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Abstract

Co-Ni-Ga hightemperature shape memory alloys (BWAS) are considered as promising
candidatedor applicatiors as damping deviceat elevated temperaturebhis isdue to their
good processability, low costs ofethalloying elements and fully reversible superelastic
response up to 50T. In particular the possibilityto reach hightemperature superelasticity
without significant plastic deformatiaspens up new researahd applicatiorields. This fact

is related to strengthenimd the material by segregation mfeangrecipitates in the austenitic
phase (precipitatichardening) However, the functional behavior of the matergabktrongly
dependent on microstructural mechanismierefore, detailed experimental investigations
using in situ neutron dfraction, optical and confocal laser scanning microscopy were
conduc¢edin the present worko assesthedomain variant selectigstressinduced martensite

morphologyand superelastic responseCosoNi21Gaso HT-SMAS.

The results show, th#te stressinduced martensitic phase in thegaswn condition is able to
withstand about 86 elastic strain in [001$riented CeNi-Ga at ambient temperature which
significantly increases the overall deformation capability of this alloy system. In the
precipitationhardened material fundamenyal different stressnduced martesite
microstructures were uncovered comparethto precipitatdree solutionannealed statand
theasgrown stateAging treatments performed at 3%0 introduceo BEangrecipitatesvhich
reducelamellarmartensiteplate thicknessandincreasethe numbeiof habit plane interfaces
Undercompressiono Bangrecipitatedrigger stressnducedmartensitemicrostructurs with
multiple orientations of Hat planes(multi-variant martensite microstructgrand multiple
domain variantsSuch kind of ncrostructure with significant variasvariant interactions in
multi-variant microstructures kia been supposetb increase the stress hysteresislth.
However under tensile load onlyne set of parallel haljilanesandonesingle domain variant
of stressinduced martensite i f ul | y dppeaaiv theypnesedod Ran@recipitatesThe
results clearly show thap Enangrecipitatesdo not necessarilypromote multi-variant
interaction during tensile loadinghus, reducedtrainrecoverability in CeNi-Ga SMAS upon

aging cannot be solely attributed to this kind of interaction as has been prepdaed
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Abbreviations

At Austenite finishtemperature

As Austenite startemperature

BCV Bain-correspondncevariant

CLSM Confocal laser scanninmgicroscopy
CVP Correspondntvariant pair

DSC Differential scanning calorimetry

EDM Electrodischarge machining

HARTEM High-resolution transmission electron microscopy
HPV Habit plane variant

HT-SMA High-temperature shape memory alloy
Mg Highest temperature above whittartensite can no longer be stressuced
Mt Martensite finishtemperature

Ms Martensite statemperature

MT Martensitic transformation

ND Neutron diffraction

OM Optical microscopy

PSD Positionrsensitive detector

SAED Selected area electron diffraction

SE Superelasticity

SIM Stressinduced martensite

SMA Shape memory alloy

SME Shape memory effect

TEM Transmission electron microscopy
TOF Time-of-flight

TWSME Two-way shapanemory effect



Introduction

1 Introduction

The demand for shape memory alloys (SMAS) as promising functional materialtuators
and damping devicdsas grown significantly in the last decadBsierig et al. 1999; Otsuka
and Wayman 1999; Lagoudas 2008; Ma et al. 2010; Mohd Jani et al.. Zbe&) unique
functional propertiesre tased on a diffusionlesand fully recoverablesolid-to-solid phase
transformation from high temperature austenite to low temperature mart@hsbility to
recovera high amount of transformation straim possibleby heating (shape memory effect
(SME)), unloading (superelastici§oE)) or heating and cooling under isobaric conditions (two
way shape memory effeqfWSME) (Otsuka and Wayman 1999; Lagoudas 2008)e
discovery ofthe shape memory effect in equiatomiicTi in 1963 (Buehler et al. 1963as
groundbreakingor the SMA research fieldNiTi SMAs exhibit a maximum transformation
strain of 10% (Miyazaki et al. 1984and excellent plastic slip resistarveih a stable response
over many cycleg(Strnadel et al. 1995; Gall and Maier 2002urrently, binary NiTi (also
referred to as Nitinol, NiTi) ishe most widely employeflinctional metallic material due to
the excellentcorrosion resistancgrondelli 1996) high damping propertie®/an Humbeeck
2003) good biocompatibility EsSouni et al. 2005and the excellent strength and ductility
(Miyazaki et al. 1981, 1991articularly the demand for functional materials in automotive,
aerospace and turbine engine industries has grown significantly, where the operation
temperatures often exakd 00 °C (Otsuka and Wayman 1999; Hartl and Lagoudas 2007;
Lagoudas 2008; Ma et al. 201@hus ternary NiTi-X alloys (X = Zr, Hf, Au, Pt, Pd) have
been designed to increase the transformation temperé&otxerg et al. 1995; Hsieh and Wu
1998; Besseghini et al. 1999; Firstov et al.£2000ebe et al. 2005; Padula et al. 2008; Stebner
et al. 2014; Evirgen et al. 201%) this regardSMAs with transformation temperatures above
100 °C are referred to dsigh-temperature shape memory alloysT¢(SMAS). Currently, N¢
Ti-Hf HT-SMAs impart remarkable functional properties exceeding transformation
temperatures of 40C (Sehitoglu et al. 2017However, the demand for high amounts of noble
metals (Au, Pt, Pd) iassociated with high production cqstadalloying Ni-Ti with refractory
elements (Zr, Hf) causes limited workability due to pronounced brittlgiMset al. 2010)
Additionally, key critera for high-temperature applicability arerlg term microstructural and
functional stability and high resistance against plastic deformétmgoudas 2008; Ma et al.
2010) However, the operation of NiBMAsis limited to 75°C (Sehitoglu et al. 2000, 2017)

In particular, thermal instabilities and activation of slip remain challengioglems ashey
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promoe functional degradatn impedng the transformation recoverabilifMiyazaki et al.
1986)

In recent yearsHeuslertype CoNi-Ga SMAs turned out to be promising alternatives for
applications at elevated teematures, due to improved formability by controlled ductifhase
formation (disordered fcc) within thiephase matri{Oikawa et al. 2001)In addition the
relatively inexpensive alloying element of this systerompared toNi-Ti-Hf alloys, are
attractive for industrial applicatiorisla et al. 201Q)A large SE response with a fully reversible
stressinducedmartensitic transformatiomp to 500 °C and excellent lofigrm cyclic stability
without functionaldegradation up to 100 °C vmbeen shown in single crystalline material
(Dadda et al. 2006; KrooR3 et al. 2015, 201@)alifying CoNi-Ga for hightemperature
dampingapplicationsIn addition, appropriate heat treatment procedures have been shown to
open up new possibilgs for aalabr applications at elevated temperatures by aging in the
stressinduced martensitic phase, referred to as -8thg.As pointed out byNiendorf et al.

(2015 and Lauhoff et al.(2018) SIM-aging brought an increase tie transformation
temperaturedy about 15C°C as well as a fully reversible martensittansformationupon
thermoemechanical cyclingAs dislocation slip is suppressed in the {110}(001) slip system
most of the work on Gdli-Ga was addressed to single crystals in [@f¥igntationin order to

study the fundamental mechanisms in this allogteay Co-Ni-Ga single crystals ifi001]
orientationrevea large maximumSE strains of-4.6 % and 8.6% in compression and tension,
respectively, as well as excellent functional properties as compared to single ofysthér
orientations or polycrystal(Dadda et al. 2006, 2008; Chernenko et al. 2007; Monroe et al.
2010; Niendorf et al. 2013; Vollmer et al. 2015; Lauhoff et 2018) In particular,
polycrystalline CeNi-Ga alloys often suffer from intergranular fracture upon
thermomechanical processing due to the pronounced anisotropic transformation behavior
(Dadda et al. 2008; Voller et al. 2015; Lauhoff et al. 2019bjowever, substantial progress

has been made very recently in terms of the establishment of robust processing routes and
improvedfunctional performanceé/ia hot extrusior(Karsten et al. 2019; Niendorf et al. 2019)

and additive manufacturinf.auhoff et al. 2020b, 2020ahicrostructures characterized by
minimized grain constraints have been introduced featuring high damage tolerance and good

functional properties.

Furthermore, pecipitation hardening antermediatetemperature aging treatments effedive

improves the functional properties at elevated temperatuiiéss has been shown in various
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SMAs (Miyazaki et al. 1983; Pons et al. 1993; Gestal. 1994; Shimizu et al. 1998; Sehitoglu
et al. 2000; Gall and Maier 2002,n CoNi-Ga SMAsfor instance, e introduction of
o Ran@recipitatesncreases thgield strength of thenaterial(Chumlyakov et al. 2008, 2012;
Kireeva et al. 2013, 2014However,the size and morphology(spherical or elongated)f

o Rangrecipitateamodifies the martensitic microstructure astebngly affecs the functional
properties in CaNi-Ga SMAs (Kireeva et al. 2013, 2014}t is of utmost inportance to
characterizéhe impact of martensitic microstructunegh respect tahe mechanical material
behaviorwhich is necessaryfor potentialindustrial applicatiors. Up to now,the effect of

o Rangrecipitateon the functional propertiés Co-Ni-GaSMAswas mainly investigated in
thermally induced martensitgireeva et al. 2013, 201450 far no studies are available
discussing the rolef morphology and domain variaselection of stressiduced martensite
Hence detailed investigations were carried out on single crystallindli@@a SMAs to assess
the effect ofo Bangrecipitateson stressnduced martensite under compressive and tensile

single cycle superelastic deformation.
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2 Theoretical background

2.1 Martensitic transformation

Shape memory alloySMASs) are a unique class of shape memory matessla result ofhe
reversible maensitic phasetransformation(Otsuka and Wayman 1999; Lagoudas 2008)
SMAs thistransformation is a solitb-solid phase transformation between high temperature
austenitdparentphase and low temperature martensjproduct phaseAustenitehas a higher
crystallogaphic symmetrygenerally cubicjhan that of martensi{®tsuka and Waymat999;
Bhattacharya 2003; Lagoudas 2008)emartensitic transformation involves an abrupt change
of the crystal lattice (first order) and diffusionless (displacive) such that there is no
rearrangement of atomgBhattacharya 2B). Fig. 2.1a is a schematic martensitic
transformation in a single crystal of a parent phase.tfensformatiorfrom one structure to
the otheroccurs by shear kte distortion along the interfacebetween the austenitic and

martensitic phase

FT T, y 4
Austenite myl
: i i —
\ m,
Martensite - m
Martensite Bl
X

habit plane

Fig. 2.1: (a) Schematic of the martensitic transformatimm austenite to martensite in a single
crystalline specimen(b) The martensite lattice is obtained kycombination of ashear
componenalongmy and a dilatationcomponenalong my (modified afterGall and Sehitoglu
1999.

