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Abstrakt

Zliatiny s tvarovou pam?2Sou patétniagl dogbskakp
upl atneni e v mnohT ch inginierskych apli k8ci
jednoduch® aktu8tory. SchopnosS tlchto zli at
stavu po znalnej defor m8ci i, ansfprmdci® dyzolanez b e z
zmenou vonkajgieho napatia | ioveDaplkaiylyolo Pot en
prepojenie martenziticke,j transform8cie a pl
ich funkln¥% st abinkxSuwe aokrmaomeh®egipwt!| al en®

Pre Wspegn® uplatnenie tlichto zliatin v ir
zaSagovanie, mus2 byS vyriegenl jeden z ich
gtrukt Y%r nd acklického raméhahiapd predkl adanej pr&§ci s
ved¥%ce k degrad8cii funklnlTch vl astmaleat 2 Ni T

nestabilni makroskopicku odozvu superelastickych a aktuatorovych NiTi drétov, vystavenych
cyklicktmume chani ck®mu al ebo termomechani ck®mu n.
vyhodnocovanie isitu elektrického odporu drotu, -Bitu synchrotronova éntgenovu

difrakciu, insitu digitdlnu obrazova korelaciu povrchovych deformacii asigx TEM
pozorovaniemiko gt r ukt %ury testovanlch drttov.

Bol i us lextpelrnenmre®@ty cyklick®ho superelastic
NiTi drétov sr * z ny mi mi k,rsc g e Ookt Yriasmii S pr2]inu ne
materi 8l u. Us¥Wdil som, dstapnympmerbzZdeleBim vhntarmyeh | e s
napat?2 pol as cykl ovani a vzni kaj %ci ch kv?tl
sprevadzajucej martenziticka transformacip o | ykr ygt al i ckom materi §
zmeny vedld k me n e ndpf8omal nej o/cklckehoy nam@lahiah s c
k funkl|l nej Yanave. Mi era nestability z8vis?
deformacii.

S rovnakim z8merom boli uskutolnen® experin

drttov podrobenlTch rt!zoykajpsgiooemdo amapkdDniga anV n
ge za nest-dbfbntmatemebdozvu je zodpovednTl i
deformacie prebiehajucej spolu so spatnou martenzitickou transformaciou, nastavajuci
vkagdom cykl e pol asbmedzujleichuoznzemvégmedymzokyn Makast o

pl astickej def or m§ci e nast 8va hked akedgp2ti e a
martenzit egte pr2tomnl v mikrogtrukt¥%re vz
tepel nej deforme,jiapeshnepne8§pacsdVvgjue funk]| n
Pre overenie predpokladan®ho prepojenia pl
termomechanické experimenty za podmienok, ktoré toto prepojenie podpdruju
ohrev/chladenig p r i podmi enkach &b mMeéedzdujr¥bai.chZidsdgKu



deformovanl Ni Ti dr*t ohrievanl za podmienolk
spatna martenzitické transformécia prepojena s plastickou defornthcial | ymksldzbrma

d v o j imalbhyminslovami, priohreve NiTi drotu obsahujuceho orientovany martenzit pri

i zbovej teplote za podmienok obmedzuj %%ci ch |
pl asticky deformovanl austenit S mi krogtru
dislokécii, stien doménynutornych deformécii a lamelarnych defektov identifikovanych ako

{114 austenitick® dvojl at §. Sp2tnsg martenzi
deform8ciou je interpretovang ako unik8tnl T
zliatinach prizv genTch tepl ot8ch a napatiach. Tento

tlohu vNiTi technoldgiach, najmé pripadefi s hape set t itrénggu,pregakt u 8 ci
dvojcestnej tvarovej pamati.

Vposl ednej | asti som sk¥amal liuo Ri'E Idi6ta o v a n Y4
namahaného$ahu, ktor 8 prebieha pohybom makroskop
skl zovich p8sov) pri kongtantnom Sahovom nap

sk¥%gka na Ni Ti drttoch je egtobRramaktpeorviazjwjv?
vliastnost.i materi 8l u. Uskutolnil som jedinel
martenzitického sklzového pasu pomocouRDG mikroskopie na ID11 Beamline, ESRF.

Podaril o sa mi ur | i S t e5000austgniticttyehf zonacm@kaolii e a n
rozhrania &ni ch charakterizovaS makr ospdé Sovkek® poh:
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transformuj % spalleahneni 2attiaa®@ |det ode smaxiimsglr
neelasticka deformacia prostrednictvo martenzitickej transformacie je obmedzena

krygtal ografickT mi podmi enkami transfor m8ci e
kongtantnom nap?2t 2. Mechani zmus, ktorTm sa
porovnanim experimentalnych dawysledkami MKP simulacie lokalizovanej deformacie
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Abstract

Shape memorglloys are functional materials that have already found many engineering
applications, mainly as biomedical devices and simple actuators. The ability of SMAs to
recover their original shape after large deformation originates from the diffesson
martensitic transformation driven by stress and/or temperature. However, their application
potential could be much increased if concurrent martensitic transformation and plasticity taking
place at elevated temperatures and affecting their functtedality and fatigue performance
is prevented or better understood.

To successfully employ shape memory alloy elements in cyclic engineering applications,
stable functional properties and good structural fatigue performance has to be guaranteed. In
my thesis, | have studied the processes leading to a degradation of the functional properties of
NiTi and poor fatigue performance. | investigated unstable macroscopic response of
superelastic and actuator NiTi wiresbjected to cyclic mechanical and thermonagatal
loads. The thermomechanical loading experiments involved also evaluatiesitf @lectric
resistance of the wire,4situ synchrotron xay diffraction, insitu digital image correlation of
surface strains and &itu TEM observation of microstrtures in tested wires.

Cyclic superelastic loading of thin NiTi wires with different initial microstructure was
investigated to reveal the origin of the cyclic instability. 1 have found that the gradual
redistribution of internal stress upon cycling asisfrom incremental plastic deformation
accompanying martensitic transformation within the constrained polycrystalline aggregate. It
leads to a gradual change of streBgin response upon cyclirgiunctional fatigue. With
decreasing matrix slip resistee, the rate of the cyclic instability increases.

Cyclic thermal loading tests on two types of NiTi actuator wires under various constant
external loads was performed with the same purpose. | have found, that the instability-of strain
temperature respoasis mainly due to the incremental plastic deformation taking place
alongside the reverse martensitic transformation during the constrained heating when the
oriented martensite is still present in the wire and the applied stress and temperature exceed a
paticular limit. There is no plasticity on cooling under stress. The cycled wire gradually
elongates but does not lose its actuator functionality.

Thermomechanical loadingxperimentsinvolving constrained heatirigooling after
deformation in martensiteate were performeatinvestigaten detail thecoupledmartensitic
transformation and plasticiig NiTi wires. | have foundhatheating of a deformeNiTi wire
under external constraitriggers areverse martensitic transformation coupled vaiblastc
deformation due to dislocation slip and twinnitigvas observed that@nstrained NiTi wire
containing orientednartensite at room temperatutgecomesgradually converted intoa
plastically deformedustenitic wire upon heatingith a new microstruaire containing high
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density of dislocation tangles, domain walls, intestedin and lamellar defects identified as
{114} austenite twinsThereverse martensitic transformation coupled with plastic deformation
was interpreteds a uniquéd RIP like deformation mechanism acting iNiTi shape memory
alloys atelevatedtemperature and large stresses. The mechanism is claimed to be very
importantfor NiTi technology particularly for theshape setting, actuation and tway shape
memory effect training.

Finally, | investigated thdocalized superelastic deformation of NiTi wires tension
proceeding via motion ofmacrosceic interfaces (martensite band frontender constant
applied stressThis phenomenon is very important in SMA field since a tensdedn NiTi
wire is generally considered as a basic test characterizing the functional propeunegué\
experiment focused on thaharacterization of thenartensite band fronwvas performedy
means of 3EXRD microscopywsing ID11 beamline at ESRFdetermined thetrain and stress
tensorsn ~15000 austenitic graingthin the martensite band frarirom them | reconstructed
the macroscopic internal stress and strain figldbe wire surrounding theose cone shage
front. It was revealed thahé local stresses ithe grains ahead of the advancing front
redistribute in such a way that the grains located at the booeidal interface experience
much higher shear stresses compared to other grains far from the interface. Consequently,
these graingansform collectively while very little is happening elsewhere in the wire. Because
the maximum inelastic deformation via martensitic transformation is limited due to
crystallography of the transforiinan, the martensite band fronmtoves along the wire uner
constant applied force. Finite Element model of the localized deformation using a
thermomechanical model of NiTi polycrystal was confronted with the experimental results to
reveal the mechanism by which the front propagates through the wire. It waistfaithe
assumption frequently adopted in the literature that the martensitic transfornvaten
polycrystalline NiTi wire loaded in tensidakes place under nominal tensile stress is not quite
correcti stress states ithe transforming grains are wefar from the tensileand equivalent
stresses are much higher than the nominal stress calculated from the applied force



Table of Contents

R [ 011 {0 o [ Tox (o] o FO PP PP PP PSS PPPPPPPPPPI 11
1.1  Problem Statement...........ooooiiiiiiiiieee e e 11
1.2 Outling of the theSIS......eiiiiiiiii e 13
1.3 Theoretical background and literature revie................uuveumiccceeeeeevernnnnnnnnnn 15
1.4 Materials and MethodS..........cccuuiiiiiiiiiieee e 26

2 Thermomechanical loading eXPeriMentS..........ccuviiiiiiiiieemiiieieeeee e 35
2.1 Materials and MethOdS..........oooiiiiiiiii e 35
2.2  Thermal cycling eXPEeriMENLS...........covvuuuuiiuuiiimmreeeeeeeerr e eeeerea s 36
2.3 CONCIUSIONS. ... ceiiieieee ittt ettt e e e e eeer et e e e e et e e e e e e e nnnasnnne e e e 44

3 Low temperature shape setting Of NiTi...........uuuuiiiiiiicerrr e, 46
I A [ 01 (0o (Ui 1o o OO P PP PPPPPUUTRPPPPP 47
3.2 Materials and experimental ProCeAUIES..............uuuuiiiiiccceeeeeiieeee e e e eeeaes 49
3.3 Thermomechanical loading eXperiments.........cccooeeeeeeeiiieeeiiiiee e 52
3.4 In-situ synchrotron xay diffraction LTSS experiment.............ccccceeeeeevieeeeennnn. 56
3.5  EX-SItU LTSS @XPEIMENL.....coiiiiiiiiiiiititiee et eeere e eeeeeeeeeeas 60
3.6 TEM characterisation of microstructures in LTSS treated wites................... 64
3.7 Localized LTSS characterized by DIC...........oovviiiiiiiiiieeeiiiiieeee e 71
3.8 LTSS deformation MeChaniSM...........coouiiiiiiiiiieecee e 75
3.9 Therole of LTSS in NiTi teChnology.........cccuuviiiiiiiiiiiieeeiiiiiiiieeeeeeee e 85
.10 CONCIUSIONS. ...ttt ettt e e e e e e e ammt e e e e e e e e e e e e e et ne e s 94

4 Mechanical testing Of NiTi WIrES........uuiiiiiiiiiiiii e cceeee e 96
4.1  SuperelastiC CYCING.........oiii i errer e s 96
4.2 Localized deformation in NiTi shape memory allQys..........ccccoeeeeeiiiieceeineennn. 112

5 Summary and OULIOOK. ..........iiiiii e 145

6 BIDIHOGrapny... oo 150



Acknowledgement

First, I would Ii ke to thank my supervisor

support and motivation throughout the whole PhD stu@eatitudegoesalso to my academic
supervisor prof. Miroslav Kaikt for leadingmy studiesand motivating me téulfil all academic

duties.

| thank my fellowlab matedrom the Department of Functional Materials thfe Institute of
Physicsof the CAS for their support and stimulating discussions. Allseould like to express
my gratitude forheir assistance witthe complementary DIC, SEM and TEM measurements,

which helpedne to betteunderstanavhat | measured.

Special thanks go to ID2#hd ID11ESRF beamline staff, namely Caroline CuAedy Fitch,
andJon Wright, for all their support ad assistance witthe experiments andata analysis

which | could not makevithout them.

Last but not least would like to thank my family, my parents and my brother for supporting
me throughout life, and my belovedlife, for all their love, help and tolerance during
my PhD studies.

This work was financially supported by research projetthe Grant Agency of Czech
Republic,P107/12/080014-15264S and 120264S, SGS projects SGS13/222/0OHK4/3T/14,
SGS16/249/0HK4/3T/, FZAESRF PhD granproposals MA2133 and MA2900 and inhouse
beamtime at ID22 and ID11.



