluate changes in microstructuf@ importantassumption of this work is théte majority

of the unrecovered strainand generation of lattice defectsccur when martensitic
transformation proceeds under applied steeg$ 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 thesssor strain amplitudes. These
claims are evidenceoly a seriesof thermomechanical loading tested TEM microscopy of

the tested samples

3 Experimental details

Cold-worked Nirich NiTi wire (50.8at. %Ni , 45 N 5 % CW, préduckd mm i n
by Fort Wayne Metals in 2011) was used in the experiments. The NiTivasennealed by

electric current pulse with the aim to obtain superelastic samples with desired nanograin
microstructure. Constant power 160 W/m{2.5 W for 50 mm samplesy the electric pulse

was applied for 1@ns, 13 ms15 ms 16ms and 20msto produce samples with different virgin

austenitic microstructure$he pulse timés usedo denote the produced NiTi wires further on.
Moreover, selected 13 m$5 ms and 20 msamples were further aged fohlat 400AC t o
introduce precipitates of Niisphase. Sucheattreatedvi r e i s call ed 13 ms+

Thermomechanical testing and fatigue cycling were performed on the MITTERIgigly
developed and constructed at Department oFunctionalMaterialsatthe Institute of Physics

of the Czech Academy of Sciendes testing NiTi wiresThe testing rig MITTER allows both
mechanical testing and pulse heat treatment by electric curdgich @liminates transmission

of samples. Peltier elements are controllingtesting temperature in the range fref® to

200A C . More detail ed i ndndpulseaheat toeatmentrihedlestec t e st i
currentcan be found inl8][72][73][74]. Tests below the lower temperature limit were carried
out by means oén aluminum heat sink filled with liquid nitrogeplaced on the top of the
copper body of the Peltier chambereach nearlyl00A CThe ends of the wires were clamped

into stainless steel capillaries (1.6 mm in the outer andririi&n the inner diametef)r 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 athomogenous temperature waminimumtemperature gradient from the
wire cenertowards the capillaries.

Data acquisition and electric
heat treatment system

Stepper motor

NiTi sample in capillaries

Fig. 1. Miniature tensile tester MITTER (equipped with a load cell, stepper motor, position encoder,
Peltierbased environmental chamber, resistance measurendralosedoop LabViewbased control
system) used to perform both the elegitdse heat treatment and thermomechanical loading tests of the
NiTi wires.

The cooling/heating dilatometry experimentsFig(3a,) were performed using
thermal/mechanical analyzer LINSEIS TMA PT16Qtara force of 0.1 N (13VPa tensile
stress) using cool i TheD$CMdaslremartsiwvargpenfoamiedusiy A C/
DSC 25apparatupy TA Instruments.

Tensile tests were performed at various temperatures in the range3flom AX®0AICo i n a
displacementontrolled regime to explore superelastic stssain response and deformation

until fracture Fig. 2). The dsplacementate of the test was 0.05 mm/s (@¢els strain rate).

The following material characteristics were evaluatggber plateau stress"?, upper plateau

strain e,"", and unrecovered stra@ys in the first superelastic cycle, yield stresss(the point
abovethe upper plateau of the first loading cycle whérme stressstrain curve deviates from
thelinear path byd.2 % of strain), tensile strengthRand ductility A.
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Fig. 2. Material characteristics of superelastic NiTi wire evaluated fietensile test (upper plateau
stresssp"P, upper plateau straimg,"?, unrecovered strain, yield stresssy, ductility A, and tensile
strength R). 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 curzepastant temperature. Stress
straincurves recorded at temperature 8C and st %/a areshawa only astan éxample on
which the definition of material characteristics is demonstrated.