The interface between both phases is referred twabs plang(Otsuka and Wayman 1999;
Bhattacharya 2003; Lagoudas 2008dllowing Fig. 2.1b the habit planeremainsinvariant

sinceit does not otate or deform during the transformatio(Bowles and Mackenzie 1954;

4
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Mackenzie and Bowles 1954; Otsuka and Wayman 1999; Lagoudas Z8@8)nit vectos
characterizing the normal of the habit plamel the transformation direction arendted a®

and m respectively The transformatioris accompanied by a shape changeardbe broken
into two componentsA shear componerglong my (invariant plane strain (IPS)), while the
dilatation componenperpendicular to the habit plaaéong ny represents a smatdistortion

The invariant plane strais obtained bycoordinatedatomic displacemestwhich convert the
initial austenié to the final martensitlattice (Bowles and Mackenzie 1954; Mackenzie and
Bowles 1954)In the final martenséstructure his invariant plane straiis a simple shear on a
twinning plane or in twinning directio(Bowles and Mackenzie 1954puring martensitic
transformation apontaneoustrain arises around martensite which is associated with the shape
change and the corresponding méch in crystal lattice between martensite and austenite
(Otsuka and Wayman 1999; Ma et al. 201@)nsequentlystrain reduction is attained either
by introducing slip or twins ashownin Fig. 2.2.

Austenite Martensite

twinning

|

Fig. 2.2: Schematic of the shape change upon martensitic transformation and strain reduction

(accommodation) by introducing slip or twi(reodified aftetOtsuka and Wayman 1909

Slip deformation and twinningesults inthe formation of a seliccommodated martensite
microstructurewithout macrosco shape changéOtsuka and Wayman 1999; Lagoudas
2008) However, 8p leads toplastic and irreversible deformation of the matenahereas

twinning in martensite enablescrystallographicallyreversible phas&ansformation to the
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initial austeniteconfiguration Both mechanisms depend on the type of allGysuka and
Wayman 1999)In SMAs twinning of martensite is faved to accommodate the strain which
gives SMAs their unique propertiéBhattacharya 2003 onsequently, the composition of the
alloy has to be adjusted to increase the resistance against plastic defo(@&id@ and
Wayman 1999)

A typical observable featune SMAsis thetwinned martensiteicrostructurevhichcomprises

two symmetryrelated martensite domain variaif¥s. and %), termedcorrespondent variant
pair (CVP)asshownschematicallyin Fig. 2.3. Domain variants have the santeusture but
thear orientations are differeffOtsuka and Wayman 1999; Bhattacharya 2003; Ma et al. 2010)
When the martensite lattice is obtained from the austenite lattice a-fstedsvin plane
between two domain variants forms the twin interfg€tsuka and Wayman 1999;
Bhattacharya 2003Y his structuralchangeproduces dferent regions of the crystal exhilnig
domain patterns of symmetrglated domain variants of martensite in a length scale of

nanometers up to tenths of millimet¢Bhattacharya 2003)

Twinned Martensite
h N NN NN

Fig. 2.3: Schematic of a twinned martensitic microstructure separated by the habit plane
interface from austenite. The domain pattern of martensite is compasad-oélated domain
variants M and \4. The topography of the domain pattern is highlighted by the imedified

after Lagoudas 2008

It is worthnoting, thatow magnifications enablenly the visualization omartensite plates by

an optical contrastn order torevealdomain patterns ahartensitc microstructure a higher

6
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magnification is requiredBased orthe high mobility of twinplanesand habit plane interfaces
martensiticphase transformatigmare crystallographically reversiblén this case the shape
memory response is characterized by a natramsformatiorhysteresisand the driving force
is verysmallasshownin Fig. 2.4 for an AuCd alloy(Otsuka and Wayman 1999)his typeof

reversibletransformation iseferred to as thermoelastic

1.00

Resistance ratio

0.25

[ o 1 1 ¢ 1 o 1 ¢ 1 4 1
173 273 373 473 573 673 773
Temperature [K]

Fig. 2.4: Electrical resistance as a function of temperature ofGsl(thermoelastic) and Fe
Ni (nonthermoelastic) alloys during heating andoling (modified afteKaufman and Colre
1958.

On the other hand large transformation hysteresis is associated with a large drivingderce
demonstrated in the MNie alloy This fact is attributed to immobilaustenitemartensite
interfaces and the reverse transformation occurs by teaucleation of austenite which is

denoted as nethermoelasti¢Otsuka and Waymar999).
2.2 Thermodynamic properties

The martensitic transformation may be represented by the Gibbs free eefgiesustenite

and martensite phases as a function of temperature
0 0 YY 1)

H is the enthalpy and S the entropy of the thermodynamic sy$teeGibbs free energies of
austeniteGa and martensitéy as a function of temperature are schematically illustrated in
Fig. 25. The Gibbs free energy curvesf austeniteand martensiteintersect atthe
thermodynamic equilibrium temperatufe, where theGibbsfree energes of both phaseare

7
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equal. At temperatures differethhan To the phase with the lower Gibbs free energy is
thermodynamicastable.In this case, @rtensite is the stable phase belwhereasustenite

is the stable phas#oveTo. However, a driving force is required farermally induced phase
transformations which is correlated with a shift in transformation temperatures with respect to

the equilibrium temperaturecT or r es pondi n gl yinitiatesrtheé aucleaboo 6fi N g «
martensite during the forward transformatio a n d s u p éthelreverse tramgjornmation

from martensite to austenite.

)
>
e
)
o
()
w
o]
2
O
s To ]
q : Temperature [K]

v

Mf/\éMs cooling
—
heating Asé\/Af

Fig. 2.5: Schematic representation of the Gibbs free energies of martensitic and austenitic

phases in relationto thejddnd At e mper atures. The driving forc
induced martensitic transformation. The DSC curve for an SMA shows the transformation
temperatures and the associated heat flow as a function of tempg&théer 201 2nodified

after Otsuka and Wayman 1999; Lagoudas 2008
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Thus, the transformation d martensite and austeniteccurs at certain transformatn
temperatureslenoted asnartensite start temperatukd and austenite start temperatube,
respectivelyTh e di f f er ence 1 n upBnnmtiessitit trars®rmationenaybe e s

written as follows:
WO w0 w0 WO WO ©wo, (2

wherew "Ois a chemical energy term due to the structural change betwédephasesyp "Os
asurface term between austenite and martensite phase "@slan elastic energy term around
martensite which is associated with the shape and volume changes of the transfofirhation
nonchemical term is represented by’'O ®"'0O ® 'O(Otsuka and Wayman 1999)he
difference betweenand the transformation temperatures is associated with themamical
contribution and can beterpreted by frictional stress at interface boundaries and the stored
elastic energy around martensite which resist the phase transformation. As a consstarence,
and finish transformation temperatures moethe samand further driving force is reqeid to
supportthe martensitic transformatiq@tsuka and Wayman 1999)hus, during the forward
transformationmartensiteformationis completed at the martensitic finish temperat{ie).
Converselyduringthe reverse transformati@ustenite formation is completatithe austenite
finish temperaturéAs). A standardized wing method ofhephase transformation temperatures

in engineering applications Bifferential Scanning Calorimst (DSC). As shown inFig. 2.5,

the heat flowis measured as a function of temperature to determine the transformation
temperature®f the materialDuring heating and cooling a transformation peak is recorded
which represets the endothermic (additional heat requifed austenite formationpnd
exothermic(release of latent heat during martensite formaticamsformation respectively
(Otsuka and Wayman 1999; Lagoudas 2008)

There is also a stress induced phase transformation in additisermally induced martensite.
The linear relationship between the level of stress and the transformation tempandemre
uniaxial loads represented by the ClausiGtapeyron relationshifOtsuka and Wayman 1999;
Otsuka and Ren 2005)

2, 0 €
QY T

wherel isauniaxialstres§la transformation strain and oH

In stresstemperature space each of these transformation temperailyr &4, (As, As ) follows

9
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the ClausiusClapeyron relationship approximately as a straightdimeshowrin,,  "Yspace
(Fig. 2.9)

2.3Shapememory behavior

In general, shape memory behawviay be epresented by threeechanisms such as the shape
memory effect (SME)superelasticitfSE) and the tweway shape memory effect (TWSME).
Thereby, ¢mperature reductio(6ME, TWSME) or application of stresSK) act as driving
forces to inducehe martensiticphasetransformation In the following the shape memory

behavioris representedn,, “Yand, Y - diagrams.