Symbols and abbreviations
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FWHM
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MT
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SMA
SME
TEM
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Austenite start temperatul
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Martensite start temperatu
Reciprocal lattice vector lengt
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Digital Image Correlatior
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Low temperature shape settil
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Scanning electromicroscoy

Shape memory alloy
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1)1 OO0 AGAOGEIT 1
1.1 Problem statement

Shape Memory AlloyYSMA) belong toa class of functional materialdue to their
exceptional behaviour under thermomechanical loadsriginating from the reversible
martensitic transformatiofMT). Among these materigIsliTi-based alloys gained the greatest
interest and thuthe highest number @ésulting applications. The origin of NiTi goes kdo
1963, when it was discovered by Buehler etf}dl at Naval Ordnance Laboratory. The
laboratoryinitials wereincluded in its alias dictus and since then it is referred to asdliTi
Soon after its discovery NiTi attracted great attention, partly becausteotinique
thermanechanical propertiemdpartly because afs commercial availabilitynd fast growing
number ofits technological and engineering applications in areas asamedical devices
(stents, surgical instruments, endodontic instruments and many ofBe}) industrial
applications (various thermal actuators, couplings, microactugt®fsh automotive and
aerospace ingstry[2]. All these applicationbenefitfrom NiTinolé superior propertieg’hen
compaedto other shape memory alloys such as CuAlINi, CuzZnAl, NiMnGa etc. In comparison
to these SMAS, NiTi possesses the best ductility (they exhibit up to 50% elongation) while
keeping high tensile strengthNiTi alloys also have high corrosive resistance, which is
beneficial for their medical applicatiga].

In essence, SMA display tw interesting properties; shape memory effect and
superelasticity. The former is the ability of material to recategarevious shape upon heating
when deformed below a critical transformation temperatureviile the latter is the ability of
material torecover large strains beyond its elastic limit when deformech austenitic phase
[5].

In the context of engineering applications of NiTthe fatigue remains the biggest
challenge, which preventsirther grow of the technologyratigue of SMA is clagged as
structural and functional. The former is the same as in other conventional mateuelsation
and propagation ad crack, while the latter means degradation of functional properties.

Transformation between the parent high temperature cubieratesand the product low
temperature monoclinic martensite in NiTi is induced by increasing stress and/or decreasing
temperature. For both stress (superelastic applications) and temperature (actuators) induced

transitions, the functional fatigusausesunstable stresstrain (straitemperature) response
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upon thermomechanical cyclinifjis known that it is related to plastic deformation taking place
simultaneously with the martensitic transformation. Neverthelesspite its practical
importancetheorigin of the functional fatiguef NiTi on the microstructural levetill remains

to beclarified. In this respect, the high enemgyray diffraction proved to banexcellent tool

for investigatingthe evolution ofthe microstructure (phase fraction,fdets, internal stress)
upon cycling andtudying thughe origin of the functional fatigu&/hen used in combination
with macroscopic thermomechanictésting with insitu electric resistivity evaluation
supported bycomplementarytechniques such a3IC, TEM or EBSD, the sources othe
instablebehaviourcan be clarified as will be shown in this work.

This work is neverthelesgledicategrimarily tomy in-situ synchrotron Xay diffraction
studiesof thefunctionaldegradation processes taking placthethin NiTi SMA wires during
cyclic thermomechanical loadinfj.was made as a part of tbagoing researchf fatigue of
NiTi wires in the group of Functional Department of IP ASREthe frame ofthe FACT
(Fatigue of NiTiX High Temperature Shape MamadActuators) GACR project. It was
originally intended to studghefunctional fatigue ohigh temperature SMAue totheserious
problemsarisingduring production stage bigh temperature NiTiHf wire samples by drawing
processmainly caused byhe brittlenesswhich preventedirawing thewire samplesthe goal
of the work was deflected tstudy ofthefunctional fatigue obinaryNiTi wires. Despite this
fact, we believe that the processes causing the functional degradation of both high temperature
NiTiX and NiTi SMA are qualitativelythesame but they arehifted to higher temperaturas
case of high temperature NiTiXhereforethe combined plasticitjransformationprocesses
responsible forthe functional degradatiortan be studied ominary NiTi wires and the
knowledge cabeto some exterdppliedto high temperaturshape memory alloyapplications

in the future

12



1.2 Outline of the thesis

The main goal of ths thesis is to investigate and reveal the processes responsible for
functional fatigue of NiTi SMA wires subjected to various thermomechanical loading paths by
means of imsitu synchrotron XRDparticularly to thermal cycling under constant sges
superelastic cycling at constant temperatmd recovery stress tests involving constrained
heatirg/cooling after deformation in martensite state.

The first partof the thesis givea theoretical background dhe shape memory alloys,
particularly NiTi alloys,their basic functional properties such as shape memory effect or
superelasticityState of art othefunctional fatigue of NiTi shape memory alloys is discussed.
Basic properties of NiTi wires, thermomechaaitesting methods aralbrief introduction to
synchrotron xray diffractionareoutlined.

The second padomprising chapters 2 angBesents the results ofgitu x-ray diffraction
studies during thermomechanical loading experiments on Ni€swinder various constraints
in two chaptersThe formerdeals with thermal cycling on two types of actuator wires under
constant stresswvhile the lettedeals with unique experiments directbcusing oncoupled
martensitic transformation and plasticgityhich is considered to be responsible tbe
functional fatigue of NiTi.

The third partconsists of two attached publicatigm&esentingny work dealing withthe
superelastic mechanical loading of NiTi wirdsrst paperdescribes thenacroscopic strain
instability upon cyclic superelastic loading. Second paper is devoted to 3D XRD microscopy
study of macroscopic austenite/martensite interface propagating along the wire during stress
induced martensitic transformation.

The last parprovides a summary difieachieved resuligliscusses achieved findings and

outcomesand outlines the directions for future research.

List of included papers

1 Instability of cyclic superelastic deformation of NiTi investigated by skwicbn
X-ray diffraction.
P. Sedmak, P. Sittner, J. Pilch, C. Curfs, Acta Materialia 94 (2015), 2%4.

1 Grainresolved analysis of localized deformation in niefii@nium wire under tensile
load.
P. Sedmak, P. Sittner, J. Pilch, L. Heller, J. KopedeWright, P. Sedlak, M. Frost,
Science 353 (6299) 94 (2015), 55962.
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1.3 Theoretical background and literature review

1.3.1 Shape memory alloys

SMAs are functional materiapgssessinguperior properties such as shape memory effect
and superelasticity. Both effects are driven by diffusionfeagensiticohase transformation
that occurs through small reversiblalisplacement ofhe atoms over very short distances. It
can be induced both thermadndby appling external stresgdigh temperature parent phase
with higher symmetry- austenite- transforms mto low temperature phase with lower
symmetry, called martensitie. this work we focusnmartensitic transformation in NiTi SMA.
From crystallographic point of viewhere are three possible pathewacrystal latticeof NiTi
alloy can changdrom B2 abic austeniteinto B196 monoclinic martensite;directly, via
rhombohedraR-phase, owia B19 orthorhombi¢ depending orthe chemicalcomposition
thermal treatmentpplied stresandbr temperatur¢s,6] as shown irFigurel.

a) c) i

B19 (orthorhombic)

),
N\

B2 (cubic) B19" (monoclinic)

' s
! \ | a,
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R (rhombohedral) e T~a

b) (11015, k

i/ c[001]g,

1
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&

(]
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b[010]s;

B19’ uiiit cell k

Figure 1. Three possiblergstallographic transformation patfe) of martensitic transformatioim
NiTi alloys depending omthe chemical composition of B2 austenite]. Lattice correspondenc
between(b) B2 and R phase(c) B2and B 1 Pltase.

When martensitéorms within the parent phaséhe crystal structuralifferencefrom parent
phasegenerates large strains aroudvhich cannot be acesomodated elastically. Therefore,
anotherdeformation modés necessary. Ithe MT field, this isthe so-calledlattice invariant
shearin martensitewhich allows the existnce of mobile habit plane between austenite and

martensite which is achieved viainning or faulting [5]. Accommodation bytwinning is
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shownin Figure2. On the lefthand side, there mnoriented single crystal austenite, on the
right hand sidghereis a martensitephasewith the lattice invariant shear twinniranpd the
undistorted plaea between them is called habit plar@ose to each habit plane, the
transformation strain of the martensite is considered as an invpleme strain and the
martensitic structurabove this plane is called habit plane variant (HMBYV consists oh
martensite matrix and its twin. The martensite matrix and its tw@ncalled correspondence
variant pairs (CVP) since they have the same lattice correspondetheeptarent phasand
are calledthe correspondence variant (CVJhe lattice correspondencaeansthat some
crystallographic directions ahe parent phase are astrict relation withthe crystallographic

directions othe martensite phase.

Parent Phase| Martensite

-~

) R
£ &
5 «°

. &@

£ o

3|

£ |«® (‘5'\*
~ 2

u:’ X& <

i &
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- «\56
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1
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>

£

Figure2. Martensitic transformation proceedsdotion of habit planefs] at which the strains ar
compatibledue to the martensite microstructure on the right side.

The number ofattice correspondencariants depends on the symmetryhe parenandthe
product phaseThe martensitic microstructure which formsrihg the thermally induced
A C M transformationjs largely governed by the crystallographic compatibility requirements
at the mobiléhabit planesand mutual accommodation of the large transformation strains over
the crystal (seaccommodation)in the case fothe monoclinic NiTi martensite, there are 12
different C\s, derived from 6 crystallographically equivalent planes in the parent cubic
austenite. These 6 planes form basal planea fieartensite CV, and on each of these planes
there are 2 transformatiaear directions.

The situation ishowever different when exarnal stress is present during the martensitic
transformation. Thenatge strainggeneratedbetweenthe austenite and martensite crystal

structure close tthe habit planemay potentially Bcomesource of dislocationdefectsand
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irreversible plastic straindf the strain compatibility atthe habit plane interfaces can be
achieved under stress without dislocation defedtee toa special combinatiorof lattice
parametersin parent and product phaseéess defects are created in the coursethef
transformation andhe stressstraintemperature responses of the NiTiX allsgcome much

more stablg¢7,8], as observed in case of NiTiCu SMA

Shape memory effect SME

Whena SMA sample is cooled down totemperature below Monset of MT)in the absence

of externalstress transformation occurs in a selEcommodatingnanney i.e. martensite
variantsform in manydifferent orientationss dictated by the habit plang/stallography and
strain accommodationThe sample has the same shapdhe parent phaserior to the
transformation and in the martensite phase atfter transformation.When suchself-
accommodatedtructure is deformedhe martensite variant twin tother orientation more
suitably oriented with respect to the applied stregson subsequenheating, the deformed
sampletransforms back to the austenite areturnsback into its original shape. This
phenomenon is known #se shape memory effe¢€6ME). It is graphicallyshown in

Figure 3a. Although it looks simple, it is not. Recall that the martensite microstructure
detwinned by the previous deformation must twin again upon heating to form the mobile habit
planes. In spitefanany years of SME studies, is not yet very clear how this happens even in
NiTi. It is only known that the deformation in martensite results in a temporary shift of the Af
temperature in the first cycle after deformation.

The situation is different wherhé forward and reverse transformation occurs under
symmetrical conditions as e.g. during superelastic ssteam test oduring the actuator test
involving cooling/heating througthe transformation range under constant applied stress.

Figure 3b shows a typical actuator test cycle under constant stré3se forward
transformationstarts at N and finishes at M temperature Upon heating,a reverse
transformation from martensite smstenite begins atsAnd finishes at AtemperatureThe
total recovered straiand temperature hysteresiss (A Ms) are definedin the Figure 3b
Transformation temperatures can be measured dipatifferential scanning calorimetry
(DSC), electrical resistivity measurement using the intercept method9] from strain

temperature nmasurements
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It is essential that the material naturabynembersnly itsshapen the parent phas&éhe SME
isthusoneway SME.However, itis also possibléo modify the material microstructure so the
it partially remembes both the parent and the martensite skape achieve thata special
"training" is used. Typically, the alloy is repeatedbtrongly deformed in the martensitic state
or heated in restrained conditions [7]. Duritlte transformation of such trained alloy,
precipitates and lattice defecse present in the microstructugeneratingstress fields that
facilitate thegrowth ofcertan martensite variagtand thuslefiningthe shape of the sample

in martensite stat@ his phenomenon =lled tweway shape memory effect

Superelasticity

Loading

Strain
Erec

. Mf M.  As Af
S e — Temperature

""" ?eating/Recovery

Figure3. Stressstraintemperature response duealohape memory effech) thermal cycle unde
constant appliedtress.