Superelastic fatigue tests were performed hto/s strain rate in the displacemeontrolled
regime. Since the higher strain ratsedaffects a stresstrain responsgl14] owing to the
exothermic/endothermic character of the forward/reverse martensiigfdrenation, tensile
cycles ata lower strain rate (0.1 %/s) were included during the fatigue tests to monitor the
evolution of stresstrain response upon cycling. The lower loading limit was 10 MPa, which
prevents buckling of NiTi wires as unrecovereaaist accumulates in the fatigue cycling above

As temperature. The upper loading limit was set to the erttieo$tress plateau at a given
temperature. A temperature range in which the fatigue experiments were performed (roughly
-5 AC to 110 nAafigue athcerpatemadcbadactaistics of a particular wire (A
eis<4 % and N> 1000 cycles). Fatigue tests were repeated 5 times at each temperature to
capture a scatter of fatigue life.

Samples for TEM observation of lattice defantthe virgin anddeformed wiresvere prepared

by the Focused lon Beam (FIB) method usitige FEI Quanta 3D FIBSEM electron
microscope. TEM lamellae were extracted in such a way that the wire loading axis always lies
in the plane of the lamella€EM observations were a&d out usinghe FEI Tecnai TF20 X

twin field emission gun microscope operated at 200

a7
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4 Results

4.1 Thermomechanical characterization of NiTiwires

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 toesderg.Hence,we need to
characterize the virgin microstructure and transformation temperature of all NiTi wires used in
thermomechanical loading experimentargin microstructures of the tested wirégfore
thermomechanical and fatigue experiments vee@yed by TEM Fig. 3g, f, g, h). While the
partially recrystallized microstructure of the 10 ms wire (d ~ 20 nm) corddiigh density of

lattice defects, microstructures of the 13 ms and 15 ms wires are completely recrystallized with
mean grain siz€5 nm and 250 nm, respectively.

Transformation temperatures$ the wires were determined by D$&g. 3a, h and compared

with dilatometry measuremenndera constant tensile stress of 13 MPa (0.1 Nj(3c, d).

The 10 ms wire does not show asignificant response induced by 821 96 mart ensi
transformation in the tested temperature range and only margpias$e transformation. The

13 ms wire shows R hase transfor mat iasimilarbbeohdoand flat AC (
transformation peak as the D@ sample) andd 8196 transformati on wit
temperatures: M-8 1 ACi=a8ALC. A The additional 400AC/ 1h a
ofbothM=-77 ACi=anddd AAC t e mper aphase teassfomnatidn. @nithet i n c t
other hangd cooling under stresshat produces oriented martensighows much higher

Ms=-51A C, whi ¢ h b dhecd¢hange inthespassstmie respense=(g. 4b). Since

the A temperature increases more than the thle aged sample exhibits wider temgiare

hysteresis. The 15 ms wire showspRase transformation as well and theBR 9 6
transformation displays temperature hysteresis Migk -70A C  ar ¢6 A BContrastingly

the sampl e e xB2itransfarmsation with 6~c20A 8 1 O @atihghureder Istress

and Mi=-5 4 (fe@he dilatometry irFig. 3c).
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Fig. 3. Thermal responsds, b, ¢, dpf NiTi wires having various microstructures §, g, h) Standard
DSC record is shown in a) and byhe strairtemperature curves (c, d) were recorded upon
cooling/heating under 13MPa constant stress (0.1N foEM micrographs (e, f, ,gh) show
microstructure of the NiTi wires hetreated for €) 10 ms, f)5Ims and g) 3 ms (ata constant power
density of 160n//mm®) andh)l 3 ms + 4 0.0 AC/ 1 h

50



4.1.2 Mechanical properties of NiTi wires determined from ensiletests

Stressstrain responsesf the wires at 20A Qwith different microstructuresire shown in

Fig. 4a,h Thecold-worked wire shows no transformation plateau strain, ductility of &rtd

the highest tensile strength ~ 19@@a. The 10 ms wire (d ~ 20 nnwhich did not show any
transformation in the thermal cycle, exhibits superelasticity at room tempenaitré.2%
transformation straine,"* at nearly constant upper plateau streg¥ of 560 MPa, 136

ductility, and only slightly lower tensile gingth ~ 1700 MPa. The 13 ms wire (d ~ 75 nm)
exhibits perfect superelasticity wigarger upper plateagy"? of 6.7 % and upper plateau stress

sp'® of 475 MPa. Ductility remains around 13 %, however, tensile strength decreases
significantly (Rn ~ 1300MPa). Finally, the 15 ms wire (d ~ 250 nm) displays the largg%t

of 7.3 %, upper plateau stresg' of 420 MPa, further reducedR- 1030 MPaanda very

large ductility of 56%. The first superelastic stresst r ai n cycl es at 20
recoverable irthe case of all wires (the aged sample has to be heated abdv€4 t o i nduc
reverse transformation).