2.3.1 Shape Memory Effect ESME)

Cooling austenitdA in Fig. 2.6) without externalapplied stressbelow M results in the
formation ofatwinnedmartensitemicrostructurgB). When twinned martensite is subjected to
an externahppliedstresghat exceeds the critical transformation stress léyvetrtaindomain
varians rearrange and a new microstructure is formed.this case, dmain variants
energetically favored with respect to the applied stress grow at the expense of others by
reorienaition and detwinningo accommodate the deformatié@tsuka and Waymah999;
Bhattacharya 2003; Lagoudas 200B)e stresstrain response appears as a plateau due to the
high twin boundary mobilityComplete detwinnindC) of martensite occurs at loddvels
abovethe detwinningfinish stressls at the end of the stressrain plateawhich gives the
largesttransformation strainFurther loading beyond the strestsain plateau results in the
elastic deformation of martensitéfter unloading(D) the specimen remains in the detwinned
martensitic state which leads to an external shape ch@ngsequent heatimg the absence of
stressto a temperature abows initiates the reverse transformation to austenite which is
completed BA:.. AboveAs only the parent austenitic phase is stable. Therebgripmal shape

and the transformation strain from detwinningr@woveredE). Cooling back to a temperature
below M leads to the formation afel-Faccommodateanartensite with no associated shape
change(Otsuka and Wayman 1999; Lagoudas 2008; Ma et al. 20103 mechanism is
referred to as the shape memory effect (SME), orveene shape memory behavior sirmdy

the austenite shape is memmzed (Otsuka and ReR005; Ma et al. 2010)

10
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o [MPa] 4 Detwinned
Martensite
c
Twinned
Martensite | Of
s detwinning L
q B
Austenite 00\‘(\ & ey >
S

O NI viein vmw s weras £ [%]
AfAS. AT Setwirmnsd

Martensite

heating/recovery

T[°C]

Fig. 2.6: Demonstration of the SME inthe “Y - diagram. Cooling austenite (A) below M
leads to the formation of sedlccommodated martensite (B). Deformation of martensite below
M causes detwinning (C). Martensite remains in the detwinned configuration after removal of
the external applied stress (D). Heating aboveestores the austetic (E) statgmodified after
Lagoudas 2008

2.3.2 Two-way Shape Memory Effect (TWSME)

The twoway shape memory effect enables a repeatable si@mge inathermally induced
martensitic transformation without applied mechanical kmdhown irFig. 2.7. This behavior
necessitatesubsequenthermomechanical éatmens of the material over a large number of
cooling and heating cycles under <consotant aj
isobaric thermal cyclindLagoudas 2008; Ma&t al. 2010; Sehitoglu et al. 201Tooling
austenitaunder applied loathayinducedislocationsand inelastic strains the microstructure

of martensite.Consequently, theesidual internal stress fieldseatedaround dislocations
stabilizeamartensite configuratiowith preferreddomain variantgOtsuka and Wayman 1999;
Lagoudas 2008)Reheating the material under constant applied load results in the reverse
transformation to austenite. Repeated thermomechanical trainingrectbe inelastic strains

and stabilizes the hysteretic response of the material. As a result, trained specimens exhibit
TWSME which enables the switching between austenite and a certain martensite microstructure

just by temperature change. This behaviotermed twewvay shape memory effect, sea

11



martensiteshape different from that afustenite is memorizé@®tsuka and Ren 2005; Ma et al.

2010)
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o [MPa] =const.

Detwinned
Martensite

Austenite

T[°C]

coolin >
................. ‘9/ £ [%]
.................. oo
heating

Fig. 2.7 TWSMEis demonstrated using the “Y - diagram.fi Tr a i ofithermally

induced martensgtunder constant applied stress is a prerequisite to employ TW@&MHified

after Lagoudas 2008

2.3.3 Superelasticity (SE)

In addition to thermally inducedartensitidransformationsuperelasticity occurs when a SMA

is subjected to aexternalstressaboveA. Initially, austenitgA in Fig. 2.8) is the stable phase

and deforms linear elaséity upon loading. The departure of t&& curve from the linear

elastic behavior of austenieemarked by the onset afcriticaltransformatiorstresd e v gs).

Upon further loadinghe formation of stressinduced martensitéSIM) proceedswhich is

associated bg favorable growth of domain variants in load directaopntinuous increase in

transformation strairand a plateattype character of thesupeelastic stresstrain curve

(Lagoudas 2008; Ma et al. 201@ncethe criticaltransformation stress levél is reached

the transformation from austenite stressinducedmartensite is completéAs the loading

proceedsheascending stress strain curgattributed teelasticdeformation of martensit@).

Stress induced martensitic transformasianayproducetwinned or detwinnedhicrostructure

of martensitevhich depends othe orientation of the speciméBall and Maier 2002; Dadda

et al. 2008)r microstructural propertiedireeva et al. 2014)Jpon unloadingSIM becomes

12
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unstableduring the reverse transformatiandbegins tdransform back to austenggacritical
transformationstart stress levellias. E x ¢ e e dyithe grangformation to austeni(€) is
finished(Otsuka and Wayman 1999; Lagou@898; Ma et al. 2010)

A Detwinned

Martensite B
Detwinned

Martensite

aus

S
Oy alba 3
o, /

o [MPa]

» I

5 ol
i ading
O A.Eusstenslte \ Austenitgmo e
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/ CA AC

M, My Ag A > , >
c T T[°C] € [%]

Fig. 2.8: SE is demonstrated usirtige,, “Yand, - diagram. Austenite is deformed above

As (A). SIM transformation is finished aboug:. followed by an elastideformation of SIM (B)

Austenitg(C) is recovered upon unloadingnpdified aftel.agoudas 2008

Supeelastcity (SE) is observed ina certain stres-temperature regignreferred to as
fisuperé ast i ¢ (Ma eha. . OBMOY In generalthe austenite finish temperatubg the
critical transformatiorstress to induce martensiigs andthe critical stress for sliply (yield
stressof austenitg constrain the dimension of tiseipeelastic window as depicted Fig. 2.9.
SuperelasticityoccursaboveAs , where the martensitic phase is completely unstable in the
absence of stre¢®tsuka and Wayman 1999; Otsuka and Ren 200t straight line with the
positive slopaepresents the temperature dependendeeotriticaltransformation streSius,
following the CGrelationship The critical transformation stress to induce martensite increases
with increasing temperaturbecause thaustenitic phase becomes more stalblbigher test
temperatur¢Otsuka and Wayman 1999; Ma et al. 2010; Sehitoglu et al. ZDAWF§ when the
difference betweeAs andthe test temperatuteecomes largea greater driving forc€livs) is
requiredto initiatethe stressinduced martensit®rmation.The straight line with the negative
slope represestthe yield stress of austenitdy (A and B. It decreases with increasing
temperaturéOtsuka and Wayman 1999)he intersection of theritical transformation stress
bus wi th the yield y$A) definestheadmpesmiuid Above theMy U

temperaturenartensite can no longer be streasducedand plastic deformationoccursfirst.
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Theoretical background

Since slip does not recover uponloading theappliedstress must be below; (A) to avoid
irreversible processes in the matelisla et al. 2010; Sehitoglu et al. 2017) the critical
transformatiorstress is as low as the yield stregsaustenitein the dashed linély B), slip
occurs prior to the onset sfressinduced martensite (SIMInd SE is not realizg@®tsuka and
Wayman 1999) Slip activity is strongly dependent on crystallographic orientation. For
instanceGall and Sehitogl1999)showed that single crystalline NiTi SMAS possessager
slip activity and higher fatigue resistanm [100] orientation as compared to the [111]
orientationlt is worth noting, thaBME and SE are observable in the same specidegending
on the test temperatur8 ME occurs belowds, followed by heating abovéy, while SE occurs
aboveAy. In the temperature regime betwe&mandAs both are realized partial{Otsuka and
Wayman 1999)

o [MPa]

T[°C] "

Fig. 2.9: Schematic,  “Ydiagram representing thegion of superelasticitySE,highlighted

in dark grey) and shape memaifect (SME)Superelasticity is observed betweemidd M.

(A) representshe trars f or mati on stress for yaB)heprgsantsyi el d
thet ransformation stress f oy(modified aitevOtspkae@ndd st r
Wayman 1999

The stressstrain relationship reflects an elastic stress hystegesighich is characterized by

a difference in stress between the forward and reverse branchsufpbeelastistres-strain

curve (Fig. 2.10). The stress hysteresigidth (p#i is linked toenergydissipationoccurring

during martensitic phase transformatim addition tothe irrecoverablgresidual)strain (Gr)

andthe critical transformation stress to induce StMi{). These propertieare measures tifie
14



Theoretical background

dissipationof the driving forcethrough irrevesible processes and reflect the cyclic stability
(number of exploitable transformation cycle$}he materia(Lagoudas 2008; Ma et al. 2010)

4 Superelasticity
Erec= Ese +£e|

Osm

AC

Stress [MPa]

|

Eir Ese el

strain [%]

v

Fig. 2.10: The €hematic of a superelasstressstrain curve illustrategheirrecoverable strain

Chr, thecritical transformation stress to induce SIKk{) and the stress hysteresidth( @ ) .