If the SMA sample is deformed in timgh temperature phagat the temperature above
Ms), it undergoes stressinducedmartensitictransformationinto martensg phasewhen the
stress reachesc r i t i ¢ a(Figure4).l Upan unloading, the material transforms back to
austenite since martensite is unstaldesuchtemperaturesUnlike the temperature induced
transition, microstructure of thestress indua® martensitecontains themost favourable
correspondence variantind the transformation proceeds always under stress. This creates
problems with the strain compatibility at the moving habit planes and involvement of

dislocation defects becomes likely, fewlarly at high temperature and large stress.
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Figure4. Superelastic stress strain respoofsHiTi wire in tensile test at constant temperature.

peak at the yield point is due tbe nucleation of martensite bands of localized deforma
somewhere in the center of the wire (not within the gripped.pang deformation of the wir
proceeds ira localized manner byropagation of martensite band frontsder constanapplied

stress.
The critical stresdor stress induced martensitic transformatignstrongly increases with

increasingemperaturevia ClausiusClapeyron relatiof5]:

Q, YO (1)
ayY v

wherell is plateaustressTo test temperaturep Henthalpy (latent heat) arglis transformation
strain.The sloped 0 / chrTbe determined experimentally e.g. by measuhiaguperelastic

curveat several different temperatures, and varies betgegMPaK ™ [10].
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Figure5. Schematic sresstemperaturaliagramof NiTi alloy suggesting temperature dependen
of transformation stress and superelastic windelaere superelasticity is observég.

Because of thisattention must be paid when choosing the test temperature for superelastic
experimentsAccording to the state of the art knowledge, whientest temperature exceeds

critical value My, material losests functional properties andhé deformationmode isplastic
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slip, as suggested iRigureb. In reality, the situation is much more complex, since there is a
wide temperature range where both martensitic transformation and plasticity occur side by side.
Other very importanphenomean is the localization ofensiledeformationof NiTi into
so-called martensite band fronts (MBIF)1], while the deformation ishomogeneous in
compressive loadingUpon tensilel o a di n g ¢ is nedached, MBFAN which all the
deformation is localizednucleates and propagates along the length of the sample under
constant force. The MBF is thus a macroscapierface betweethe austenite and martensite
band at whiclthe macroscopic strains must be compatible similarlynabe casef the habit
planeon the lattice levelThe fact that thenartensitictransformationin tensionis localized
significantly complicates the investigationf fatigue of NiTi. There are basically four

possibilities foNiTi wire cycledin tension assummarizedn Figure6.

A

/z ~

L.
>

Stress

Strain
Figure6. TestingNiTi wire in cyclic tension Based on the shape of the hysteretic superelastic-s

strain response, one cparform following cyclic tests
1. Cyclic loading intheelastic region otheaustenite
2. Cyclic loading inthe elastic region othe stress inducethartensite
3. Full superelastic cyclic loading cycle involvittae elasticity of both phases combined with the
stress induced martensitr@nsformation
4. Cyclic loading in the plateau region whéehereversiblemartensitic transformation occurs and
theelastic loading is minimized

The fatigugperformance of the wire idifferentcyclic tests is very differenDuringtheelastic
loading of austenite or martensite (green and blue colmes inFigure6), materialdoes not
undergoany phase changand therefoe no large strain gradientare expected. However
during a partial cycle in the plateau (red color), part of the matenihich undergesphase
transformationneeds to accommodate large gradients of ssiate nearly complete forward
and reverse martensitic transformation takes gtazadly at the moving macroscopic interface
even ifonly a small external strain amplitude is impos&ulie to the localized deformation,
very small material volume transforrmempletelywhile the rest of the sampteformsonly

elastically. This is why the localization phenomena are very importanhy thesis| tried to
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focus on nearly complete forward and reverse martensitic transformationomplete
superelasticyclesto simplify the analysis of the 4situ x-ray diffraction studies. | alsdeal

with the strain localization phenomenon in a special experiment usingrai diffraction
method (3BXRD experiment).
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1.3.2 Functional and structural f atigue

Fatigue of materialsr@inating fromthe cyclic mechanicaloading has been studied for
avery long timg12]. Fromthestructural poihof view, there are many factors affecting fatigue
properties ofimaterial such as grain size, inclusions, stetsasin state, matrix slip resistance,
surface roughness, phase transformations and many ¢ff#rs-atigue still remains the
biggest challenge which prevents SMA materiitsm being successfully employed in
engineering application the field ofSMA, fatigueis classified as structural and functional.
The former is the same as in other conventional materiaigleation and propagation of
craclks, while the latter means degradation of functional propeitiariation of stresstrain
responses upon cyclingAnother speciality of SMAs is that we need to investigate
thermomechanical fatigue, since large reversible strain brought about by cyclic variation of
temperature are utilized in engineering application

If MT is completely reversible, there would be no functional fatigue and the applied stress
should decide about the lifetime iass commonfor structural fatigue of metglse. millions
of cycles up to several percent of strains (~6% for NiTi) inlhmatcal or thermomechanical
cyclic loading shall be achievable. For high frequencies, heat produced by the cyclic MT will
have to be takeawayfrom the material to prevent significant stress increase due to rising
temperature. If that goal is metwide range of SMA engineering applications so far hindered
by poor fatigue performance of Nicouldbe realizedBut the field is not there yet.

This work is dedicated thefunctionalfatigueof NiTi; thereforeno comprehensive study
of the structural fatjue will beprovidedhere. However, there are many studies dealing with
the structural fatigue of SMA materials, starting with the first by Meltt8], later Myiazaki
et al. [14] introduced rotanpbending testing of fatigue life. Reinoefl5] descriked the
influence of carbide particles, and there are quite recent review studies by Ichrand
Eggeler17].

For both stress (superelastic applications) and temperature (actuators) imdutestitic
transformations, the functional fatigue brings aklmmdumulation of defects and internal stress
in the material This leads to unstable stresstraintemperature response upon
thermomechanical cycling. Although the transformation interacts with both stress and
temperaturethere is adifference in that itg driven by increasing stress in the former and
decreasing temperature in the latter. This brings about significant differences in fatigue
performance. The stress induced transformation is typically localized in a sharp macroscopic

interface propagating @hg the specimen, while the transformation is macroscopically
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homogeneous when it is induced thermally. Whether this is a source of much poorer
superelastic fatigue performance compared to thermomechanical cycling at low stresses or
there are other phenome involved is not clear yet. It is clear from the above that before we
can solve the structural fatigue problem of Ni¥e need to get rid of functional fatigue or at
least minimize the damage caused by it. To find out the exact mechanism of the &inction
fatigue remains to be discovered. In this respect, the high exeayydiffraction proved to be
anexcellent tool for investigatindpe microstructure evolution (phase fraction, defects, internal
stress redistribution) upon cycling and revealing thgiro of the functional fatigue.

Near equiatomic NiTi based SMA materials offer many potential superelastic and actuator
applications. While there are already many superelastic applicaigdnghe actuator
applicationshave been lacking behind until recently.

CompaciNiTi actuatorperating uponhermally inducednartensitic transformatioare
promisingfor automotive and aerospace applicatidgsually, they are used under constant
stress or against biased sprifipe stability of such device upon repetitive cyclimgedsto
fulfil theoperational requirement8s it was observed in many experimenie strain stability
depends on loading conditions, img on theapplied stresend maximuntemperatureand
applied constraintOver the yearsSMA scientistsperformedmany studiesusing various
approacheto characterizéhe instablebehaviouduringtheactuatiormanifested by gradual
change in thermomechanical response, accumulatitimeafrecoverable strainand shift of
transformation temperates and hysteresi$here are numerous studigsscribingthe effects
of thermomechanical cycling ahe functional stability fromthe macroscopic point of view
Most of the studies devoted to microstruatumechanisms responsible for the instability are
quite recent.

Early works orthethermal cycling of NiTi alloys werperformedoy Miyazaki[18] who
reported decreasingdtemperature with increasing number of cycles, later Matsufh6120]
explained thisbehaviourby formation of R phase prior tthet r ansf or mat i on
Transformation temperature evolution was dlssubject otherecent studies by Pelt¢al]
and Bowers[22] employing DSC and TEMtechniques toexplain the evolution of
microstructure byappearancef R-phase andtabilizing the austenite phase due to dislocation
density accumulationFrom the macroscopic point efew, the instability was studied by
Saikrishna et a[23] who reportedtherelationbetween thenicrostructureandthe stability of
NiTi samples NiTi actuators under various thermomechanical paths were studied by
Mammano et al[24] and Padula et a[25], who explained the effect of overloading and
overheating.Wagner et al26] studied the effect of maximum upper temgiare during
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thermal cycling. They suggested that not orihe incremental plastic deformation
accumulation upon cycling, but also-Nth precipitates NiTis that are formed at elevated
temperatureandcontribue to a degradation othefunctional propdies. It depends however,
very much on the initial chemical composition and thermal treatment of the mdéioals
have been made to improve the fatignedaviourby Mertmann27], applyingatraining toa
sample wherebgtabilizing thethermomechanicaksponsehy Casat{28] studying the effect
of electric heating methods improving the lifetime by changing the shapeaéttac power
pulseused fo heating the sampler by Saikrishna[29,30] applying theoverloading cycles
interposed betweethe actuation cycles improving the lifetimelowever poor knowledge
about thein-situ microstructure evolution insid8MA materias upon cycling brought the
scientiss to employboth insitu neutron and-ray diffraction methods to bridge thgap
betweerthemacroscopic instabilitgndthemicrostructural changel-situ neutron diffractio
upon thermal cycling was employed g et al.[31,32] to investigate the instability under
several stress leveland quite recentlyby Benafan[33] to studythe macroscopidnstability
with various prestrairconditionsof the sample Similarly Jones et al[34,35] usedin-situ
synchrotron characterization of the microstructure evolutioder several constant stress
levels They all reported similaconclusionssuch as significant martensite texture evolution,
decreaseof the transformation temperatureend increase ofhe irreversible strain and
depending omheinitial conditions of thermomechanical cyclir@hange irthetransformation
strain Martensite texture evolution was due to several martensitic variants selection upon
cycling [33] which also explained increase in reversiti@in Two way shae memory effect
created upon cycling was attributed to martensite stabilization by dislocations along twins
([36,37) which also causegshe transformationtemperature changend increase of
irrecoverable strains

Superelastic fatigués considered to be a problem because it affects the performance of
NiTi elements in engineering applicatiof517] (superelastic members, vibration damping
members or actuatorand becausé is responsible fofatigue degradation and preliminary
failure of NiTi [38]. Effect of the functional fatigue on practical applications campasially
reducedoy stabilizing the cyclic responses by train[2@], but the limited fatigue life remains
to be a serious problem for the SMA technology. The link between functibihland
structural fatigu¢38] can be possibly understood in terms obitiation energy based criteria
[39] for structural fatigue (the morenergy dissipated during the cyclic stress induced
martensitic transformation, the shorter the fatigue lifetinftejs however not clear which

phenomenon has the leading rol@fanctional fatigue; strain localizatiqa0], transformation
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strain [41], transformation stresq42], surface finishing43], inclusions[44] or growing
evidence on the role of environmental effects in superelastic fdd§lieThe last oneannot

be safely considered as a general controlling mechanism of the Natilgole, particularlyor

the superelastic deformation in fluids. It has been known from early days of the Nitinol research
that the instability of cyclic superelasticity is dugheplastic deformation by dislocation slip
accompanying the stress inducexrtensitic transformation and accumulation of residual
martensitg46,47]

Recent studie§l7,38,45,48,49were performed to find out hothe accumulation of
dislocation defectss related tofunctional and structural fatigue and hokey canbe linked
together What is the difference between dislocatiensated by therm4b0] and mechanical
[48] cycling? Howis the dislocation slip activity upon cycling related to the nstmacture of
NiTi wires[51]? Does the incremental slip oaaduring the forward or reverse transformations
[52]? Does the slip occur in the ausiteror in he martensite pha$g2,53], at the propagating
austenite/martensite interfad®4] or elsewhere in the polycrystal iparallel to the
transformation[55]? What are the actual stressdastrain conditions at the propagating
martensite band front, where all the deformation/transformation proceedsairnighly
coordinated localized manner?

To answerat least a few ofthese questionsseveral experiments with various
thermomechanical patigere performed in this work, giving the experimertabence on the
relation between martensitic transformation, dislocation slip, deformation instability,

microstructure evolutioand conditions on the moving martensite/austenite interface.
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1.4 Materials and methods

1.4.1 NiTi wires
Transformation temperatured NiTi wires, whether they exhibit superelastic or shape
memorybehaviourat given temperaturare given mainly by its chemical compositi&i, as

shown inFigure7:
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Figure7. Dependence ahartensite statemperatures on chemical compositaiNiTi alloy [5].