2000 ~ 2000

1 a) —— Cold work b) Cold work
800 ——10ms 1800+ —13ms
1600 4 —13ms 1600 - —— 13ms+400°C/1h
1400 1 15ms 1400
o g
?’1200— %1200-
» 1000 - o 1000 -
w w
S cood S 800
n 7]
600 - 600
400 4 / 400 - -//
200 - 200
0 IIIIIIIIIIII T r T T 1 0 T T T T T T T T T T T T T 1
012345678 91011121314 55 56 57 01 2 3 456 7 8 9 10111213 14 15

Strain (%) Strain (%)
Fig. 4. Mechanical responses of NiTines showingthe effect of a) recrystallization and b) agifithe
stressstrain curves were recorded in uniaxial tensile tests (one superelastic cycle followed by
deformation until fracture) at 28 C .

The additional aging t r#&3answedoesnotih@edsk @égram) ap
size (d ~ 75 nm)Hig. ¥), but changes the transformation temperatufas 8b), which causes

the decrease of upper plateau stes8by approx. 17MPa (ig. 4d) and increases thexRo

approx. 1500MPa. Furthemore,the upper plateau straig"? is reduced to 5 %. The3-0 A C
difference in M temperature of samples with and without the additional aging @b)
corresponds quite well to the decrease in upper plateau stresél) (considering the stress

rate— = 6MP a / FAgC7a)). ThedetailedSTEM analysis of the aged 13 ms wiseshown in
Fig. 21.

In order to determinéhe superelastic functional behavior of NiTi wires subjected to various

heat treatments and establigmperature ranges for fatigue experiments, tensile tests were
carried out in the temperature range 2C t oA C A 9cOmparison of the tested
microstructures at the same temperature point is showvingins and a comparison of one
microstructure at variautemperature poisis in Fig. 6. After deformation up to the end of

stress plateau and unloading, the wires were stressheated up by 100C above t he
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temperature to relieve residual martensite and determine the unrecovered strain introduced
during the first superelastic cycle. Temperature dependence of upper plateas Stréss).

78) and unrecovered strairess (Fig. 7b) were plotted as a function of temperature. The
superelastic stresgtrain curves shift to higher stresses wittisreasing test temperatyre
showing the characteristic temperature dependence of transformation stréss ofl P aFigA C  (
7a), asis common for superelastic NiTi alloys. This does not necessarily mean ttslitabe
induced B2R)-B1 96 mar t mmationtisi tree only defannsation mechanism activated
within the martensite band front propagating at plateau stress, particularly in tensile tests at
elevated temperaturé36]. Deformation twinning in the martensite phase and dislocation slip
accompaires the stressinduced martensitic transformation in tensile tests at elevated
temperatures (s€é1][86][95] for detailed discussion).
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Fig. 6 Stressstrain 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 rafg0AC t AAC19 Gms, 10
bl)13ms, b2) 13ns +400AC/ 1h and c) eWwikeswereMéa®dupbyaldB| €. TF
recover residual martensite.