2.4 Factors affectingthe shape memorycharacteristics

Important properties in SMApplications are large recoverable transformation strain levels and
resistance against plastic deformatimparting long term cyclic stabilitfHowever, numerous
irreversible processes such as plastic deformation through slip and microstructuraltiestabili
strongly affect thaéransformatiorcharacteristics of SMAdn particular, the accumulation of
irrecoverable straidue to slip deformatioresulsin rapid degradation of functional properties
(Miyazaki et al. 1986; Gall and Maier 2002)

Extensive work orthe superelastic characteristicd Ni-Ti during cyclic deformatiorwas
conductedby Miyazaki et al.(1986) This study demonstratefdnctional degradation of the
superelastic stresgrainresponsavith increasing number of cye$as shown irFig. 2.11. The

effect of cyclic deformation featured an increase of residual sttain & decrease in critical
transfamation stresglicii) and a decrease of stress hystergstp.0Furthermore, the authors
demonstrated the dependenceytlic degradation on stress and test temperailgecyclic
degradation increadewith increasing stress and test temperaturee change of the
superelastic stressrain response during cyclic deformation was attributed to the generation of

dislocations(Miyazaki et al. 1986)In particular, slip deformation and stabilization of the

15
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martensitic phase due to dislocation activities were considered to be causes for the occurrence
of residual strain duringyclic deformation as already pointed out lkelton and Mercier

(1979) The formation of internal stress fields due tdaiation slip support the stabilization

of the martensitic phaséMiyazaki et al. 1986) In this case the mobility of mown
austenite/martensite phase boundaries decreases in the vicinity of dislodadtienmocess is

referred to as pinnirtduced martensite stabilizatighustov et al. 2004)

298.5 K
400 :
200
©
a.
2
3 N=1 10 20 50 100
9 o0 2 0 ) 0 ? 0 2 0 2
e}
(V)]
v 308.5K
>
c
& 400
200[
N=1 5 10 50 100
0 3 0 0 2 oz o 2z

Strain (%)

Fig. 2.11: Superelastic stresstrain curves of the M sTisosalloy for N =1, 10, 20, 50 and 100
cycles. Enhanced functional degradation with increasing numbers of cycles. This effect is more

pronounced at higher test temperatuneodified afteMiyazaki et al. 1986

As a consequencéhe critical transformation stress for inducing martendéereasgin the
subsequent cyeldue to the stalization of the martensitic phasklence with increasing

number of cyclegheresidual (stabilized) martensitic phase increas@olume However, the

residual strain, critical transformation stress and stress hysteresis values saturate with increasing
number of cycles and steady state superelastic characteristic§{Mo@zaki et al. 1986)In

order toimprovethe cyclic deformation capabilityit is important to raiséheyield strengthof

the austene matrix andthustheresistance against dislocation qljiyazakiet al. 1983)y a

proper choice of heat treatme@onsequently, the precipitation process in Ni rich NiTi alloys

16
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can be used to tailor the functional proper{iésyazaki et al. 1982; Nishida et al. 198®)
addition, TizNis precipitates lead to the formation darge localstress fields antbcal change
of the chemical compositian the matrix(Gall et al. 1999gs illustrated irFig. 2.12.

Loss of Coherency and
Generation of Dislocations

Decrease in Ni Concentration
of B2 Matrix During Aging

[101] g, [010] g, Stress Fields in B2 Matrix Due
to Lattice Mismatch Strains
From Coherent or Semi-coherent
Precipitates

Fig. 2.12 Schematic of ENisprecipitate interactionsvith the matrix in NiTi (Gall et al. 1999

reproducedwith permission from\merican Society of Mechanical Engineers ASME)

Related work(Gall and Maier 2002uncovered thathe cyclic degradation resistance and
transformation characteristics strongly depend on sizealnereny of TisNi4 precipitatesn
addition to dislocation activity and martensite stabilizatiemall coherent ENis precipitates

(10 nm) improved the degradation r&since as compared to large incohererdNiki
precipitates (5001m). The residual strain and stress hysteresis, as a measure for the cyclic
stability of the material, are less pronounced inTNicontaining small coherent 3Nia4
precipitategFig. 2.13a) compared tdNiTi containing large incoherent 3Ni4 precipitategFig.

2.130).
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1400 T T T 1400 T T T
1200 [210] Orientation . 1200~ [210] Orientation .
Aged 15h @ 623K Aged 1.5h @ 823K
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Fig. 2.13: Cyclic superelastic stresstrain curves of [210] oriented NiTi single crystals after
different heat treatments, i.e. (a), aged at 350°C fohlahd (b) aged at 550°C for 1kt Gall

and Maier 2002reproduced with permission from ElseyYier

o
T AN
3 ‘}% N C\ 200 nm \

AL YT &

Fig. 2.14: TEM images of a NTi single crystal containing large incoherentNis precipitates
(500 nm). Stabilized martensitic phase (a) and pronounced dislocation activity (b) due to

mechanical cyclingGall and Maier 2002reproduced with permission from ElseYier

Heat treatment on Nii producing small coherent sNis precipitates prevented the formation

of dislocatiors during stresstrain cycling However, strong local stress fields developed in the
Ni-Ti matrix due to the lattice mismatch betweenTh#\is precipitates and the matrikartin

1980; Gall et al. 1999)This fact supported the interaction of austenite/martensite phase

boundaries with &Nis precigtates which caused the mechanical stabilization of the martensitic

18
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phase and accumulation of residual str@all and Maier 2002)On the other hand, large
incoherent TiNi4 precipitates (50@m) resulted in the formation of stabilized martengtig.
2.14a) and significant dislocation activiifFig. 2.14b).

Furthermore, th studyof Gall and Maier(2002)demonstrated a strong dependence of cyclic
degradation resistance with respedfiféerentcrystallographic orientatianlt was shown that

a low resolved shear stress on the active slip sysi€Mg'i alloysresulted in improved cyclic
degradation resistandee. lower interfacial friction and stress hysterdsiwas concluded that
irrespective of the heat treatméptecipitate sizeand crystallographic orientation NiTi single
crystals with low stress hysteresis showed good cyclic degradation resi{saticend Maier
2002)
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Co based shape memory alloys

3 Co basedshape memory alloys

The phase constitution of @di-Al alloys plays a key rolefor the understanding and
developmenof high temperaturehape memorgnateials. It has been showthat theaustenitic

b phase((Co,Ni)Al: B2) is attractive as high temperature structural material due to the high
melting point and excellent oxidation resistanghile theo hase ((Ni,Ca@)Al: L12) enhances

high temperaturestrength (Kainuma et al. 1996)Co-Ni-Al b phase alloys underga
thermoelasti¢ransformatiorfrom B2 austenité¢o L1, martensite withiralimited composition
rangeandexhibitthe shape memory effe@ishida et al. 1991However,the low ductility of

the b phaserestrictspractical applicdons Significant improvement ohot-workability and

room temperature ductilithas beemdemonstrated iCo-Ni-A | -bdsed alloy systentue to

the introdu@iCoAMl19f wi tphh anbygrdper chvicerafecompasikion

and heatreatment(ishida et al. 1991)Moreover,investigations orphase equibria among

2( AdB1) and b ( Br2ugh differenbeattreatmestin theNi-(0-70 at %) Co-

(20-30 at%) Al systemhave been shown byKainuma et al(1996) The aithors demonstrated

that theb + o phase region widens with decreasing temperaasréllustrated inFig. 3.1.
Simultaneouslytheo Rhasefield stabilizes with decreasing temperatasewell Hence, Ce

Ni-Al alloys show a wide range of transformation temperatures i@ °C to +200°C due

to the change i n coonfipohseiatti onr ecaft ne ontapthrai sxe hugpt ob
Howevert he poor wor k atoi lailtlyo yosf wmisghr eCoatbed t o tt
iI's much harder and more britt (Kemuraeta@994)he Ni A

T=1300"C

20 40 60 80 20 40 60 80
at.%Co at.%Co

Fig. 3.1: Isothermal sections of the €i-Al ternary system at 1300°C and 9@0(modified

afterKainuma et al. 1996
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Cobased shape memory alloys

Good mechanical par Butii-phrage ialloys wargeportedinghe GeNpAH
system by ncrostructural control through therrmechanical treatmeiKainuma et al. 1996)

In a series of 2&t % Al specimenghe authors showed thablycrystalline NizsCosAl 25
exhibitsamaximum tensilestrength of 2000MPa and &6 elongationFurthermore, CaNi-Al

alloys are promising HTSMAdue to a large shape memory strain and perfect superelasticity
at temperatures as high280°C (Karaca et al. 2003; Dadda et al. 2009)
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4 Co-Ni-Ga shape memory alloys

Recently, &tensive workon phase equilibria and phase transformatwas conducted on Co
Ni-Gaalloys due to their similar characteristics as theNGAl alloys (Oikawa et al. 2001,

2006; Liu et al. 2006)Th e + dtwo phase region in CNi-Gaalloysextends widely from the

Co-Ga side tmearthe NiGa sideas shown irig. 4.1. Thisis very similar toaCo-Ni-Al ternary

system Co-Ni-Gaalloysturned out to be promising for applications at elevated temperatures,

due to i mproved f or ma-phask formationfifodisarderecstructuig¢l e d du
wi t hi fphasemmatrixtanthe wide range of transformation temperatu@ikawa et al.