NiTi wires investigated in this work are commergyahvailableproducts from Fort Wayne
Metals and Dynalloy companies. They are producecdeXtyusion into bars from ingots,
followed by hotworking and finalcold drawing procesthrough a drawing di€Reduction of
thewire diameter during thénal colddrawing proces,so-called cold worCW), can achieve
10-90%, but commercial products usually h&M in the range 3550%[56]. Microstructure
characterized bgtrong{111}<100> texture[36,57] along the wire axiss createduring the
extrusion and hot workingrocesss. The texture significantly affectsthe superelastic
properties of the wire, sincthe transformation strains for single crystals dependtlon
orientation (107% along<111>, 8.4% along<110> an®.7% along<100>[46]). On the other
hand grain size andlefect densityn the wire depend on cold work and heat treatmévtier
cold working,aNiTi wire does noexhibit any functional properties due #highly deformed
microstructure Anal heat treatment is necessaoyadjust its microstructure and functional
properties[58,59] Wires can be heat treated in the company, usually by continual heat

treatment processr custom heat treated by engineers to obtain desired microstrastdtes

shapes.
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Shape memory wires

Fort Wayne Metal NiTi#5 and Dynalloy Flexinol 90C shape memory wires with no
additional heat treatment were used for thermal cycling experim&h&momechanical
respons®f Flexinol 90C and NiTi#5 actuator wiresshown inFigure8. While Flexinol 90C
wire is stablaipon thermal cyclingnder 200MPa, NiTi#5 wire exhibits significant ratcheting.
Chemical composition and precipitate contehtNiTi#5 and Flexinol 90C wire are rather
similar. The difference lies in the training/post processing given to Flexinob@¥after the
production stageZero strain for actuator wires was set at high temperature in austenitic state,
therefore stresstrain curvesn Figure8 do not start from zero strain.
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Figure 8. Mechanical and electrical resistance responghehape memoryires Flexinol 90C
(a,b) and NiTi#5 (c,d) in tensile test at room temperature (a,c) auotbator test involving
heating/cooling under constant stress |@@§8IMPa (b,d).

Superelastic wires

Fort Wayne Metals Nrich NiTi#1 cold worled custom heat treat®&lTi wires were used
for superelastictensile cycling experiments. Special heat treatment developed at the
Department of Functional Materials of IP ASCR called the Final thermomechanical treatment
by short electric current pulse (FTIMEC) [58] was applied to all NiTi#1 wireasedfor the
superelastic experiments. This treatment enabled to prepare a desired final microstructure of
the wire, with contrded parameters such as degree of recovery/recrystallization and grain size.

Functional properties of the superelastic straight annealed NiTi#1 are shBigure9.

27



(o2]
=)
o
[
o

20°C

o))
(=]
o
0

Stress [MPa]
N
o
(=]

/

0 2 4 6
Strain [%]

@
El. resistance [Q]

200

~

o
[}

o,

Figure 9. Stressstrainelectric resistance response of superelastic NiTi#l SA wire at

temperatureThe yield pointpeak is missingince the martensite band front nucleated within

gripped part of the wire.
All wires were annealed with the same electric pulse parameters (electric power pulse
P = 125W per 100mm wire length ihe Peltier chamber witla controlled temperature); the
only differencewvasthe annealing time. From now dhesuperelastigvire microstructure will
be referred to accordirtg its annealing time in ms, e.g. 12ms wice thewire annealed with

125W per 100mmfor 12ms. As menticed inthe precedingsection this work links previous
researct{48,59] to new insitu studies on 15ms and 16.5mBes In these studiept8,59],
superelastic cycling of thin NiTi wireannealed by short electric pulsed with eiént
annealing times (12, 14, 16, 18ms) were investigated by means odm&MRD.It was found
that functional properties and stability of the wires draadl§i change with annealing time.
Wires with the annealing time of 12 and 14ms show the best functional response and stability,
while 16msand 18ms wireshow significant ratcheting and change in the functionalgrtis
during first few cycles. To compieent these resuligith 15msand 16.5ms wireewwires
for more detailedsynchrotronexperimentswere preparedl5ms and 16.5mswires exhibit
Aint er medi at e 0 wiene ane tan fliova the nmectostrbcturalicharyges in a few
cycles withounheed of performing hundreds of cycles (as in the case of 12msawth@)thout
complete rebuding of themicrostructuran very few first cyclesastypical for thel8ms wire
This microstructure tuning is essential since the synchrotron beamtime Isnigag.

To grip the wires into the deformation machisampleends were compressed in the

stainless steel capillaries with inner diameted.18mm for 0.1mm wiregndinnerdiameter
of 0.25mm for 0.2mm wiref~igure10). Thecapillaries werenounted in thgripsof thestress
rig. A complete overview of the samples and experiments used for this thesis is given in Table
1.
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Figure10. NiTi wire clampedin steelcapillaries

Tablel. Overview of the samples used for the experiments

Sample Experiment type Sample diameters
NiTi#5 shape memory wire Thermomechanical experiments 50mm, @ 0.2mm
Flexinol 90C shape memory wire Thermomechanical experiments 50mm, @ 0.2mm
Flexinol 90C shape memory wire Low temperature shape setting 50mm, @ 0.2mm
NiTi#1 superelastic wire Superelastic cycling at constant temperatuj 50mm, @ 0.1mm
NiTi#1 superelastic wire Studyof the martensite band front 50mm,d 0.1mm

1.4.2 Uniaxial tensile testing

Dedicated tensile loading frame (MITTER, developedhatDepartment of Functional
Materials of IPASCR, Figure 11) was used foboth cyclic tensile deformatiorand cyclic
actuator testinglt enablesthermomechanicaiesting with insitu recording of stresstrain
resistivity responselt is equipped wii Peltier furnace to provide both constant temperature
environment and sample heating/cooling by conveciiba.furnace waluilt to be compatible
with in-situ synchrotron XRD experimenti has a small holen one sidewhereanincident
beam enterthe furnace and Hthe sample, and wide-angleexit window on the other side
for diffractedx-rays. It is also equipped witlh power pulse control unit used ftire FTMT-

EC method, i.e. fast Joule heating of the wuieth defined heating profile andsal for the
repetitiveheating during actuation tests.

The tensile loadings provided by linear motasperatedeitherin strainor force control
mode precise strain measurement is providedoptical sensor with the 50nm resolution. It
measures the pogih of one of the jaws of the stress rig. The error in strain measurengrit
be introducedby thermal expansion, deformation of the load cell etc., however when measuring
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large (several %gJeformation®f 50 mm long wirgthe error becomewegligible. Strain control
mode enables verjow strain rates~10* s?) necessary to prevent thiecrease of the
temperatureby the latent heateleasedduring forward transformatiomvhich needsto be
radiatedout of the sampleThis is a necessary condition for gi@ martensite band front
formation and propagatiof60,61] If the strain rate is highthe local temperatureat the
martensite band frons increased by lateriteatwhich cannotdissipate fromthe sample
Accordingto the ClausiusClapeyronrelation, transformation stress at the martensite band
front is increased arnitlis energetically moréavourableto formanothemartensite banfiont

rather than to propatathefirst one

Stepper
motor

Incident Isolated
beam grl‘;\ns Load
JAN cell

Position
encoder

" Diffracted
beam

Peltier
furnace

Figurell MITTER testing rig used for thermomechanical experimentthin NiTi wires

1.4.3 Synchrotron X -ray diffraction

X-ray diffraction (XRD) techniques are based on elastic scattering of incident photons on
crystal latticeothes t udi ed materi al and recor @éspeciic di f fr
range depending otne energy of incident beam usiregdetectorplaced behind the sample.

The XRD technique has proven to lae excellent tool for investigatinghe evolution of
microstructure in cyclically deformed materialfie most widespread diffraction technique is
alaboratoryXRD. Theexperimentperformedn this workusedhigh energy synchrotronRD

at ESRF source in Grenobl&Vhile the low energy laboratory-pays diffract in the surface
layer, the high energy-says penetrate through the bulk and can be thus used to probe the

variation of the microstructuiie a representative volume of the material.
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Synchrotron radiation is created by bending the path of electrons traveling at high speed
(close tothe speed of light) usingnagnetic field. At the first stagelectronsare emitted by
electron gun andccelerated by linear accelerator (LINAG) the next stagehey travel tadhe
booster synchrotron which increadéeir speed a little more so they reach final energy of
several GeV (6GeV for ESRF) afiidally enter the storage ring. Hertbey travel aounda
closedorbit, whichis built by a set of a straight sections a&d ofbending magnetserving to
curve their trajectoryin the straight sections of the storage ring, insertion devices such as
wigglers and undulator@levices with a alternatingarray ofmagnetsproducing alternating
magnetic field along the electron pptlre placedo produce synchrotron radiation in a more
efficient way than from bending magneEsach timethe path of an electron is changédoses
acertain amount of enerdyy emitting photons iform of synchrotron radiation. This radiation
is emitted tangentially to the curved path aiming towara beamline. Desired
energy/wavelenty is chosenusing monochromatocrystals and the beam can be further
focused (e.g. khvacuumtransfocator) andts sizedefined by defining slitsComparing to
laboratory sourcethe biggest advantage of synchrotron radiation is drigimergy (10
140keV), flux and brilliance which implies much higher penetration depth, shorter
measurement times and better spatial properties of the beam respectively.

In this work the experiments were performediB22 and ID11ESRF beamlineHigh
resolution powdediffraction beamline 1D22, allowintpr high resolution measurements using
1D detector was employed fire measurements of cyclic superelastic deformation and cyclic
actuator experimentNiTi austenite and martensite peaks often overlap in the course of
martensitic phase transformation, thus the high resolution 1D22 diffractometer was necessary
to overcome this probleniD22 is mainly dedicatedto powderand polycrystalline sample
measurementsThe hggest advantage of ID22 the high resolution in2 Uangle, which is
necessary when followingmall changes opeak parameters upon cyclifgis achieved by
using9 detectors preceded by 9 Si Hifalysecrystals 2 apart measuring diffracted intensity
as afunction of2 UFigure12). After abeam strikes the sample it is scattered towards the Si
111 analysercrystals. If theBragg condition is met oone of the analysercrystak, detector
recordsasignal.

Crystal structure and properties thie examined material arebtainedfrom the whole
diffraction patternfitting by Pawley, Rietveld or single peak fit, depending on required
information. Each diffraction pattern consistaset of observed diffraction peaks. Each single
peak is described by it sspaing orgoange}, itsovidth fub r e gt
width at half maximum FWHM) and its intensiBosition ofapeak providegmformation about
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the unit cell paameters andhe elastic strain (macrostresshtensity provides information
aboutthe crystal structure, phase content of the material and preferred orientation and finally
FWHM is a convolution oftheinstrument parameters, crystalline size and micrdedtion
(plastic deformation). Althis informationwas utilized tofollow the deformationprocesses

taking placein the NiTi polycrystal microstructure subjected dgclic thermomechanical
loading.

X-ray
beam analyzer
—_— cystals

Sample
Figurel2. ID22 ESH beamline detector setup with analyzer crystals

Pawley fit is used as a first step for crystal structure analysis. It serves to find and refine
unit cell parameters together with instrument parameters by identifying as mangexdsas
possible fronthe data seaind &sigring themto the peak positiosi indexing. The intensity
of the individual peaks is a free parameter iis fit. All possible space groups are then
calculated from unit cell paramete®btained parameters are used as an inputhetRietveld
fit which serves for crystal structure solution. In Rietveld fit the intensities and peak widths
(FWHM) are determined by crystal structurethe examined materiaDn the other hand, if
the crystal structure is known, and a multiphase nateyito be observed, volume phase
fraction can be calculatelom the diffraction patternThis is very useful when studying
martensitic transformation in NiTi upon temperature change, or phase fraction evolution upon
cycling. Both of the aforementionethethods are based dhe leastsquare methqd
minimizing the difference between measured and calculated diffraction p&itegte peak fit
is used to analyze observed reflections separately. Refined parameters are pgaksitiora
and peak shape function parametdisis technique can be applied to calculate individual
lattice strains from peak positions and peak broadening upon cy€&largparticular hkl
reflection, lattice straitiha is evaluated usingquation 2from the stress free positionrg and
theposition g measurd under stress:

h

T @
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3D XRD microscopy techniquat ID11 material science beamlim@s used to measure
the topology andhe strain distributiorwithin the martensite band fror8D XRD technique
combines conventional single crystal XRD rotation method and 2D detector enabling
analysis of polycrystalline sampl&D XRD methods were develop§eli 64] over the last 15
years at synchrotron sources asechniquefor grain resolved crystallographic analysis of
polycrystalline materials under loadlthough tey havebeen &eady used in many
experiment$64i 68], our study on localized deformation in tension (paper Il) thadirstever
application to NiTi The @mbination ofarotation anda use of 2D detector gives risgmany
diffraction peaks for each singleagn in studied polycrystal, resulting in 3D informatimimout
thecenter of mass position, crystallographic orientation, size and elastic strain averaged over
single grain volumeRigure13).

Data analysis is based eaarching fosingle diffraction spotéinterconnected regions on
2D detectorpbovedefinedthreshold value recorded a2D detector. Identified peaks are then
merged over all rotations around the wire axis into one 3D file containing all observed
diffraction vectors. It is followed by indexing procedure, i.e. assigning the scattering vectors to
the individual austenite gras. The result of such analygigvidesthe informationaboutthe
center of mass position, orientation, size and elastic strain of each individual detected grain.
3D XRD method andssociatediata analysis are describedmoredetail in the paper Il

Z

2D detector

Loading frame
\

Focusing
optics

X-ray

beam k—y w rotation

Figure13. Setupfor 3D synchrotron xay diffraction experiment alD11 beamlineat ESRFE

There is grincipal differencen thediffraction techniques of the two above mentioned setups.
The first difference is in the prob&dlume. The size of the beam at ID22 beamline is usually
large enough (depending dhe grain size ofthe probed material) to irradiatdhe sample

volume containing many grains, i.e. the obtained information is averaged lavge number
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of grains. On th otherhand,the 3D XRD microscopy setup at the ID11 beamlperates
with abeam(often focused)the size of whicltan be tuned depending thegrain size of the
material so that spotty diffraction patterns are recorded on 2D det@éntwher difference is
the grain sizelependence for titevo methodsFor ID22, small grain size is necessary to obtain
a good statisticgiving meaningful resulidor ID11 minimum grainsize is necessary to obtain
distinguishablespottydiffraction patternon 2Ddetector.