Al t hough al l tested microstr ué&tuoreceveredastrae st ab
euis measured in one superelastic cycle (shape memory cycle for the aged sample), there are
large differences in upper plateau stress, unrecovered staith<yclic instability in tensile

tests at elevated temperatures (compare the st@ss curves of 10 ms and 15 ms wires in

Fig. 6a,9. 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 stressp“P-T of the 10 ms wire in the whole temperature rarigg. (7a) suggests that
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the additional plastic deformation processes tasignificantly smaller impact on the stress

strain response compared to the other samplgs.Ga, 7b). The temperature dependence of

upper plateau stress,"P-T of the 13 ms and 15 ms wireviates from linear behavior

above 110AC anAC,80respectively, which points ou
deformation processes in these t¢3€d. Thelower stress plateau on the strefigin curve of
thelOms,18sand 15 ms wi re v anainsdh e6s0 aAtC,1 4 Oe sApC,c t1i0
sample (13ns + 4 0 0 AC/ 1 h) sp& hylmpptox. 178 MPa,smwadler unrecovered sfrain

and higher yielgtresssy compared to the 1&is sampleThus, the aged microstructure shows

better functional stability at higher temperatures (Sge7a, ). However, the 181s + 4 00 AC/ 1 h
wire is not capable to reach the end of its stress plateb®04t C a n shmple lbeaks
unpredictably within the plateau regiamlike the 13 ms sample. The slopélatemperature

dependence of transformation stressis not significantly affected by the precipitation or

recrystallization processés the linear part of tas "*-T diagram(varies from5.MP a/ AC o f

the 10 ms wireto 6.8IPa/ AC of t he sp%sT cunes aveionlyeshifted i thee
stress/temperature spaceq( 7a).
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a) o b
160013 00\ e, )
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Fig. 7. Effect of temperature on superelastic properties of the NiTi waeemperature dependence of
upper plateau stress'? (showing Clausiu€lapeyron relationgnd yield stressy and b) unrecovered

straines in the temperature rang80A C t d\ Qda® @oints are obtained from superelastic and
tensile tests shown ifigs. 46).

4.1.3 Analysis of unrecovered strain in thermomechanical loadingycles

An importantassumption of this work is thatlastic deformation accompanies martensitic
transformation only when it proceeds under external steesithat it depends orhe stress
levels ofboth forward and reverse transformatioms.other words, levels of transformation
stresses are more relevant for fatigue damage and accumuwbtimmecovered straithan
stress or strain amplitudedloreover, the functional degradation of strefigintemperature
response ighe display of dislocation activity and deformation twinninthese claims are
substantiatedy a seris of thermomechanical loading tesisthe 13 msand15 msand 16ms
wireswith grain size ranginffom ~ 75 nm to 600 nrm the following sections.
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15 ms microstructure

Cyclic superelastic and thermal loading tests

A series of cyclic superelastic tesit constant temperatur€i¢. 8 andthermal cycling at

constant stress=(g. 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 strairiseitensile test at3 0 AC ar e n«
recovered upon unloading-ig. 89, the closedoop thermomechanical loading cycle was
completed by heatingunder®Pa st r ess. The superelastic te
280 MPa (averaged stress of forwmardand ver se pl ateau of the supe
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
conditiors, for which the martensitic transformation proceedasthaer verylow or high stresses

and temperatures.

A superelastic tensile test at room temperatbre. 80 generatea medium unrecovered strain

of 1.65 %andasignificant amount of slip dislocats (Fig. 8b2. The reader is referred to our

related paper35], in which these slip dislocations were amaly as belonging to the
{011}/<100> austenite slip systele f or mat i on bands containing r
{114} austenite twingan rarely occurThe stresisstrain response in the test was unstedote,

the hysteresis width decreased due to the gradual decrease of the upper plateau stress in 10
cycles. This contrasts with the test performed-at0  Ai€ 83 in which only negligible
unrecovered strain and few scattered dislocation segniiéints8a2 were observed in the
microstructure of the cycled wire and very good cyclic stability of the $8tasil temperature

response of the wire was observed. In this test, the forward martensitic transformation proceeds
from the Rphase iinto the B19¢6 100aMRaevhils the eeverset |l ow
transformation takes place upon heating undeMPB@. Although the maximum stresses,

strains and temperature applied in the tests3@A C armdC 2v®r e comparabl e,
and reverse martensitic transformations proceeded at much higher stress in the latter. In the
super el ast i cretomledicyclia stres8ti@in rAdspgonse toftihe wire was extremely
unstable [fig. 89. Unrecovered strain reached 6%5andthe stresgstrain curve became

almost linear with small hysteresis after 10 loading cycles. The microstructure of the cycled

wire isdominated by deformation bandsd. 8cl,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 babldl]s cont
austenite twin$41].
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Fig. 8. Cyclic tensile tests ahetemperature of @3 0 A C, b) 20 StheGsstraimalirves) 80
recordedn the 1st and 10th cycle anesultinglattice defects observdsy TEM in the microstructure
of cycled wireq10closedl oop cycl es foll owed by heating to 15