2001, 2006)Moreover, t has been showin Co-(10-50 at %) Ni-(30-32 at %) Ga alloysthat

martensite staitMs) values in 30a% Ga are considerably higher than in the 30 at¥afany

given Co content(Oikawa et al. 2001)Dadda et al. (2007 examinedtransformation
temperatures of single crystalline 4¥i>1Gago alloys in theasgrown condition (without
subsequent heat treatmemsjngdifferential scanning calorimetpSCO), i.e.the austenite start

(As), austenite finist{A), martensite stafiMs) and martensite finistMs) temperatures ar.4,

1.3,-18, -22.4 °C, respectivelyHowever, heat treatmenbf Co-Ni-Ga alloyssignificantly
changestransformation temperatureand mechanical propertiefMonroe et al. 2010;
Chumlyakov et al. 2012; Kireeva et al. 2013, 20MHg¢at treatment above 110C and
subsequent quenching to room temperatuma ds t o t he f or mldyd on of
Betweenl100°C and600 °C th e + dtwo phase region exists in a wide range of compositions
(Oikawa et al. 2006)The precipitation of the Ga poophasevi t hi #o tthwo bphase r €
is correlated with the enrichment of Ga in fhphase matriand a decrease of transformation
temperatures whichas beenreported by(Oikawa et al.(2006) for Co-Ni-Ga alloys with
compositions in the range of €b8-50 at %) Ni-(30-32 at %) Ga. Although ductility can be

i mproved by owhzhisacsueiallyfneaded fot polycrystalline specimesmape

memory reversibility is reducdesecauseh e 29 phase d ¢Hamiltomeatdl 2005)ans f o
Heat treatmenbetween 800C and 300°C leadstoo Bhase f or mation withi
matrix. 9 phaseprecipitates(ordered fcc with L1 structure)keep a coherent orientation

rel ati onshi p enm@ancdhbhardnesoptie £eNe-Gaalloydsystemas pointed

out by(Liu et al. 2006; Kireeva et al. 28). Furthermore, it has been shown thafrecipitates

have a strong influence on the martensitic transformation decreasing the transformation
temperatures and enhancing the stress hysté@sisnlyakov et al. 2012; Kireeva et al. 2013,

2014)
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Co

0.2 0.8 L
0.6
0.6 0.4

0.8 A 0.2

Ni

® CoyyNi, Gay,

Ni or Co or Ga
® NiorCo
® G
Sketch of transformation from (B2) to Martensite (L1) Crystal structure of y (A1) Crystal structure of y'(L1,)

Fig.41:Co-Ni-Ga ternary diagram and the c®m3mgspondi
b (Llo: PA/mmn , (AloFm-3m)  a rfLdz: Pm-3m) phases (modified aftéiu et al. 2008.

Co-Ni-Ga alloys undergo a thermoelastic transformation from B2 austenite todriensite
as already reported {Do-Ni-Al alloys. The number oflomain variantéormeddepends on the
change in symmetry from austenite to martensite the cubic to tetragonal phase
transformationthree domain variants of martensite can be obta(B¢thttacharya 208).

Consequentlytwinning two symmetry related domain variankd. 4.2a) is possible along six
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diagonal stresfree twin planegFig. 4.2b) of the type {110} In this regard, i8 CVPs can
emerge fron6 possible twin planes

CVP 4 *

PA

> > >
7 (101)
pomain

a) p) ¥ (110)  (110) (011)  (011) (101)

Fig. 4.2: (a) Two symmetryelated domain variants form a correspondent variant pair (CVP)

The twin interfacekighlighted for pprt ) betweerDomain 1 and Domain 2 is marked by the
red diagonal.(b) Six possible diagonal twin planes of the type {110} in the cubic austenite

lattice.

A large superelasticesponse with a fully reversible straaduced martensite transformation
up to 500°C havebeen shown in single crystalline material qualifying-MieGa for high
temperature dampind@adda et al. 2006; Krool3 et al. 201B)rther work orCo-Ni-Gaalloys
uncoveredlislocation activitieand martensite stabilizati@bove 120C thatstrongly affect
the evolution of microstructure arsiperelastidransformation characteristi¢adda et al.
2010) The authors demonstrated thasldcation activities trigger the formation ofstress
induced martensitenicrostructure with multiple orientations of habit plane§nulti-variant
martensite under compressi@h load (Fig. 4.3). Furthermore, dislocations cause the
mechanical stabilization of stresgluced martensite due to the immobilization (pinning) of the
moving austenitenartensite phase boundaries as alreadyted out by(Kustov et al. 2004)

As a consequence, the enhanced stress hysteresis observed under comiplesdiabove
120°C is correlated with increased frictional energy between moving habit planes with multiple
orientations(Dadda et al. 2010Below 100°C, the authors demonstrated the formation of
martensite plates between few wadfined parallel habit plang$ig. 4.4). This fact was

attributed to low dislocation activities imparting stable superelastic sttess behavior.
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Fig. 4.3: In-situ optical micrographs of [001joriented asgrown Cos9Ni21Gago Single crystals
under compression Multi-variant stressnduced martensite microstructures comprising

multiple orientations of parallel habit planes at 20D (modified afteDadda et al. 2010)
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I 3

Fig. 4.4: In-situ optical micrographs of [001Joriented asgrown Cos9gNi21Gago Single crystals
under compressiorFormation of martensite plates between few sdeflned parallel habit
planes at 40C (modified afteDadda et al. 2010)

Related workinvestigatedhe mechanisms of cyicldeformationin single crystallineCo-Ni-
Gaundercompression angension(Krool3 et al. 2015)This studyrevealedexcellent longterm
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cyclic stability without any kind of functional degradation up to 100uf@er compression
(Fig. 4.5) and tensiorfFig. 4.6).
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Fig. 4.5: Cyclic SE response ¢d01]-oriented asgrown CagNi»1Gago single crystals under
compression tested at different temperatfka®ol’ et al. 2015reproduced with permission

from Springer Nature

700

600 - —_—ycle 1 Tension
L, . eyele 100
(=%
= 500 4 - = = eyele 500
ﬁ 400 - — = ycle 1000
g .
¥ 300 - 300 °C
= 100 °C
E 200 ~
= 100 4

1]

Tensile strain, %

Fig. 4.6: Cyclic SE response of [00Driented asgrown CagNi»1Gago single crystals under
tension tested at different temperatu(gsool3 et al. 2015 reproduced with permission from
Springer Naturg

However,under compressional loatbove 100C (Fig. 4.5) cyclic degradatioroccurredwhich

is attributed to the formation @hartensiticmicrostructures with multiple orientations of habit
planes(Dadda et al. 2010 his workconcludedhatslip deformationassists the introduction
of dislocations and stabilization of the martensitic phase (residual martensite) cabsd

irrecoverable strain during cyclic loadingurthermore, the stabilization of the martensitic
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phase iscorrelatedwith a decrease in ciifal transformation stress to industressinduced
martensiten subsequent cycleghichhas been reported in various SM#scornell et al. 2001,
2009; Gall and Maier 2002; Chernenko et al. 2004; Kustov et al. 2004; Kadletz et al. 2015;
Niendorf et al. 2015)

Co-Ni-Ga single crystals in [001] orientation show significant tensmmpression asymmetry
with maximum theoretical transformation straofs4.3% and 8.6% under compression and
tension, respectivelfDadda et al. 2010; Monroe et al. 2010; Niendorf et al. 2013; Krool3 et al.
2015) The large transformation strain obtained under tensishdwen attributed to detwinning

of stressnduced martensitéMonroe et al. 2010)However, the amount of dissipated energy
(stresshysteresiswidth) at elevated temperatures is considgradvhaller under tensioas
compare to compressiofKrool3 et al. 2015)Thisfacthas beemferredby thesuppressiof
stressinduced martensite microstructures with multiple orientations habit plans.
Specifically, the accumulation of irrecoverable strain and stabilization of the martensitic phase
as a result of dislocation activities at #uestenite/martensite phase boundargignificantly
reduced under tensiléoad (Krool3 et al. 2015) The deterioration of the superelastic
transformation characteristias Co-Ni-Ga SMAsexamined above 12T is attributed tdwo
important degradation mechanismsuch asnartensitestabilization and dislocation activities
However, this work revealed that batiechanisms adre less pronounced under tension as

compared to compression.

Besidethes egr egati on of dNi-GBi ISeMAsS p h apseepitates nc Co E
(ordered fccwith L1> structure)can beintroduced in the austenitic phaae intermediate
temperature aging treatmerdgbove 300°C (Chumlyakov et al. 2012; Kireeva et al. 2013,
2014) Aging treatmentdor 1 h at 350°C (Fig. 4.7a) triggerthe formation ofspheroidal and
coherenb Brecipitatewith 5nm diamete(Chumlyakov et al. 2012; Kireeva et al. 2018hile
aftera longer aging treatmefdr 3 h at 350°C (Fig. 4.7b) the o Brecipitatesadopt elongated
shaps with a thickness around-&nm and a length of about &b nm (Chumlyakov et al.
2012; Kireeva et al. 2013, 2014s pointedout by Dogan et al(2011), Chumlyakov et al.
(2012 andKireeva et al(2013, 2014)2 Rrecipitates are effective for increasing the hardness
of the austenitenatrix and strongly affect the functional propertiegh respect tSME and

SE in CeNi-Ga SMAs.Precipitatiorhardenng is a common approach in SMA systeims
particular, to attain higlemperature SEgventually hampering plastic deformation and
dislocation slip(Miyazaki et al. 1986; Gall and Maier 2002; Ma et al. 2010)
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Fig. 4.7: HRTEM images of spheroidal and elongatedarecipitatesformed after aging at
350°C for 1h (a) and 3h (b), respectivelyKireeva et al. 2013reproduced with permission

from Elseviey.
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Fig. 4.8: TEM- (a) and HARTEM micrographs (b) of thermally induced martensite obtained
afteraging at 350°C for 1h (a) and h (b).(c) Strainrtemperature curves recorded at 2¢Fa

for three thermal treatments:Hat 350°C (ii), 3 h at 350°C (iii) and the solutiorannealed (i)
reference state being free of any secondaimpses(Kireeva et al. 2013reproduced with

permission from Elsevigr

However, the martensite microstructure is substantially modified bsizeand morphology

of t preeipitatdgKireeva et al. 2014)For instance, a notable twihickness reduction in
thermally induced martensiteas been observed with increasing particle sizewawdrelated

to both pronounced elastic energy woalation and difficulties in accommodating the
transformation strain around the irregular stress fields of the nora n s f opreopipitatey 2 E
(Kireeva et al. 2013)As shown inFig. 4.8b the reduction of martensite twin thickness is more

pronounced for larger Brecipitatescompared to small (spheroidal)grecipitategFig. 4.8a).
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Above a critical size the Fprecipitatesbecome impenetrable obstacles for the moving
austenitemartensite phase frontAs a consequence martensite showedinternal
micromodulations (nanrtwinning) between largeelongatedo Eprecipitates (Fig. 4.8b).
Additionally, o Brecipitatesstrongly affect the functional properties as showFim 4.8c. In
thiscaseo precipitatesauseanenhancement dhetemperaturdéysteresi§ o hereduction

of thetransformation temperaturésls, M, As, Ar ) and-strains( «jJin relation tothe solution
annealed reference stdkgreeva et al. 2013, 2014lowever, a thorough understanding of the
stressinduced martensitic transformation under the influence @drecipitatesn Co-Ni-Ga
SMAs has not been addressed solfathis regard, a detailed understandoighe role ofthe
morphology and variant selection of str@sduced martensiteill be establishean this work
This, in turn, will contribute to a comprehensivenokledge about the complex

interrelationships between microstructure, MT and functional properties.
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5 Overview of publications and author contributions

This thesis is the detailed report of the authd?h.D research work on tlséressinduced
martensitic transformation in €¥i-Ga hightemperature shape memory alloybrdechapters

of the thesis are based on scientific research manuscripts which were published as a journal
article (chapter 7.17.2and7.3). The author of thishtesis is the principal authand ceauthor

of chapter 7.1, 7.3. and chapter 7.2, respectively.