The average sample grain sfee ID22 measurementanged from hundreds of nm up to
5um,while for ID11 measurementsinimum grain siz&ecessarto obtain a spotty diffraction
pattern was 5uniThe amplesvere annealed in such wafat only direct transformation from
B2 austenite into B1906 mphade randfarmaorstiess fraeons i d «
unit cell parameters at ID22 beamline were defineaa8.015A for space groupm-3mB2
cubic austeniteand asa = 2.883A b =4.166A,c = 4.633A,g= 96.5° for space groupl121/m

B196 monoclinic martensite.
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This part of the thesigoncernscyclic thermomechanical loading experiments on NiTi
actuator wires.The experiments on superelastNiTi wires were published in Paper |
(section 4).

Thermomechanical cyclingexperiments under variousonditions mapping the
macroscopic instability of NiTi actuators have been a subject of many siudiesliterature
(as described in thehapterl.3.2. However,until quite recently, it was natell understood
which microscopic processesare causingthe cyclic instability of the strairtemperature
responseThe most relevant and comprehensive studypralablyperformedby Benafan et
al [33]. Theyhave studiedhermomechanical cycling of shape memory NiTi samples under
various constanttensile stresss using in-situ neutron diffractiontechnique Thear results
provide information on the evolution of phase fraction, texture, internal strain and peak shape
during the thermal cycling. They observed texture evolution towards oriented martensite with
a selection of variantproviding maximum transformationtisin. They also observed peak
broadening in austenite representgfect accumulation during cyclingfter several cycles
the peak broadening saturated,idating the equilibrium between defect generation atsd
annihilation.

Similar study on twaypes of NiTi shape memory actuator wirepresentedh the next
section The evolution of microstructure upon thermomechanical cycling was sthygiad
situ synchrotron xray diffraction capable of penetration through the bulk of the thin wires
supplenented with irsitu electric resistance measuremeftthough theresultsareconsistent
wi t h t he B gehere aressentatifierencds pointed out below.

2.1 Materials and methods

Thermal cycling experiments were performed on Fort Wayne MetalsacNidi#5 and
Dynalloy actuator Flexinol 90C wire, both with diameder 0.2mm.Samples were mounted
on the loading frame MITTER and installed1D22 diffractometer iravertical position (axial
geometryi diffracting planes areoughly perpendicular tihe loading directiordnd XRD data
were acquiredn the2 (rangeO i 30°. Energy ofthexr ay s wa s ~ 048)kvétivthe( o
beam size Bx1mm, irradiating the wire volume 8fL.4x1(Pe i Given that the grain size of
both wiresis under 100nm, statissoofthediffraction data from such samples was very good.
For thesake of efficient usef the synchrotron beam time, the samples were not cyclgitlin

at the beamline, but five samples from NiTi#5 and Flexinol 90C wires were thermally cycled
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in advancdan the FMC laboratory for 1, 10, 50, 100 and 500 thermal cycles under constant
applied stress &00MPa(thermomechanical response of the first 100 cycles is shokgure

14). Thermal cycling was achieved by joule heating controlled by electric power pulses with
linear heating ramp, holding time at the maxim@mperaturenda linear cooling ramp with
holdingtime at the O power. The upper cycling temperaturesgaso200°C giving thetotal
temperature range 2@R0C°C in one thermal cycleThe goal othe XRD measurements was

to capture the microstructure evoluti@ver the course of thermal cyclingnalysis of
diffraction patterns helps to detmine the evolution of the peak parameters such as peak
positions, intensity and FWHMiefining the phase fraction and microstructure variation upon
cycling. Full pattern Rietveld refinement could not have been ugedalthe problems with a
strong texture and its variation upon cycling. Pawley fit was used instead to index the
diffraction patterns and a single peak fitting procedure was apgtiedvardsto obtain the
evolution of peak positions, integrated inteiesitand FWHM upon cycling for both austenite

and martensite phase.

2.2 Thermal cycling experiments

During the XRD data acquisition, diffraction patterns were measured in three distinct
thermomechanical statesat room temperature at 20MPa (denoted assicédh representing
martensite straipii) at elevated temperature at 20MPa (~200°C, denoted as hot strain) used
for upper limit of thermal cycling, anid) after cooling back to room temperature at 20MPa
stress. Because the thermomechanical resporidexanol 90C wire under 200MPa stress was
very stable upon cyclingF{gure 14c), almost no evolution of the diffraction pattern was
observed, therefore most of the attention will be paid on the NiTi#5 kigerel5 shows the
diffraction patterns of the NiTi#5 wire in 0%110" 50", 100" and 508 cycle in the three

distinct thermomechanical statsgeTable?2).

Table2. Overview of theXRD measurements on the actuator wires

Sample NiTi#5 actuator wire Flexinol 90C actuator wire
XRD taken in the cycle N: 0,1, 10, 50, 100, 500 0, 1, 10, 50, 100, 500
1) 20MPa/20C 1) 20MPa/20C
Th'ermomechanlcal state 2) 20MPa/200C 2) 20MPa/200C
duringXRD measurement
3) 20MP&20°C 3) 20MP&d20°C
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1) Virgin wire (for both NiTi#5 and Flexinol 90Q)rior to any thermomechanical load at
room temperaturezasin the martensitic state.

2) Inthe second state, as the wgbeated to elevated temperature, it undergoes a reverse
phase transformation from martensite to austenite phase.

3) Finally, in the thid measured state after cooling back to room temperature, the wire

transforms back to martensite.

I [
P = "

Figurel14. Thermal cycling under 200Ra of NiTi#5andFlexinol 90C wire a) Diffraction patterns
of virgin NiTi#5 and Flexinol 90C wires before cycling at 20MEaolution ofhot and coldstrain
upon cycling ofNiTi#5 (b) andFlexinol 90C(c) wires. Note the differencgin diffraction patterns
andin stability of actuator responses.

In the ideal case, where mpdastic deformation andefects are generategbon cycling one
would expect stable macroscopic response and therefore no change of the microstructure upon
thermal cycling This was nearly the case dhe Flexinol 90Cwire cyclically loaded under
200MPaconstant streg$-igure14c), where essentially no evolutiof strainT responser of
diffraction patternsvas observedSmall change in agator strain was observed in the first 25
cycles, then it became stablevertheless, if théevel of constant applied stressr cyclic
thermaldeformationis increased, cyclic straitemperature response of the Flexinol 90C wire
becomes unstable as weBuch case is discussed in thext paragraphi Flexinol 90Ci
overloading tests.

In the case of NiTi#5 wirender 200MPathe macroscopic response is rathestable

(Figure 14b), cold strain continuously increased from 4.8% in the beginning of cycling, it
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became linear afte&s0 cycles and continued to increase thereafter. After 100 ¢yadasator
strain completely stabilized at 3.2% aaqgproached a saturated stéeother word$ the wire

gradually beamelonger but the actuatstrain remainethe same.

NiTi#5 - Evolution of diffraction patterns during thermal cycling under 200MPa

Diffraction patters of virgin NiTi#5 and Flexinol @C wires are shown in the top part of
Figure 14. Diffractogram of NiTi#5 wireis typical for sefaccommodated martensite, while
that of Flexinol 90C wireesemblesliffractogramobserved under tensile streléss due to the
two way SME imprinted to the Flexinol 90C wire by production/trainifite peak intensities
in the diffracton pattern of the monoclinic martensiteasen NiTi#5 wire (Figurel5a,0 are
strongly affected by thpreferentialselection of martensiteariants(texture)with respect to
the wire axiaupon cycling Texture is completely different in stress free state and under applied
tensile stress.

To simplify the interpretation of the results, thmeeasuredhermomechanical states will
be discussed separately. The overall evolution of the diffraction patieing thermal cycling
in virgin state and after]. 10", 50", 100" and 508 cycle for three states is shown in #igure
15. Results from the single peak fit analysis are plotted ifrignere 16.

The eolution of the diffraction patterns atoom temperatureFHgures15a and16a)
provides the information aexture variation and defeatcumulation during cycling. Notbe
increase of the relative intensities of several martensite peak®(W230) on the expense
of otherpeaks however, the variation is very strongginly in the first few cyclesFWHM
increases fothe most of the peaks, indicating defect accumutatinainly due to plastic
deformation, although the mechanism and the stage of the thermal cycle atistucations
are produced remains unclear. The variation of the relative lattice strain is very small indicating
almostno internal stress redistributicamong the families of the grains, whichmsst likely

due to constant stress constraint applied during cycling.
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Figurel5. Evolution of diffraction patterns of NiTi#5 at a)20MPa at room temperature, b) 20V
hightemperature and c) 20MPa cooled back to room temperature for virgin wire and after 1,
100 and 500 thermal cycles.

The evolution of the diffraction patterns at higtemperatureKigures15b and16b) provides
the information about the austenite microstructure evolution. The microstructure at elevated
temperature is expected to be fully austenitic, but it is clear finefRigures15b and16b that
this is the case only thefirst few cycles.Relative intensity of austenite peaks decreases at
the expense of increasing intensity of appearing martgmsatksupon cycling. Simildy, to
previous case, FWHM significantly increases upon cycling and there is very little variation of
lattice strain (peak positigh

Finally, for the unloaded state at room temperatUf@(resl5c and16c), a significant

texture evolution occurs indicatingppearance of awo-way shape memory effect in the
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microstructure upon cyclingNote that mainly reflections M010, M020 and M221 are
significantly increasing on the expense of other reflectidnsaccordance witlthe two
previous thermomechanicabnditions strongincreaseof FWHM and very little change in the
relative lattice strain is observed.
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Figure 16. NiTi#5 wire: Evolution of the relative intensity, FWHM and relative lattice straiir
selected reflectiongpon thermal cycling for three temperatlwading conditions: a) at RT und:
20MPa, b) at elevated temperature under 20MPa and c¢) at RT undea.20MP

Figure 16 provides complete information on the analysdffraction results. Theabove
discussedsignificant changes of peak intensitissd widtts in all threethermomechanical
states up t®&00th cycleare clearly visiblelt appears thatiewire microstructure continuously
evolves as it graduallgdaps to the imposedtresstemperature cyclinglThermomechanical
response becomes moreldta howeverthe drift of both cold and hot strain due to plastic
deformation continues up tast measure@00th cycle.

In spite of the continuing hot and cold strain drifts after 50cycles, transformation strain
(Figurel4) becomes stable. In other woidhe wiregraduallypecomes longer btheactuator

strain remains the same. The different macroscopic respoithes-lexinol 90C andheFWM
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NiTi#5 wires originate from their different microstructures. Flexinol 90C wire shows very
stablebehaviourwhere the FWHM increase upon cycling is negligible at 200MPa $énesls

The strengthened microstructure of the Flex®@C wire is less prone to plastic deformation
upon thermal cycling. At higher applied strésgels howeverthestraintemperature response

of the Flexinol 90C wire becomes unstable too.

Thermomechanical and -situ XRD results from thermal cycling expeents onthe
NiTi#5 andtheFlexinol 90C wires araot sufficient to complete the story behind the unstable
behaviourof NiTi actuators and cannot be usedutly explain all microstructural changes.
Only general conclusions othe texture evolution, deict accumulation and incomplete

martensitic transformation could be elaborated from the presented results.

Flexinol 90C - overloading tests

When comparedith NiTi#5, Flexinol 90C wire is very stable under 200MPa stress during
thermal cycling If the applied stress is increasdwwever the strain instability occurs in the
same way as for NiTi#5 wirgdigher stress levgiromotes lte processeresponsible fothe
instablebehaviouywhich arequalitatively the same as the case 0200MPa, but much &ster,
more pronouncednd easier to follow by observing macroscopic strasistancgemperature
response or by isitu x-ray diffraction.

Therefore, overloadingthermal cyclictests (100 cycles) onFlexinol 90C wire were
performed under four differefgvels of applied constant stress; 200, 500, 800 and 1000 MPa
without collectingdiffraction dataResultsare showrin theFigurel7. With increasingtress
level, the transformation temperatures are shifted to higher values according to €lausius
Clapeyron relation (agption ) and transformation strain in the first thermal cycle first
increases frord.6% (200MPa) to 4.8% (500MPa) and then decreases (mdigestanFigure
17b). For both 20MPaand 500MPatrangormatian strain decreases upon cycliggadually
stabilizes for 200MPa case, while it remains decreasing for 500MPa. The decré¢lase of
transformationtgain in the first thermal cycles for 800 and 1000MPa is dttestcombination
of insufficient heating temperature and plastic slip occurring at higher stress levels resulting in
significant irrecoverable strain and therefore it is irrelevant to distus®volution of
transformation strain for these two stress levels.