In the thermal cycling under constant stress 280 MiRa (b), a slightly larger unrecovered

strainof 1.9%

was observed compar ed M#Aegnificantbamsuatp er el &

of slip dislocations but no deformation bands were observed in the microstructure after 10

cycles(Fig. 9bl

,b2. The straiiitemperature response was unstable #rehysteresis width

decreased significantly upon cycling, similarly as in the superelastic test at room temperature.
This contrasts with the very stable stidemperature response of the wire thermally cycled at
6.5MPa (50mN force) Fig. 99. Practicallyno unrecovered strain was recorded, and no lattice
defects were found in the wire microstructure after 10 cy€lgs 9al,a}). 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 strgee thermal cycling of NiTi acrosa range of
transformation temperatures +M: [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 cenpemmt defects or faults

[116] (difficult to resolve by conventional TEM), our results clearly prove that no slip
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dislocations, twinsor other lattice defects easibbservable 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 sohiteated NiTi alloys, while our
experiments werperformed on superelastic NiTi wire possessing nanograin microstructure.
Upon thermal cycling at 750 MP&i(. 99, straintemperature response was very unstable of
the ratcheting character, accumulated unrecovered strain of 20.1 % reached far irastithe pl
deformation rangeH{g. 4), andavery 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 §tigs®9, the wire almost did

not shorten. We have investigated aamhlyzed these ratcheting strésdrairi temperature
responses upon thermal cycling of NiTi wire under large stre$38ii39]. The reader is

referred to these articles for detailed explanation and interpretation of the ratcheting
phenomenon.

1 a) 6.5 MPa — 1st cycle
—— 10th cycle

T T T T r T
-100 -80 -60 -40 20 0 20
Temperature (°C)
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60 40 20 0 20 40 60 80
Temperature (°C) 500 nm ==
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g ]
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Figure 9. Thermal cycling at constant stress of ap 61Pg b) 280 MPa and c¢) 750 MPa.

Straintemperaturecurves recordeth the 1st and 10th cycle amesultinglattice defects observday
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 sestiggest 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 tbé 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
proceededt high stresses and temperatures throughout the whalaeolf the NiTi wireThe

first experiment is the cyclic shape memory t€sy(10. The wire was loaded &f5AC up t o
400 MPa (8% strain), unloadegahd subsequently heated unde®a stressipto 20AC. T h e
large strain induced in the martensite state recovered almost completely during the reverse
transformation during heating in each cycle. The wire displayed stable $tsassi
temperature responsg small unrecovered strain of only 0.4 anda negligible amount of
permanent lattice defects (mainly dislocation segments and loops) was generated in the 10
shape memory cyclg$ig. 10ce). It has been empirically known that, in order to use NiTi
elements in shape memory cycles multiple sminey have to be deformed below the M
temperature in the lowemperature 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 ieence is lackingTo the extentot he aut hor 6s kno
experimental data on the stability thie cyclic shape memory effect are not available in the
literature. Results published in the literature (€Ld.7]) were typically obtained on soft NiTi

alloys and were limited tafew tens or hundreds of cycles.
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Fig. 10. Stressstrain(a), and straitemperaturgb) curves recorded in the first 10 cycles of Shape
memory cycling andesultinglattice defects observday TEMin the microstructuréc,d,e).