Chapter 7.1 was published as

A. Reul C. Lauhoff, P. Krool3, M.J. Gutmann, P.M. Kadletz, Y.Il. Chumlyakov, T. Niendorf,
W.W. Schmahl, In Situ NeutrobDiffraction Analyzing Stres$nduced Phase Transformation
and Martensite Elasticity in [000riented CagNi21Gaso Shape Memory Alloy Single Crystals,
Shape Mem. Superelasticity. 4 (2018) 69

AR, CL, PK and PMK conducted the experimentsder the supeision of the beamline
scientist MJGISIS). AR analyzedandinterpretedhe neutron diffractiordata and drafted the
manuscriptYIC prepared the Gdli-Ga single crystalAll authors contributed to discussions

and the final manuscript.

Chapter 7.2vas pilished as:

C. Lauhoff,A. Reul D. Langenkamper, P. Krool3, C. Somsen, M.J. Gutmann, I. Kireeva, Y.l.
Chumlyakov, W. W. Schmahl | T . pamldles ondtleersttess Ef f e
induced martensitic transformation4n001s -oriented Cag Ni 21 Gaszo shape memory alloy

single crystals, Scr. Mater. 168 (2019) 4@

AR and CL conducted the neutron diffraction experimamder the supervision of the
beamline sientist MJG(ISIS). AR analyzed, interpreted amyaluated the neutron diffraction

data. DL and CS performed the transmission electron microscopy experiments and analyzed
the data. CL carried out mechanical testing, optical microscopy and drafted thecmpdnus
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6 Instrumental methods

6.1 Specimen preparation

Single crystalline specimens were provided by project partners from the Siberian Physical
Technical Institute at Tomsk State UniverqiBussia under the supervision &frof. Yuri I.
Chumlyakov Large fngle crystas (30 mm in diameter and00 mm length with a nominal
composition of CeNi21Gaso (at %) weregrown using the Bridgeman technique in a helium
inert gasenvironmentCompressive and tensile specimens vadrtained by electrdischarge

machining (EDM) from the Hk single crystabhs shown irFig. 6.1.

I
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|
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|
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[100]

81
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a) b)

Fig. 6.1: Geometries of tensile and compressive specimens are shown in (a) and (b),
respectively. Note, the compressive specimen with geoofidtr4 x 8 mn? is not shown. The
direction of stressl is parallel to the [001] crystal direction (tension and compression) as
illustrated at top of (b).

For tensile testHat biconcavespecimens with a gauge length ofrhéh and a cross section of
1.5mm x 1.5mm were preparedFig. 6.1a). For compression tests specimens with geometry
of 3x3x6mm® and 4x 4x8 mm® were used(Fig. 6.1b). The longer loading axis of
compressive and tensile specimens vpamallel to the [001] crystal direction of the austenitic
phasewhile the normal vectors of thatéral surfaces weparalkl to [LO(Q and[010 as shown

at top offig. 6.1b.
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Following EDM, specimens were mechanically ground in order to remove the EDM affected
surface layerSpecimens wer@repared foexperimental tests asgrown, solutiorannealed

and aged @ndition. Specimens in thes-grown condition(which is the most studied state in
literature(Chernenk et al. 2004, 2007; Dadda et al. 2006, 2008, 2010; Kadletz et al. 2015;
Krool3 et al. 2015, 2016; Reul et al. 20&Ye tested without preceding h&aatnent.In order

to obtain a singkphase condition free of any secondary ph@lseseva et al. 2013, 2014l
samples (exceptor the asgrown condition) weresolutionanneatéd at 1200°C for 12h.
Solutionannealingwas conductedn sealedquartz glass tubes under argon atmosphere
followed by breakingof the quartz tubeandair coolingto room temperatureAging of the
solutionannealed specimsrtoformn a n o me precipitategs &nm size)with spheroidal
shapewere performedt 350°C for 1 h under ambient atmospherEhe aging parameter was

selected in accordance ({Ghumlyakov et al. 2012; Kireeva et al. 2013
6.21n situ optical microscopy (OM)

Quaststatic uniaxialcompression andension experiments were performedl@0 °C at a

nominal strain rate of 10103s? on a servehydraulic load frame in displacement control
Superelastisingle cycle stresstrain curves were performed up to a maximum strain 6611

upon loading and a given minimum load-60 N for unloading The selected test temperature

ensured a fly austenitic state prior to superelastic testing. Heating of the specimen to test
temperature was achieved by controlled convection furnaces. Temperatures were measured
with a thermocouple attached tme of the laterasample surface For calculation ofthe

nominal strain the grips were treated as absolutely figigltuOM analysis of the transforming

specimen was performed on various stages ofstiperelasticstressstrain hysteresisin

addition to themechanical grinding usingilicon carbide dowrto 5¢e m gr i t si ze, t
surfacesbeing investigatedvere mechanically polished using a colloidal Si@olishing
suspensionwith0.06m particle size. Grinding and pol i :
condition. Surface images were collected on a representativdace area of about

3.5x 2.5mn? by using aKeyencedigital microscope of the type VHE00 equipped with a

telezoom objective of the type VMA100. Furthermore, confocal laser scanning microgcop

(CLSM) was employedusing a OlympusLEXT OLS3100equipped with a 408m violet

laser The CLSM has a maximum axial and lateral resolution of dd and 120nm,
respectively
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6.31n situ neutron diffraction

In situ characterization of streB®luced phase transformations is offered with neutron
diffraction. In general Butron diffractionallows extractng information on the phase state and
structural changes on an atomistic level from large bulk specimen$y doe high penetration
depth of neutrons into matter (e.g.r@én into steel or 106hm into aluminum)YHofmann et al.
2006; Hoelzel et al. 2013In this casgmaterial characterization was conducted at two neutron
diffractometers SXD and STRESSPEC.

6.3.1 In situ neutron diffraction (SXD)

In situ neutron diffraction was carried out using the siugystal diffractometer SXD at the
ISIS neutron source, Rutherford Appleton Laboratory, OxfordsBK& uses the neutron time
of-flight technique to acquire diffraction data of a single crystalline specimen at a fixed

orientation Z as illustrated irig. 6.2.

bragg reflection
area detectors sample: 20 = fixed
L = flight path
t = flight time
Lo
A= h flight time
_ m flight path
pulsing chopper,f""'.‘-—-: ----- A= L
2sin®
/ g
|' N .’ ,‘ '1
I I '
LI ’tO:' P
protons proton puls *, £ ! 1 1— polychromatic neutron pulse
tungsten target + moderator

Fig. 6.2: Schematic setup of the single crystal diffractometer (SXD). The polychromatic neutron
beam isscattered on the single crystal specimen surrounded by eleven 2D detectorsf-Time
flight is the time neutrons take from the spallation target to the detector. The crgpate is

proportional to neutron timef-flight for a given scattering angle 2
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A polychromatic neutron beam, covering wavelengths in a range -af0082 is scattered on

the singlecrystal specimen. Scattered neutrons are collected as a function -afftfhgét on

eleven large area twdimensional LiF/ZnS positicgsensitive detects (PSDs) arranged
around the sample positioime-of-flight represents the time the neutron takes from the
spallation target to the detector, via the samjidach detector has an active area of
192x 192mm and consists of 6464 pixels, i.e. each pixéd 3x 3 mm. The orders of a given
reflection (e.g. 002, 004, 006) are collected on the same detector pixel and each order is
collected at different timef-flight. For a given scattering angld 2the timeof-flight spectrum
obtained from SXD data is goortional to the crystal spacing, This setup allows covirg
diffraction data within a wide range of reciprocal space increasing the speed of data collection
compared to monochromatic singlgystal neutron diffractometers. For further details on the
sdaup of SXD, the reader is referredkeen et al(2006)

3 "4
A
2 “Nout | . 200 5
! 6
B @ sample
002 26°
a) Nin

Fig. 6.3: (a) Diffraction data was collected on six equatorial detectors. Five detectors beneath
the sample position were not accessible due to shading by the miniature load frame. Shaded
regions on detectors are visible by the white contrést.Compression sample maed

between the grips of the miniature load frame

Uniaxial single cycle compression tests were performed agraagn, solutiorannealed and

aged specimens using a newly installed miniature load frame (Kammrath und Weiss, Germany)
capable of 10kN in displacement control at a nominal displacement ratexaf & mms™.
Displacement at each loading stage was derived from stress values from sihe OM
experimentStrains were calculated from displacement data. Reflections from the 002 and 200

lattice planes of austenite were centered on-higfie detector 1 and leangle detector 4 of
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SXD by rotation of the sample around its vertical axis to a fixed posigoff®). 6.2 andFig.