Beside the macroscopic thermomechanical response #mal in-situ x-ray/neutron
diffraction, the evolution of the microstructwran bestudiedby measuring theariation of the
electric resistanceresponseduring thermal cycling. Commoibehaviour of the electric
resistance in NiTi wires during thermally induced martensitic transformediome described
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as follows (seeFigure 9). In the first stageof heating (starting from martensite), electric
resistancenaturally increases with rising temperature, with a slope specific for martensite
phaseUpon further heating, electrresistance reaches a maximamund A temperaturelt

is because of two concurrent mechanisms taking place in the microstrgeturato
equilibriuny electric resistancgrowth due torising temperatureand eéctric resistancalrop

due tothe onset ofmartensitic transformatiofelectric resistance of austenitelésver than
electric resistance wéorientednartensit¢ When allmartensitdransformsback to austenite
another processutweighsthermal expansion of austenitéhich causes thgrowthof electric
resistance after reaching its minimum.

Electric resistance wamnly measured during the heating phas¢he experimentsvhen
the joule heating wasriggered becausehe testing machine was not properly calibrated for
low values of the electricurrent However even such partial electric resistance dstit
provide valuable informatioaboutmicrostructure evolution.

Notethebehaviourof the electrigesistance durinthefirst 10 actuation cycles at different
stress levels ifigurel7c for 800MPa andh Figurel7d for 200MPaAt 200Mpa, the response
is very stable throughout the cycling. At 80Pl (for NiTi actuators extremely high strgss
the electric resistancbehaviourchanges rapidly duringhe first 10 thermal cycles (for
1000MPa the response éesmpletelychanged in the very fitxycle). Instead of reaching a
maximum value (at Atemperature) followed by drop, the electric resistanceeaches a
maximum butgradually changes the slopéthe drop until the 10th cycle whereit stays on
the plateauWith increasing number of cyas, the electric resistance response stabiltagsh
strangeevolution of theelectric resistance resporghgring thermal cyclinguggests that under
high stresseshe martensitic transformation iaccompaniedvith dislocationslip havinga

strong influewe on material stability
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2.3 Conclusions

From the macroscopic strain electric resistance temperature responsebserved
experimentallyupon thermal cyclingand supportedoy in-situ synchrotron stay diffraction
results following conclusions can ldrawn Duringthethermal cycling of NiTi#5 wire under
200MPa,the texture evolvestowardsthe oriented martensite. @sistent withthe previous
observation in the literature, defegisaduallyaccumulated in the microstructusehich was
evidenced by the observpdak broadeningndatwo-way shape memory effestas gradually
introduced Austenite texture at high tempéure remained almost unchanged througtioeit
cycling. However, martensite reflections started to appear at high temperature indicating
martensitestabilization by the dislocationscreated by cyclingln which stage of the thermal
cycle are the dislocatis generated, howevecannot be deduced from these resuttsvas
assumed thahenewly formeddislocations produce stress fiegdpable okeeping martensite
in the microstructure above the ttmperaturelt was assumed that thedislocationdormed
uponheating whenthe orientednartensite transforgback to austenitale call thisprocess
Low Temperaturé&hapeSetting (to bediscussed in detail in the following part of the thesis)

During the thermal cycling of Flexinol 90C wire undefevatedstress levels, significant
drift of both hot (austenite) and cold (martensite) strain was obseresdlting into
accumulation of irrecoverable straiote that even under such drastic conditions as 1000MPa
of constant stress, macroscopic thermomechargspbnse of the wire plastically deformed in
the first cycle gets stabiliza@sulting intoa small incremental increase of irrecoverable strain
and much smaller but stable transformation sttgpon further cyclinglt means thathe
material completely tauilt its internal microstructure, bthe functional properties remaia

In-situ electric resistance measurement was employed to follow the microstructure
evolution upon cycling, but it isot very well understoodt the moment because of two facts.
Firstly, electric resistance was measured only in the heating stage (when the joule heating
power pulse was triggered), because it was not calibrated properly. 8ecarstrange
evolution ofthe behaviourunder higheistresses (80@Pa 1000MPa) was observe@ne of
the explanation for this abnormal behaviour was insufficient heating temperature leading to
incomplete transformation.

The peculiarbehaviourof the electric resistance at higher actuation stress levels was
attributed toa low temperature shape setting mechanism described in the following chapter.
This mechanism is suspected to be responsible for the unstableestngieraturdehaviour

and changes ithe microstructure projected also into electric resistebaviour The dhange
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of the electric resistancleehaviouralso confirms that besides martensitic transformation,
plastic slip is present durine reverse martensitic transformatjaesponsibl€or a drastic
increaseof electric resistance above femperaturelt also indicates thahaximum damage
occurs wherthematerial is overheated in martensitic state

Neverthelessf properly understoodhein-situ electric resistance measuremsgmvesas
a very good complementanyethodto study the microstructure evolution upon thermal

cycling.
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Deformation/transformation processeurringin NiTi wires subjected to heating under
external constraintwere systematically studied in unique thermomechanicalloading
experimentspresented in this sectiohe evolutions of tensile stress, strain and electric
resistance of the wire measured during constrained heating/cooling tests are reported and
analyzed wit the help othesupplementary information provided by the application of various
in-situ and exsitu methods.The key method is thm-situ electric resistance measurement
which providesinformation onthemicrostructuresvolution during the tesi-situ synchrotron
x-ray diffractionmethodallowed for determimg the temperature and stress ranges, where the
oriented martensite transforms into deformed austeamiterded during the constrained
heating Digital image correlationIC) observation ofurface strains confirmed that plastic
deformation is coupled with the reverse martensitic transformation and localized to martensitic
regions onlyTransmission electron microscofyEM) investigation of microstructures the
treated wires gave us dd& information on the lattice defects involved. A unique
incrementaistep thermomechanical experiment helped us to find out thewunctional
properties of the wire evolve during the constrained heating.

The obtainedexperimental results are interpretedterms of the reverse martensitic
transformation coupled with the plastic deformatendislocation slip and twinningyhich
is understood as a deformation mechanism of Nidecific for high temperaturehigh stress
conditions. According to the avtable literaturethedislocation slip can be easily nucleated at
the propagating habit plane interface in NiTi in therm§#ly,50] and mechanically48,54]
driven martensitic ransformations. Combined transformation and plasticity appears also
during isothermal heavy deformation of NiTi at ambient temperaf84e85]as well as upon
deformation at high temperatur@s].

Besidesof the fact batthis deformation mechanisoffers aunique opportunity to shape
set NiTialloysat temperatures as low as 100°800°C,it alsoplaysakey role in actuatiofit
is responsible for the strain drift observed during the thermal cycling under stressuaed
malfunction of embedded prestrained NiTi elements exposed to accidental ovejhaading
very likely also in fatigue of NiTiBased on the knowledge ofishTRIP like deformation
mechanism, microstructure of the NiTi wire can be purposely manigudaid TWSME up to

4% can be imprinted to NiTi via single heating/cooling run under external constraint.
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3.1 Introduction

In the followingsection experiments dealing witthe reverse martensitic transformation
in NiTi subjected taa constrained heatingfter a deformation inthe martensite statare
discussedNiTi shape memory alloydeformed and heated undkeexternal constraint, which
prevents the oriented martensite phase from retubaog to the parent austenite phase, show
peculiar stresstran-temperaturdehavioursdue to martensitic transformation coupled with
plastic deformation due to dislocation slip and twinniimgthe literature, hermomechanical
loading tests investading such NiTibehaviourinclude: i) recovery stress tests undeed
length[69,70], ii) thermal cycling under dead lo§@i3] and iii) thermal cycling under general
constraint, where the constrained length of the wire varies linearly with forcerand
temperaturg24,71] Stressstran-temperature responses observedunhtess can beeither
fully recoverablg69] or not. Fora conventional NiTi wire, unrecovered strains appear after
heating/cooling whemaximum temperatuneached upon constrained heatixgeeds 100°C
under stresses of several hundreds of MB@aon the constrained heating, théeformed
martensitiovire transforms back tthe austenitevhile the stress rises and fall&fter cooling
and unloading,the wire becomes several percefdnger suggesting that irrecoverable
deformationprocesses took plaeehen the oriented martensite transformed to austenite upon
heating This is theprinciple of the shape setting of an alreaduperelastidNiTi wire or it
occurswhenanactuator wire is overloaded/overheatkoting thermal cycling

Conventionally, ©hde saheantteadinsehtafmeonstraned colah g
worked NiTi, made wittthe purposeto give it a new shape and functional properts73].
Typical conditions used for shape swjtof acold worked superelastic Ni€orrespond theat
treatmentat 400 °G-500 °Cin aconstrained shapsesing a fixture in environmental furnace for
several minutesCold worked NiTi caralsobe shape set by Joule heatjidi 76]. Mallard et
al [51,59] recentlyproved, thata cold worked NiTi can be shape set usargelectric power
pulse lastingnly afew milliseconds with very similar results.

While investigatinghe shape setting of cold worked and annealed thin NiTi wiregs
found that the required heat treatments are rather differdrtth casesTo shape set a cold
worked NiTi wire, it must be heated up to at least 40Rf&74] Superelastic NiTi wires,
however, could be shape set at reldyiiew temperatures below 250°(F7,78] without
modifying their functional properties. This was a breakthrough, since it enabled a technology
for shape setting of hybrid NiTi/polymer textiles without damaging the integrated polymer

fibres[79,80]. However, there are many issues that must be carefully considered when applying
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this technology. Functional properties are somehow different after shape setting of already
annealed wireghe new shape is not set exactly as required and sometimes it is not set at all.
These problems have been known in the industry. Engineers employ various tricks to deal with
them use different mandrels than actually requjrexd compensate the shape diéfieces,
perform the constrained heating slowly, in a step wise maanapply various conditioning
pretreatments prior to the shape settingqroannealed NiTi. These tricksequentlydo help

but not always, since the physical origin of the problemsamsnunclear. We believe the
knowledge on thphysical processes occurring in NiTi subjectethéxonstrained heatinge
obtained from the experiments reported below are very relevant for the shape setting and
actuation research.

There is rather limiteddata in the literature concerning the strsgsaintemperature
behaviourof NiTi involving large stresses up 1800MPaand high temperatures 204D0°C.
Althoughthe martensitic transformatiois present under such conditiptisebehavioutis not
reversble since thenherently presemnplastic deformation cannot wecovered upoheating.

In a typical shape setting experimgb8,70,81] on a superelastic or actuator NiTi wire
deformed to ~5% in tension, constrained and heated, the tensile stress starts to increase with
increasing temperature but reaches a maximum and decreases upon further heatingré\s the

is longer and austenitiafter the shape settin$8,81], it is obvious that the stress induced
martensite was converted to plastically deformed austenite while going through e stre
maximum[58]. Yan and Van Humbeedk 0] investigated evolution of the tensile stress of

NiTi thin wire subjected to constrained heating up to 300°C, isothermal holding and cooling.
They observed thabove mentioned stress maxima on the stersperature curves recorded
during the constrained heating kit not pay attention to them sintteey were particularly
interested in stress relaxations observed during the isothermal holdings at high taegerat

Surprisingly, there are onlg few research reports in the literature dedicated to the
investigation of the microstructure evolution during the shape setting of NiTi (constrained
heating) which would tell us what happens in the wire when it pabsesgh the stress
maximum insuchexperimentsMalard et al[74] analyzedthe evolution of microstructuref
a cold worked NiTi wire subjected to short electric pulses bgitn synchrotron xay
diffraction. They found that the cold work microstructure passes through a sequence of
recovery and recrystallization processes duarnfgw millisecond long Joué heat pulses
which can be precisely controlled to achieve required microstructureiactioinal properties
of the wire Yu et al[82] investigatedheevolution of microstructure of a heavily cedidawn
amorphous NiTi wire by synchrotronray diffraction during continuous heating in a furnace.
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They reponed structural relaxations via atomic rearrangements occurring in the amorphous
phase much below the crystallizati temperature. Benafan et R3] investigatedthe
microstructure evolution during shape settingrofanealedoft nearly equiatomic NiTi bar

by in-situ neutron diffraction. They found that the martensite transformebetaustenite
betweenl00°C- 200°C and stresses relaxed upon further heating to 450°C. Unfortunately, no
neutron diffraction spectra were recorded between the 10QTD°C, where the martensite
transformed to the austenite. They reported that the shape setting can be pedpeatdly
andthefunctionalbehavioumprior and after each shape setting treatment are comparable.

In this work experimentsimilar toBenafa® B3] andYand E/0] are performedWhen
analyzing the resultghe attention was paigarticularly to the deformation/transformation
processwhich convertsthe oriented martensite intie plastically deformed austenite during
the constrained heatinghis processvill be further on callediLow Temperature Shape Setting
ILTSSé. The termwas introduced earlier while working on the development of shape

setting technology foNiTi hybrid medical textile$80].