The €condexperiment is the cyclic recovery stress tést.(11). The wire was loaded at
i75AC up to % 6t&in),MPleaded ® 100 MPa (7% straiajd subsequently
thermally cycled under constant strain between 100 MPa and 500 MPa. Note that, although the
stresses, strainand temperature involved are rather large, the martensitic transformation does
not massively occur upon thermal cycling (variation of phase fraction is negli@ib#g). The
stresstemperature response upon thermal cycling is stableecovered strain is small
(0.44%), and onlya low density of dislocation defects (no deformation bands) was observed

in the microstructure of the wire after 10 thermal cy¢leg. 11c-e).
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Fig. 11 Recovery stress cyclingtressstrain(a), and streseemperaturé€b) curves recorded in tHest
10 cycles andesultinglattice defects observdry TEM in the microstructuréc,d,e)

Cyclic Bypass Tests Separating the Effects of Forward and Reverse Transformations

We knew from the results ¢84] that the unrecovered strains generated by the forward and
reverse martensitic transformation are generally different. Obvious$ycaimnot benalyzed
based on the results of the previous superelastic and actuatiofritgsts @nd P This section
presents results of thermomechanical loading experimémgs. (12 and 1)3designed to
evaluate the unrecovered strains and permaatitd defects created upon cycling during the
forward and reverse transformations, separately.

P

The conventional cyclic superelastic teSigé. 1234 was per f ormed at 30 A
compared t o tFyesh)tsiece we warted BgherderBity Ef lattice defects to

be generated upon cycling. The recorded accumulated unrecovered strain (2.5 %) is larger
compared to 1.65% wunrecoveFigea&) and theael appear n t h
deformation bands in the microstructure of the wirg c | ed at 30 AC, whi ch
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 thermomechanicading tests were performefi. 12b,g.

The forward martensitic transformation upon
manner as ifrig. 12g but then, instead of unloading, the wire was cooled (constrained at the
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end of transformation platepdown to-3 0

AcC,

, and heateddirder 20 MPa stress back

to the 30 AF@. 120 Supha cloaedloop thernfomechanical loading cycle was
run 10 timesAn unrecoveredstrain of ~2 % was recorded after 10 thermomechanical loading
cycles. Wherthe thermomechanical loading test was performed alsitly the same stress

temperatur e
ng back to 30

heat.
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lower unrecovered strain of ~1% was determined in the testid. 129. Based on the results

of tests inFigs. 10 and 1,1the majority of the recorded unrecovered strains and permanent

lattice defects were assumed to be generated wikemdantensitic transformation proceeded

under large stress upon the forward loading (reverse unloading), respectively.

,l-& v

500 nm

Fig. 12 Thermomechanical loading tests performed to evaluate unrecasteaéts and lattice defects
generated separately by the ford/db) and reverse (ehartensitic transformation in superelastic test
(a). Stressstrain curves recorded in thst and 10th cycle in thermomechanical loading tests and lattice
defects observed in thmnicrostructure of the cycled wire€ompared to (a), #re is no sharp
transformation stress peak in (b), since the test was perfomuidtometer on short wire sample, in
which the transformation front was nucleated withingtips.

The analysis of microstructures in wires subjected to these bypasshiastd that there are
fewerslip dislocations antewerdeformation bands in both microstructures, compared to the
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superelastically cycled wiré-{g. 124d.,a9. Although both microstructures look quite similar,

long slip dislocations appear preferentiatiytihe forward microstructuré-(g. 121L,b2). Also,

note that approx. 0.8% strain was recovered
to 150 AC, which <c¢l ear s o¢and onlynpesmnanera flefedtshre r e s
microstructure are observed by TEM. Residual martensite accounted for ~ 0.5% strain in the
bypass tests.

Fig. 13ashows the conventional cyclic thermal test under 400MPa stress. In comparison to the
similar test performed umd smaller stress of 280 MP&iq. 9, the accumulated unrecovered
strain is significantly larger (3.7 % vs. 1.9 %), and there are more deformation bands in the
microstructure of the cycled wir€i@. 13d.,a2). The hysteresis width gets narrow@a similar

extent as in the tegresented irrig. 9bbut, in a contrast, the decrease of the hysteresis width