6.34). Diffraction data were recorded on six equatorial detedaring each loading stage

the austenitic and martensitic state for 20 and up tariiB0respectivelyDiffraction data were
indexed and integrated using the software package SXOR@eh et al. 2006)-our detectors

atan angle of 45° to the equatorial plane and one directly beneath the sample position were not
accessible in this experiment due to shading by the miniature load(ffagn&3b). Obviously,

the shading of the detector array below the sample reduces the number of accessible diffraction
peaks. However, it has no detrimental effect on the quality of data in this experiment, since
Laue timeof-flight technique enables the complete determination of the lattice and phase state
of the alloy.

6.3.2 In situ neutron diffraction (STRESSSPEC)

In situ neutron diffraction was carried ousing the STRESSPEC diffractometer at FRMII,
Munich. The selectionof three diferent monochromator@Ge(511), Si(400) and pyrolytic
graphitePG (002) and the continuous tal@ angle variation between 30° and 130° allows
coveing a wavelength range df- 2.4 A. The instrument operatesith a monochromatic
neutron beamndoffers ascattering angle randmtween 30° and 120° ird2 Diffraction daga
were collected on awo-dimensional positiorsensitive3He detector.This detector has an
active area o225x 225mm and consists d256x 256 pixels. A double column load frame
designed for maximum load of 50 kN was used saillustrated inFig. 6.4. In this setup hie
rotation frame allows a rotation of the load axis arourtfd «ilting axis in a range between 0°
and90°. The orientation of the load axis with respect torttochromatiéncident beam was
6G=0A (load axis verti cal90°(load axihiethesscateting plané ng p
Fig. 6.4). Sample orientation with respect to the incident beamadpsstedy a rotation of the

main sample t-axisl e around the ¥

Uniaxial single cycle tension tests were performed egrag/n CeNi-Ga specimeninder the

same conditions as the case of then situ OM experimentsDisplacement at each loading

stage was derived from stress values fromithgtu OM experimentAt each loading stage,
rocking scan measur ement s we rorentgienr(drientatmre d i n
of themain sampleablewith respect to the incident beam) around p® Jvith 10s data
collection for each stef@.he software package Stress Texture Calculator (SteCa) was used for
data extractiofRandau et al. 2011¥For further details the on the setup of STREFEC the

reader is referred tdofmann et al(2006 andHoelzel etal. (2013)
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X=90°

Fig. 6.4: A hematic view of the rotatable tensile rig in the horizontal seftp. orientation
between the incident beam and the load axigisven by the angles ¥ an
Hoelzel et al. 2013

6.4 Transmission electron microscopy

Transmision electron microscopy was employed in cooperation with project paittoiershe
chair for materials science and engineeraigRuhr University Bochum (Germanunder
supervision of Prof. Dflng. Gunther EggeleA transmission electron microscopeEM) of
the type Tecnai F20 of the company Rifleratedat a nominal voltage of 20KeV. For
microstructural analysisselected area electron diffraction (SAED) and higholution
transmission electron microscopy HRTEMsconductedSmall discs were cut perpendicular
to the [001] loading direction from the austenitic single crystalline specifinese discs were
mechanicly ground down to 0.1% nmand subsequently twijet polished using a perchloric

acid solution containing 6@l perchloric acid, 34@nl butanol and 60énl methanol.
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7 Experiments

7.11n situ Neutron Diffraction Analyzing Stre ss-Induced PhaseTransformation in [001]-

oriented CooNi21Gaso Shape Memory Alloy Single Crystals

7.1.1 Aim of this study

All studies available in literature so far focus on the themaohanical behavior and functional
stability of CoNi-Ga only up to maximum theoretical traoshation strains. Potential
extension ofthe supeelastic strain capability by exploration of the elastic martensite
deformation hasot been addressead far. Thus, the focus of this study is the characterization
of prevalent deformation mechanisms upon elastic deformation of SIM in ad@iéhted
CaoNi21Gago single crystal under compression at high stress levels up to abouMEZD0
Besidesdislocdion activity or detwinning, additional twinning modes could be expected at high
prevailing stresses to accommodate the deformaitiathis regard, in situ neutron diffraction

is an appropriate methdaor the evaluation of twinning under applied str@dsinar et al. 2008)
andphase quantification providing structural information from bulk specir{iognar et al.
2008; Stebner et al. 2014; Kadletz et al. 2015; Krool3 et al. 2016%sess elementary

deformation mechanisms Co-Ni-Ga bulk specimens.

7.1.2 Experimental details

In situ neutron diffraction was carried out using the shugyestal diffractometer SXD at the
ISIS neutron source, Rutherford Appleton Laboratory, Oxfordsisidescribeth chapter6.3.
Uniaxial single cyle compression tests othe asgrown specimenwith dimension of

4 x 4 x 8 mn? were conductedt room temperature using a miniature load frame at a nominal
displacement rate of 610° mms ! with a maximum load of 103®1Pa upon loading and a
givenminimum stressf-50N after unloading. Strains were calculated from displacement data.
For detailed information on sample preparation the reader is refecbkdpte6.1 Reflections
from the 002 and 200 lattice planes of austenite were centered leartyle detector 1 and
low-angle detector 4 of SXD by rotation of the sample around its vertical axis to a fixed position
of 26° (Fig. 6.3). Diffraction data were recoed on six equatorial detectors for ®n during
each loading stage, three in the austenite elastic region, four on thesstigsplateau and
eleven in the martensite elastic regiéwor further details on the setup of SXD, the reader is
referred taKeen et al(2006) Diffraction datawere indexed and integrated using the software
package SXD200(Keen et al. 2006)
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7.1.3 Results

Fig. 7.1 presents the results afsupeelasticuniaxial single cycle compression experiment at
room temperature of the -gsown [001}oriented CaoNi21Gaso single crystal. Diffractograms

were recorded at different stages during loading and unloading. For the sake of breuvity,
diffraction data of eightout of 18 diffractograms collected on highgle detector 1 are
displayed inFig. 7.1a-h; two in the elastic austenite region (regiofig. 7.1a, h), two on the
supeelastic stress plateau (regionFig. 7.1 b, g) and four in the elastic martensite region
(region lll, Fig. 7.1c-f). In Region | the specimen itsiinitial state is entirely austeniti€i§.

7.1a). After the initial linear elastic austenite deformation, the stress induced phase
transformation from the partiallgrdered B2 austenitéadletz et al. 2015)0 the partially
ordered L3 martensite phase occurs gradually, which results in a constant stress plateau. In
Region Il near the end of the stress plateau the microstructure consists of althést 10
martensite. Here the corresponding diffractografig.(7.1b) shows a weak austenite (A)
reflection between two strong martensite reflectifnsandVy) at a total strain of about3l.

%. These two strong martensite reflections showhign7.1b-g arise from the (200y1 and
(002) V2 lattice planes of two twin domain variants &d \4, respectively. Correspondingly,

at the end of the plateau; and \b form a simple regular twin structutgpace group and lattice
parameters are R8m (#221), a=2.879(2A for asgrown austenite and P4/mm#123)
a=2.737(8)A, c=3.157(9)A for stressinduced martensite (SIM). The inseffiy. 7.1i sketches

the formation of the two tetragonal martensite domain variants from B2 austenite under
compressive load. As exgted, their extensional-axes, are perpendicular to the [001]
compressive load direction and perpendicular to each.dthenerous additional observed
reflections could be clearly assigned to various lattice planes of austenite in the initial stage
(Fig. 7.2a-b) and martensite twin domain variants in the elastic martensite régg.2c-d).
Beyond the end of the stressain plateau at 8 % strain, where the stress induced martensite
transformation is completed, a further increase of stress is obséiged.(j). The stress
increase is due to elastic deformation of martensite (region Ill). The maximum strain achieved
with 1030 MPa stress for the [00HQriented CeNi-Ga single crystal is 10.% total strain,

which includes phaséransformation strain and elastic deformatidfig( 7.1j), red dot
highlightedii 6.dJpon unloading from 103®MPa in displacement control, a small hysteresis

in measurd stress for given displacement in the elastic region in the martensite pigase (

7.1j) is observed.
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Fig. 7.1: Diffractograms of high angle detector 1 obtained from in situ neutron diffraction on

[001]-oriented CaoNi21Gago under compression. The phase state and variant selection is

marked for different regions: Elastic austenite reglpistress plateau region Il and elastic

martensite region lll. The inset (i) demonstrates the formation of two $tdssed martensite

domain variants (Yand \5) from bcc austenitgSeefigure A1 andtable Al in theappendix

for lattice parametersbtained onthe marked positions the stressstrain diagran)
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Fig. 7.2: Observed intensities on levand highangle detector 1 and 4; (&) intensities of
austenite (A) without superimposed load; dk,intensities of two dominant stressluced
domain variants according to the schematic showrrign 7.1i (V1 and \%) in the elastic
martensite region. The formation of the third martensite domain variant is suppressed by the

compressive stress along [001].
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Fig. 7.3 displays the measured diffraction intensities as a function of macroscopic strain and
demonstrates the formation of stress induced martensite along the plateau (region II) during
forward transformation and full recovery of austenite in the reverse transformation. A notable
rise in intensity of martensitei\f's observed at a very early stage of deformation of abétt

strain, whereas the diffraction peak from martensite domaiantavh was observed only at

the end of the stresgtrain plateau. As we focused on the elementary deformation mechanisms
in region 11l in this study, and measured only two diffractograms in the plateau region, the onset
of variant formation and successigeowth was not observed in detail here. In region Il
intensities of both martensite domain variants remain almost constant independent of the
loading condition. This clearly indicates that the volume fraction of both martensite domain
variants remains esstially constant upon loading and unloading in region lll. An increase of
the volume fraction of one of the martensite variants at the expense of the other one would have
resulted in a change in their respective diffraction intensities. However, thisotvabserved

during deformation in the elastic martensite region IIl up t@ 9.
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Fig. 7.3: Diffraction intensity plotted as a function of compressive strain. A higher intensity of
V1 during formation of stressxduced martensite (region 1) demonstrates its favored growth
with respect to ¥ Constant intensities in region Ill reveal a constant volume fraction of both

martensite domain variants.