3.2 Materials and exper imental procedures

NiTi wires

The experiments were performed on Fort Wayne Metals superelastic NiTi wires-#1 (Ti
50.8at%Ni) with diametedt = 0.1 mm andDynalloy actuator wires Flexinol 90C with diameter
d=0.2 mm. The superelastic NiTi wires were usecbld worked state, straight annealed state
as supplied by the SMA provider or in special annealed state (heat treatment of cold worked
wire by electropulse miedd [48]) with initial microstructure and functional properties set as
desired for the LTSS experimentsAll superelastic wires are in austenitic
B2 phaseat room temperaturé.he wires show excellent functional properties and strength
approachingl500MPa(Figure18). F I e xi n ol 90C wire |1 s room mart e
temperature (Atemperature upon stress free heating iISCY0with minor fraction of
R-phase. Flexinol 90C wirs trained (thermomechanical cycliby suppliejy and shows two
way shape memory effect. During the measurements, the zero strainvags aét at high
temperature in austenitic state (above 90°C). Therefore, the-strasscurves for Flexinol
90C wire do now start at 0% strain.
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Figure18. Functional response of NiTi wires at room temperature. a) FWM #1 superelastic
b) 125W/16ms electropulse treated cold worked FWM#1 superelasticcjvirexinol 90C trained
actuator wire r. Microstructures observed by TEMNITi wires are insered in (a) and (b)
Microstructureof the Flexinol 90C(c) is very similar to (aj111].

Thermomechanicaltesting

Dedicated thermomechanical loading MITTER equippedwith Joule heatindsee chapter

1.4.2 was used to perforitnethermomechanical LTSS testswas programmed to perform

the stepwise thermomechanical LTSS téggre22) and linked to the control system of the
beamline. Xr ay di ffraction pati309 waeresmeds@réd daimggthel ar r
stopovers of the programmed constrained heating test (ddistgat temperature steps from

20°C to 400°C).Thin superelastic and actuator NiTi wires withrangeof different starting
microstructures were subjected to thermomechanical loading tests involving constrained
heating up tdemperature-500°C. Stress, gain, temperature and electric resistance of the

wire were continuously recorded.

In-situ synchrotron X-ray diffraction

To find out the temperature range of LTSS processes during constrained heating, i
synchrotron xray diffractionexperimentwasperformed ahigh resolution powder diffraction
beamline ID22 aESRF. The ID22 beamlineRigure19) uses monochromaticray beam and
high resolution point detector tecord adiffraction signal witha very high angular precision
in determination of di ffracted -spacing@.Highi ty as
angul ar resolution iIs needed f onmefleationaliny si s ¢

diffraction patternsneasuredluring the constrained heating of NiTi wires exposed to LTSS

treatments.
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Figurel9. Set upof the n-situ synchrotron xday diffraction experimenin ID22 diffractometemith
installed MITTER rig (left)andintroduction to the datanalysis(right). Radial geometrpf the in
situ diffraction experimenwith diffracting lattice planesoughlyparallel to the load axis suggestec
by the schematiicture

In the experiments, -ray energy was sdb 31keV (0.4A) witha beam sizeof 1x1 mm
irradiating NiTi wire volume of 7.85xf0or 31.4x16 ¢ min case of 0.1mm or 0.2mmire
diameterrespectively. Sincthegrain size of the straight annealed FWM #1 and Flexinol 90C
NiTi wires is below 100 nm and that of the 125W/16ms electropulse treated NiTi wires is less
than500m [51], the statistics of xay diffraction data was very gootihe MITTER stress rig

was mounted on theray diffractometem axial geometryor superedstic NiTi#1 wires (wire

was positioned ira vertical direction with the tensile axis lyingughly perpendicular to
diffracting planespr in radial geometryor actuator wiregwire was positioned ia horizontal

direction with the tensile axis lyinmgughly parallel to diffracting planes).

TEM characterization of microstructures

Thin foil specimens for TEM investigations of microstructures were prepared from the
LTSS treated superelastic 125W/16ms NiTi wires as well as from the samsubjieetedo
additional 125W/ 12ms electropulse treatment. A eeesdional surface of the cut wire was
carefully polished. Longitudinal or transversal slabs were extracted from the center of the wire
using the focused ion beam (FIB) technique and subsequenthgthio electron transparency.
TEM observations were carried out in a FEG TECNAI4S20and CM30 Ultrarwin operated
at 200 kV and 300 kV, respectiveMicrostructures of the wires prior and after the tests were

analyzed by TEM in order to leaabout laice defects and deformation mechanisms involved.
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3.3 Thermomechanical loading experiments

First, the basiclow temperature shape settiggtsperformed on thin NiF#1 superelastic
andFlexinol 90Cactuator wireswvith four different initial microstructure(Figure20) will be
discussedbelowto introduce the reader the constrained heakpgriment®on different types
of NiTi wires. Starting microstructures and initial loading states of the samplesctbij®
LTSS tests are listed ihable3.

Table3. Initial microstructures and loading states of the NiTi waglsiected to LTSS tests.

Figure 20 sample initial (r:lic(;&s;r:)cture initial loading state - (phase)
a,b NiTi#1l austenitic 450MPa / 1% (austenite)
c,d NiTi#l cold worked OMPa / 0.1% (cold worked)
ef NiTi#l austenitic 580MPa / 7% (reoriented martensite)
g,h Flex. 90C martensitic 700MPa / 7% (reoriented martensite)

The constrained heating/cooling tests up to-300°C wereperformed by Joule heating using
controlled electric power pulseMa ¢ r o s €To pa rRddresponsesHigure 20) recorded
during the constrained heating tests represenpliservednaterial behaviour-igures20a-d

show such responses for fully annealed superelastic NiTi wire in austenitéigfates20a,b)

and a cold worked NiTi wireRigures20c,d) during constrained heating/cooling by electric
pulse up to 700°CNote that the stress and electric resistance responses of cold worked and
austenitic wires are very differefithe diffelence is only in the material state of the wire prior

the testWhile the response of the fully annealed austenitic Wigufes20a,b) is nearly linear

and perfectly reversible on heating/cooling (thermal dilatation and electric resistance variation
of a metal), the respses of cold worked wire are ntinear, hysteretic and irreversible since

its microstructuresignificantly evolves during the constrained heatwwgile it undergoes
recovery and recrystallization processEsere is a stressamimum stress of the order G0
600MPaat temperature ~400°C upon the constrained heating. The stress maximum and
temperature at which it is observed do not depentherapplied heating rate and prestrain.
The austenitidNiTi wire cannot be shape set at all in spite of 588Mtartingstress and
maximum temperature as high as 7001€.order to shape s#te cold worked wire [Figures

20c,d), temperaturéigher than 400°C must be reached since the microstructure abtth
worked wire starts to recrystallize beyond the 400°C tempergtdieThe recrystallization
processis driven mainly by the internal energy stored in the crystal defects and internal stress

of the cold worked wire, the stress is not so important.
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Figure 20. Stress and electric resistance responses recorded of NiTswljected to electropuls
heatingcooling under external constraif@ontrolled electric powein the heat pulsdength of the
wire fixed): a,b) fully annealed superelastic wire in austenite state (prestrain 1%, stress 42
c,d) cold worked NiTi wirgprestrain 0.1%, stress 10MPa), e,f) straight annealed superelasti
wire deformed beyond the end of the stress plateau (prestrain 7%, stress 580MPa) and g,h)
90C NiTi wire deformed beyond the end of the stress plateau (prestrain 7%, Shd§=aH411].

Figures20e-h show constrained heating responses for fully annealed wires in martensite state.
Figures20e,f showaresponse ahesuperelastic straight annealed NiTi wire deformed beyond
the end of the stress induced transformation plateau (580Migayes20g,h showresponse

of the Flexinol 90C NiTi wire deformeid martensite statill 640MPa beyond the end of the

reorientation plateauBoth wiresare in theorientedmartensitic state when the constrained
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heating starts. Compared to the cold worked NiTi whigres20c,d), the maximum stresses

reached upotheconstrained heating of annealed NiTi wiregy(res20e-h) are much higher

and are attained at mudower temperature. This is where the term Low Temperature Shape

Setting /LTSS/ comes frofi80]. As will be explained further below, while the cold worked

wire is deformed plastically during the recrystallization progdysamic recrystallization)

upon the constrained heating, the oriented martensite in annealed wires is converted to

plastically deformed (longer) austenite by the LTSS deformation/transformation process.
Figure21 presents results of similar constrained heating tests on straight annealed FWM

NiTi#1 superelastic wireSincethe wire deforms via propagation of martensite bands of

localized deformatiof88], it can be prestrained in tension to ~500MPa in a way, that it is:

1 deformed elasticallpnly up to 1.2% strairso it isin austenite(R-phase) when the
heating start¢Figure21a),

1 deformed up to 4% strain so that martensite band covers a part of the wivehenly
the heatingstarts(Figure21d)

1 deformed up to 7% strain so that it is fully martensitieen the heating star(sigure

219).

Superelastic stresdrain responses of the wire prior and after the constrained
heating/cooling are compared tine right column(Figures21c,f,i). If the wire is heatedn
austenitic state {a), the response of stress and electric resistance during the constrained
heating/cooling is completely reversible. The stress remains high upon heating because of the
R-phase. Neither dimension®or superelastic properties tfie wre are affectedby the
constrained heating/coolingigure21c). In contrastthe heat treated martensitic wskows
hysteretic irreversiblestress and electric resistance response during the constrained
heating/coolingFigure21h). After the heating/cooling, is 4.7% longeand shows different
superelastic respeathan prior the teqfFigure21i). The superelastic stresgrain response of
heat treated partially deformed witdgidure 21f) exhibits only partial shape setting (only 2%
nonrecovered strain) and peculiar superelastic curve with two stress plateaus.

Notethat, dthough the length of the wire remains constant during the heating/ctesing
the wire becomes longbut fully austenitic and functionaftercooling andunloading(Figure
21g,i). This suggests that theriented martensite must habeenconverted to plastically

deformed longer austenite during the constrained heating/colliather words,le wire was

54



shape seat relatively low temperature below 3@ within the LTSS temperature range
(Figure21h).

A possible explanation of such experimental resuli&gares21d-f (prestrain 4%) is that
the wire was shape set (plastically elongated) only in the parts, where the martensite band
existed during heating and that the microstructure of the heated wire became heterogeneous
after cooling/heatingThis explanation would rationalize the curious superelastic curve with
two stress plateaus #igure 21f. Direct experimental evidence sugpng this assumption,

however, was missing. It will be further discusgethechapter3.7.
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Figure21. Stress and electriesistance responses recordedstraight annealed superelastic Ni
wire (FWM #1 wire)subjected to electropulse heafitmpling under external constraiimt: a-c)

austenite state (1% prestrainjf)dnixed austenite + martensite band state (4% prest@ingtress
induced martensite state (7% prestrairtje experiments consistfmestraining at room temperatu
to various strains (a,d,g), constrained heating/cooling t63G@b,e, ) followed byunloading at roon
temperature. Superelastic stresisin responses prior and after the LTSS treatmentrareially
compared ir(c,f,i). The LTSS temperature range where plastic deformation occurs is denotec
[111].

55



3.4 In-situ synchrotron x -ray diffraction LTSS experiment

In order tofind outat whichtemperature and stress thigentedmartensite transforms to
austenite upon the constrained heatingsiin synchrotron xay diffraction experiment was
performed at the high resolution powder diffraction beamline ID22 at EERfare 19).
In-situ synchrotron xay diffraction experiments were performed on: i) straight annealed
superelastic NiTi wire, ii) superelastic NiTi wire (125W/1$mlectropulse treated) with
special recrystallized microstructure and iii) Flexinol 90C NiTi actuator MIi@TER stress
rig adapted for irsitu synchrotron sxay diffraction experiments was used to perform the
thermomechanical tests. NiTiires wereprestrained beyond the end of the stress plateau
(presumably resulting iroriented martensite everywhere in the wire) and subsequent
constrained heating/cooling was run up to preselected maximum tempeXatayediffraction
patterns {8®)Uvere eearded dufing the stopovers in the prograrnthe
thermomechanical tegequidistant steps of <€ from 20°C to 400°Q while the evolving
stress, strain, temperature and elecasistance of the heated wivere continuously recorded.