is mainly due to the shift of the reverse transformation to lower temperatures.
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Fig. 13. Thermomechanical loading tests performed to evaluate unredsteins and lattice defects
generated separately by the forward (b) and reversaddensitic transformation in thermal cycling
under constant stress (&ftressstraincurves recorded in the 1st and 10th cycle in thermomechanical
loading tests ancesultinglattice defect®bserved in the microstructure of the cycled wiegsc?2).
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Again, we did not know from the test how much unrecovered straimawdmanylattice

defects were generated during the forward cooling and reverse heating. The bypass
thermomechanical loading tests were performed to find out. Walenly small unrecovered

strain of ~0.8% was recorded in the test of forward martensitic transformation during cooling
at 400 MPafig. 13h, avery large unrecovered strain of 6.4 % was recordédgn13g in

which the reverse martensitic transformation proceeded under the same stress only during
heating.

3D US-o-T diagram  USF USR
1200

1000
800
600 -

400 -

Stress (MPa)

15,
A
-100  -50 0 50 100

Temperature (°C)

{

200

T
150

Fig. 14. (a) 3D T- U- eys diagram for the 15 ms NiTi wireColor ellipses mark differenhagnitude of

unrecovered strain generated by the forward and reverse martensitic transformpedtmesied at
temperature and stress conditions denoted by transformation lines in tetrgs=ature space

(b) microstructure when martensitic transformation proceeded at low streslsgsst no unrecovered

strain and very few permanent lattice defects in a form of dislocation la@ps generated

(c) dislocationsin {110}<001> slip system andnedium unrecovered strains were generated when
martensitic transformation proceeded at intermediate stréd$eeformationbands containing {114}
austenite twins and/ or si ng l4&]togetherwitherhigh density ofd u a | B
unidentified dislocations were observed when martensitic transformation proceeded at high stresses.
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The microstructures observed in the cycled wifgg.(13b, ¢ agee 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 géserin 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 summarizedrig. 14 The 3D T (- eis diagram inFig. 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 transformatidimes in stresgemperature space. The three color elligg@svn in

the 3D T U- eis diagramdenote [temperature, stresstrair] 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 ithecase of the 181s microstructure as wekig. 15demonstrates how much

of unrecovered straira(s = 1.1 %) is generated in the first superelastig c | e aThe 80 AC
forward transformation from austenite to martensite generates ~ 0&5%nd reverse
transformation generatean even higher eis of 0.8 %, when it precedethe forward
transformation of a conventional superelastic cycle. Note thatofe®wi n t he Of or war
6reversed t egimthecomvieatgemalhaycle at 80 AC,
the reverse transformatippi vi ng a &éstrain hardeningdé effec

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

— T T T T T T T T T
0 2 4 6 8 10 12
Strain (%)
Fig. 15. Thermomechanical loading tests performeeMaluate unrecovered stragenerated separately
by the forward (red) andreverse (greemg r t ensi ti ¢ transformation in tt

Less than 0.05 % of unrecovered strain was generated both in the tensile loading of martensite
at-90AC (Fig. 16a,) and aust efg 16& ), and very W dislddtior 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 thedes@tethe large stres (900MPa) and large

strain (9%) applied in the shape memory testgy( 16a, ¢. This evidence showthat if the

austenite and martensite phases do not transform under hightsegsse highly resistartb

dislocation slip or any other source ofeiastic deformationAdditionally, a significant
unrecovered strain of 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
500MPa, respectively,\wen though the maximum stress and strain in the loading cycle are
comparable to the previous tests performed&a AC and 150 AC. The accu
strain exceeds 3 % in just 10 cycles af supe
~ 900 cyclesKig. 16H).

Fig. 16. Stressstrain response of the NiTi wire in tensile tests at various tempergaireédd A ¢b) 80

ACc) 150 AC. Lattice def e chrightfidsTEM mieragraphgiaftet h e mi ¢
deformation (d, e, f) anthe cyclic stressstrain response recorded in cyclic tensile tests (g, h, i). The

wire is heated/coolestressfree to restore the austenite priorthe next tensile loading ithe case of

(9). Since no martensitic transfvation under stress takes place in the tests (a, g) &ndbttice 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 strgs 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 t
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