The key insitu diffraction experiment on the Flexinol 90°C actuator wire was performed
using the MITTER tester programmed to run incremental constrained heating test with 46
incremental heating stepsigures22,23) for diffraction measurements to be carried out during

the stopovers at constant temperature. The program consists of:

Heating the wire to 10€ under 5MPasetting the strain to zero and cooling t6Q0
Loading to 7% strain at 20°C inp@sition control and constraining length of the wire
Heating to preset T™>Stemperature by electric power (heating ratéGr4)

Holding for 600s at the “FSStemperature while measuring the diffraction pattern

a r w0 NP

Continue by step 3 with incrementally inased TSt e mper at°Cr e ( TAa7

The obtained >ay diffraction data provide key structure specific information on the
microstructure evolution ithe NiTi wire subjected to constrained heating. The evolstmn
integrated intensities, positions and widths (FWHM) of individual reflectiom®analyzed.
Theirradiatedgauge volume is considered to represent the whole wire as the physical processes
taking place in the fully deformed, constrained and heated WifE are considered to be
homogeneous. Volume fractions of austenite and martensite phases in the heated wire were
determined employing a full diffraction pattern fit by Rietveld refinement for Flexinol 90C
wire and using single peak fit to extract indival intensities for superelastic wires using
TOPASS software (Fphase not considered). Peak positions and peak widths (FWHM)
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carrying the information about defects and internal stresses in austenite and martensite phases
were determined from single peakdnalyses of individual reflections for both Flexinol 90C

and superelastic wires.
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Figure 22. In-situ incremental synchrotron-ray diffraction LTSS experiment on Flexinol 9C
actuator wire The wire is deformed at rootemperature to 600MPa, constrained at 7% strain
heated in a step wise manner to 300C(a). Stress and electric resistance of the wire are cor
recorded (b) and Xay diffraction patterns (c,d,e) are recorded in radial geometry during 10 m
long stopovers. Volume fraction of austenite and martensite phase in the wire (b) is evall
guantitative phase analysis of complete diffraction patterns (c,d,e) using Rietveld dhallisis

Results of then-situ experiment on the Flexinol 90C aetor wire are mainly discussedre

(Figures22, 23). Since the heating wasepwise in timg¢Figure22a right) the experimentally
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recorded stresslectric resistanceemperature response reflects the heating stepsalding
time at stopoverswhile recordingthe diffraction patters). Variationsof stress and electric
resistanceduring the heating steps and holding timeslaikation$ were evaluatedThe
diffraction patterns recorded during stopovers upamstrained heating clearly document that
reverse martensitic transformation takes plagen the constrained heatingiqures22, 23).
Detailed look on the left sidef Figure22b shows emerging austenite 011A reflection growing
and broadening next to the disappearing martensite reflections 012M and 021M, sugfgesting
progress of thereverse martensitic transformation and microstructure hardewitiy
increasing temperatur&hedetail on the right sidef Figure22b shows decrease of the width
of the 011A austenite reflection suggesting microstructure recovery ugibarfheatingPhase
volume fraction®f austenite and martensjpbasesvere determined by the Rietveld analysis
of thewholerecorded diffraction patterr{&igure22b middle). Theobtained xray diffraction
resultsarepresentedogether withthe evolvingelectric resistance and strasg-igure22c. It
clearly show a gradual change of tleeientedmartensite into the austenite phase upon heating
in the temperature range 150F@B0C°C, where maxima of both electric resistance and stress
are observed.
Further informationon the microstructure evolution upon heatiwgs obtained from the
analysis of the evolutioaf individual reflections Figure23). The intensities othemartensite
and austenite reflectisndecrease and increase, respectively, as showkigures 23b,c
reflecting the progress of reverse martensitic transformations in particularly oriented grains
The widths(FWHM) of diffraction peaksevolving during the constrained heatirf§igures
23d,e) reflect another aspect of the microstructure evolution upon heafing. peak
broadeningeflects an increase of the density of lattice defects and internal strain within the
microstructue while decreasing FWHMreflects microstructure ecovery anfbr
recrystallizationThe widths of martensite peakSidure23d) remain constant on heating up
to ~150 °C and sharply increase with increasing temperature above ~200 °C until they
disappear. The austenite peaks emerge already brog@eged:23d) when they appear in the
diffraction patterns upon heating and their widths at first increase reach a maximum and then
significantly decrease upon further heatibhpte that dferent peaksgeach maxima atery
different temperaturegigures23f,g show evolutions od increments arethxations of electric
resistance (f) and stress (g)pon heating. They provide additional information on
microstructure evolutiomwhich will be furtherdiscussed in chapt88.3

In conclusion, the ksitu synchrotron xay diffraction experiment shows that the oriented
martensite in the constrained wire gradually transforms to the austgrute constrained
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heatirg within the LTSS temperature range and that the wire microstructure hardens until the

end of the LTSS temperature range and recda&gsupon further heating.
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Figure 23. In-situ incremental synchrotron-ray diffraction LTSSexperiment on Flexinol 90(
actuator wireNormalized integrated intensities of selected martensite (b) and austenite (c) refl
evolving during the constrained heatifyVHM peak widthof several reflections ahartensite )
and austenite (ejncrements and relaxations of electric resistance (f) ansisstg® areshownwith
superimposed electric resistance and stress of the wire continuously recorded during the co
heating[111].
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3.5 Ex-situ LTSS experiment

Thereverse martensitic transformation was confirmed andetmperature rangaevhere
the oriented martensite was converted into austends determined from th@a-situ x-ray
diffraction experimentHowever there was limited information abotlte plastic dformation
andgeneration ofattice defectsipon heatingln which the stage of the constrained heating
doesit occurs? Also, it was unclear how the functional properties of the wire evolved during
the constrained heating. To find out thae performeda unique exsitu incremental LTSS
experimenbn the Flexinol 90C wiréFigures24 - 26). This ex-situ experimenin factmimics
the constrained heating conditions of thesitu synchotron xray experiment without-xays
but includesthermomechanicasubtests for evaluating the functional properties after each
heating stepA complex thermomechanical schedule was programmed and executed using the
MITTER tester

The program involves:

Heating the wire to 10, setting strain taero and cooling to 2€ under 5SMPa
Loading to 7% at 20°C in position control and constraining the wire length
Heating tothe pre-set T"SStemperature by electric power (heating ratéG/4)
Holding 150s athis temperature

Cooling to 20°C

Unloading to 5MPa at 20°C in position control

Heating from 20°C to 150°C under constant stress 5MPa using Peltier chamber.
Cooling from 150°C to 90°C under constant stress 5MPa using Peltier chamber.

© © N o o s~ w DB

Loading at 90°C till 6BMPa in position control.
10. Unloading at 90°C till 5MPa in position control.
11.Heating from 90°C to 150°C under 5MPa constant stress
12.Cooling from 150°C to 20°C under 5MPa constant stress

13. Continue by steg usingT-™SSincrease by ~TC
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Figure24. Ex-situ incremental LTSS experiment on Flexinol 90C actuator Wines experiment (see
test schedule and topside schema) basically simulates-#itl ihTSS experiment but, instead of
recording xray data in stopovers, agacribed sequence of thermomechanical loadg {4 performed

in each step. Functional strestgsainelectric resistanceemperature responses recorded in selected
material states A are showrin four columns. From the left: Cal constrained heating/obing step

to the preset TS temperaturgCol.2: heating/cooling to 90°C under constant stress 5MPa3Col
loading/unloading up to 650MPa at 90°C in position control.4&Zdleating/cooling to 20°C under
5MPa constant stregs11].
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The irreversible plastic deformation processes are expected to proceed only during the
constrainecheatingsteps (program step By potentially during the 150s holdisfprogram
step 3)at the peak temperatufie™>* (stressincrements during the heatingep andstress
relaxations during the holding tim&he material state of the wire (microstructure) changes in
each step. The other prograteps (612) were made to evaluate the presumably reversible
stressstraintemperature responses due to the maitteieansformation for current material
state. Four rangesf maximum temperatureg-">° in which the functionakesponses are
different can be clearly distinguishedfigure24 as follows:

A-B) the wire length changes minimally uptime constrainedheating/cooling andhe
variation of functional response consists mainly in the decrease of the plateau stress,

B-C-D) the wire elongates sharplyponthe constrainetieating/coolingthe superelastic
property isgraduallylost and TWSME up to 3% appears,

D-E) the wire further deforms plasticallyjponthe constrainetheating/coolingand the
superelastistressstrain esponseaimilar to the virgin wiregradually reappears

E-G) the wire length changes minimally updhe constrainedheating/cooling but
functional properties degrades (plateau strain increases, hysteresis widens, cyclic instability
and strain irreversibily appears).

It is essential to note that there is a difference between the-negsrature responses
presented ifrigure24 and stressemperature responses observeth@individual continuous
constrained heating tests up to various maximum temperaftif&s (Figures20, 21, 22)
consisting in that in the esitu test, the microstructure of the wire graduallglves from A to
G and starting microstructuresthe wirein each step are thus different. This is the reason why
stress maximum is not observed on the sttesgperature responses during the constrained
heating/coolingigure24, Col.1).

The key outcome from the esttu experiment is that the NiTi wire gets plastically
deformed Figure 25) upon the constrained heating withthe LTSS temperature range
B-C-D (Figures24, 25), where the oriented martensite transforms to the austenite. Clearly, the
hot strain incrementHjgures 25, 26) is maximal around the state C within the LTSS
temperature range, where the saesticity of the wire is lost due #high density of newly
created lattice defectEigures24, 26). Plastic deformation, nevertheless, occurs also at higher
temperatures in the range® (>200°Q. Figure26 helps the reader to obtatomplete view

on the evolution ofhefunctional responses of the wire during the constrained heating test.
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Figure25. Ex-situ incranental LTSS experiment on Flexinol 90C actuator wime/ide experimenta
evidence on the evolution of th#ot strain(red) andncrement of hot straifmagentagvaluated in
austenite phase at 150fCL1].
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Figure 26. Ex-situ incremental LTSS experiment on Flexinol 90C actuator vAectional
responses of the wire (see topside schenkdguare 24: b)2-3, ¢)34, d)45) evaluated during th
constrained heating. Response recorded in 5 selected states A,B,C,D,E (a) are emphasize

in graphs bd [111].
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3.6 TEM characterisation of m icrostructures in LTSS treated wires

It was concluded from the exsitu experiment reported in the previous sedion
(Figures24 - 26) that thedensity of defects within the microstructure NifTi wire at first
increased the LTSS temperature ranged later decreasesiring the constrained heatirg.
order to obtaira direct experimental evidence on thise microstructure in the LTSS treated
wire (Figure27) wasinvestigatedoy TEM. Thin foil specimengor TEM investigationsvere
preparedrom the LTSS processed wies follows. A crossectional surface of the cut wire
was carefully polished.dngitudinal slabs were extracted from the center of the wire using the
focused ion beam (FIB) technique and subsequently thinned to electron transparency. TEM
observations were carried out in a FEG TECNAI&20and CM30 Ultrarwin operated at
200kV and 30kV, respectively, at EMAT, University of AntwergAn attemptto study
dislocation microstructures in the LTSS processed straight annealed FWM#1 wire by TEM
was impeded by the overlapping contraghefyrain boundaries in nanograined microstructure
of this wire (Figure 18a) and similarly for the Flexinol 90C wire having similar grain size
Hence,the TEM investigation of microstructuresas performed superelastic 125W/16ms
electropulse treated NiTi wire havimgcrystallized microstructure wilarger500 nm grains
as illustrated irFigure27a.

pristine state after 10 superelastic cycles after LTSS treatment

TEM lamela

wire
®axsi

50um

Figure27. Microstructures in 125W/16ms electropulse treated FWM #1 NiTi wira)ixirgin state,
b) after 10 superelastic cycles at room temperaéi8ijeand €) after LTSS treatmeit11].

The wire was prestrained to 9% and heated under constraint up to Bofuife28). After the
treatment, thevire is 7% longer, austenitic and shows excellent superelediavioul(Figures
28c,d) 1 plateau strain is shorter, hysteresis smaller and the superelastic resparessisbie
on tensile cyclingTEM characterization was performed prior and after the LTSS treatment.

The latter shows amicrostructure characterized by a much higher density of entangled
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dislocations, internal strainamellar defect@nd no residual martensit€igure 27c). This
microstructure is remarkably different from that credbgdcyclic superelastic loadin@8],
where dislocations/ere clearly associated with {011}/<100> slip systefgre27b). This
means that LTSS deformation/transformation mechanism is completely different from that
acting on cyclic superelasticity.

Details of this microstructure ashown inFigures29, 30. Unlike afterthe superelastic
cycling (Figure27b), single dislocatiosicould hardly be resolved inf2am analysis due to
the very dense network of entangled dislocations and strong strain cdfityast29).

Figure28. LTSS experiment on 125W/16ms electropulse treated NiTi FWM #1(priestraining to
9%, constrained heating/cooling to 30Q@Joading) Superelastic stresgrain responses prior ar
after the LTSS treatment are compared (c,d). TEM Microstructures before and after treatmer
reported inFigures27- 29[111].

The activity of a plastic deformationupon the constrained heating evidenced by the
formation of dislocation cells and wallBigure 30). Lamellar defects witla high density of
dislocations insidghem a feature that was never observed in the superelasticaly cycled
125W/16ms wirs, were abundant throughout the thin sldrgght field (BF) image irFigure

30a shows several such lamellar defects. Their crystallographic relationship with the grain
matrix wasinvestigated by selected area diffraction (SAD) acquired over the circled areas. The
pattern obtained over area (b) shows two sets of reflections in {110} orientdtignss30b),

one originating from the grain matrix (circular red dofigure30c) and one from the planar
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