The reverse transformation to austewiteurs at a constant plateau stress and its beginning is

indicated by the formation of a weak austenite reflection between two strong martensite
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reflections at a total strain of 1% as marked irFig. 7.1g. Finally, Fig. 7.1 h reveals the
austenite as the dominant stable phase after unloading, indicating full strain recovery after a
supeelastic deformation following one cycle up to highest stresses and strains as detailed

before.

7.1.4 Discussion

In this study imsitu neutron diffraction was employed to reveal the evolution of phase state and
martensite domain variants upon strestuced martensite deformation of -Glo-Ga single
crystals with an emphasis on the elastically strained martensite. For this, a newly installed
testing setup on the SXD diffractometer was employed for the first time. The results obtained
reveal a unique s#ssstrain response of CHi-Ga single crystals in a [001] orientation. As
expected, the plateau region is characterized by the transition from initial austenite to stress
induced martensite upon loading of the sample. A similar transformation behaasayrofvn
[001]-oriented CaoNi21Gaso Single crystals in compression at room temperature was described
in (Dadda et al. 2010and (Dadda et al. 2008however, in these studies single crystalline
material was only deformed to the end of the ststssn plateau, i.e. to about34o strain.
Furthermore, no miostructural information from the bulk material was provideekita high

spatial resolution optical microscopy characterization only was provided for the surface of the
compression samples. The analysis of elementary mechanisms of deformation-Nf-&&0
single crystal beyond the stress plateau and up ¥@4.8train provides new results broadening
both the knowledge on and the application range of thisSMIA. The formation of initially a

single dominating variant of stresxuced martensite followdaly a plateau type response with

a maximumsupeelastic strain of 8%, where the single martensite variant has become
internally twinned, is in good agreement with the observatio(Badda et al. 2008, 2010)s
already pointed out b§Dadda et al. 2010 untrained [001prientedCosoNi21Gago at room
temperaturgthe width of the stress hysteresis is small as the potential generation of dislocations
during deformation has only a very minor impact due to lackiibélsle glide systems. In the
present experiment we also observe that for the same reason théndiiesd martensite can

be elastically deformed by anotl&?o strain beyond the plateau.

The Bain straimesultingfrom Pm3m to P4/mmm martensite elongates the tetrageasaiscof

the martensite and compresses the tetrageraldabaxis toprovidea volume strain close to

zero, as required for shape membehavior Thus, in the compressive strain experiment with
strain abng [001] cubic, the martensite domain variagtwith [001] martensite parallel to

[001] cubic is suppressed, and only those two variants which have-teg perpendicular to
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the loading axis, Yand \%, are formed. Even at the beginningRegion Il (Fig. 7.2c,d) there

Is no evidence for the presence of the third domain variant. Moreover, from the two expected
domain variants Yand \4, only one (labeled ¥ formsinitially at the beginning of the stress
induced transformation; only at the end of the plateau the presence of both variants\V¥

is observedFig. 7.3a, b). As the focus of the current study was on the characterization of
Regionlll, we could not locate the onset of the formation bW the stress platequecisely.

This will be subject ofuture work. However, in the experiments describedylda et al.
(2010) the second martensite variant can be expected at least at a strain level 8Rabout
During compressive deformation up to 486 strain at room temperature, the initial-NGa

single crystal runs through three different regimes of elastisupeelastic deformation,
respectively(Fig. 7.1j). These are region | = elastic deformation of austenite, region Il = phase
transformation stress plateau and region Il = elastic deformation of martensite. Regiorslll start
at about 4 % macroscopic strain and continues up to the maximum load applied gdwe

10.7 % strain. Since an elastic deformation of ab®@t is quite unusual for metallic alloys,

the microstructural mechanisms which are accountable for the enormous elastic deformation of
the martensite need to be analyzed in detail. Furthernt@dptmation of a small hysteresis
upon unloading in region Il indicates a that the deformation of martensite in region Il is not
solely elastic, but there is a small relastic contribution. Thus, the following neastic
potential mechanisms duringfdrmation in region Il need to be evaluated in light of the
evolving stress hysteresi@) detwinning and concomitant phase/twin boundary frigtigin

plastic deformation of the sample perpendicular to the loading @Xjs nteraction/friction
between the sample and the grips

The hysteretic stresstrain response could be rationalized byadbeurrencef detwinning, due

to frictional energies at varianfariant boundarie@Bhattacharya 2003; Laplanche et al. 2017)
However, in the elastic martensite region, the volume ratio of both martensite domain variants
remains nearly constanfij. 7.3). Hence, detwinning can be excluded as a potential
explanation for the small strestrain hysteresis seen. Plastic deformation of the material can
be excluded as well, as the original austenite state is fully recoverable withoualresiduns

(Fig. 7.1j, red dot highlighted h).o

The lattice strain evolution along theagis (as measured by the lattice spacipgyland a

axis (as measured byeh) of both martensite domain variantsgarormalized with respect to

the corresponding-dpacings of martensite at the end of the plateau for each loading stage in
the elastic martensite region is summarizedrig. 7.4a,b. According to the diffraction

geometry used, lattice strains were only measured transverse to the load axis. The elastic lattice
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strain for both crystallographic directions is distinctly dimear; it is positive in direction
and negatig in adirection, where the-axis strain is consistently about twice as high as the

absolute value of theaxis strain.
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Fig. 7.4: (a,b) Lattice strain evolution ofi\and \% transverse to the load axis for each loading
stage, (c) stresmduced elastic lattice strain is ndimear and reaches %, while (d) the
hysteretic offset is 0.2% strain on average.

Note that the compression of thaliaection is not measured paraltelthe compressive load

axis, but perpendicular to it. Martensite domain varianeXhibits a maximum elastic lattice
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strain of 3.4 % and-1.45 % along the c and-axis, respectively. Martensite domain variaat V
follows a very similar trend. The 21 ratio of stressnduced elastic lattice strains along the c

axis and eaaxis, respectively, reflects the ferroelastic order parameter of tetragoiilGa.

The spontaneous strain of the austenite to martensigtivandisplays the 21 ratio such that

the volume strain of the martensitic phase transition is zero, an important prerequisite for shape
memory behavior(Bhattacharya 2003)Moreover, the nofinearity of the stresstrain
respanse in region Il further reflects this order paramétdralil-Allafi et al. 2006)(Fig. 7.4c).

The total lattice strain of both martensite variants for each loading stage in region Il is
summarized irFig. 7.4c revealing 4.9 % (V1) and 5.2 % (V2) at maximum applied stress.

The unloading curve in region Ill reveals a small, tudntifiablestressstrain hysteresifor

both martensite variant&i@. 7.4a,b). The resulting lattice strain difference between loading
and unloading is denoted gsi&nd plotted irFig. 7.4d. The hysteretic offset in lattice strain of

V1 and \. for any given macroscopic strain (as set in stcaintrolled operation mode of the
testing apparatus) is fairly constant at3®2 and 0.8 % (Fig. 7.4d), while the &stic strain in

region lll, i.e. for martensite, is in the order®% for the maximum applied loaéi@. 7.4c).

As detailed before, detwinning in the part of the specimen which was probed by the neutron
beam can be excluded just like presence of a new, alternative twinning mode. Thus, we assume
that the small observed strestain hysteresis in region lll is an effect generated by self
accommodation in relation to the friction of the specimen in contact with the piston surfaces.
This friction will prevent free lateral (transverse) deformation ande dosal boundary
conditions to austenite/martensite/twin smttommodation which are different from the
central, bulk part of the sample, where transverse deformation is rather free to occur. As the
neutron beam is limited to avoid irradiation of the sdrpistons, any processes occurring at the
piston/sample interface are not visible directly in the diffractograms, but they would be visible
in the observed stres$rain behavior. Consequently, none deteriorating elementary
deformation mechanism seem te Activated at highest level loading of the stress induced
martensite in [001priented CeNi-Ga HT-SMA.

46



Experiments

72Ef f ect of precipit;ameson the sess-induced martensitic transformation

in [001]-oriented CaxoNi21Gaso shape memory alloy single crystals

7.2.1 Aim of this study

A strong microstructal dependencef thermally induced martensite on size and morphology

of t greeipitatgthas been reported HZhumlyakov et al. 2012; Kireeva et al. 201B)

case of superelastic testing a more complex and vadint martensitic microstructuiie
supposed to dominate the strgssuced martensite transformation (SIM{Kireeva et al.

2014) So far no studies are available in literature showing detailed microstructural

i nvestigati ons i de n precipitatesongthetSiM&, marterisitewariant e o f
selection and martensite morphology, respectivBlggdda et al.(2006, 2008, 2010pnly

analyzed the complex microstructure evolution during SIMT as affected by temperature and
training pocedures in agrown CoNi-Ga single crystalsThe present study focuses on the

SIMT of a [001]-oriented CaoNi21Gago single crystal in solutiorannealed (precipitatieee)

and aged condition. Fundamental differences in microstructure evolution were found and

i nterrelationshi ps phledptateeardihe MT aneesstaplisited. s per s ed

7.2.2 Experimental details

Transmission electron microscopy (TEM)

Mi crostructur al precipitatesvas comdudterl asing aotransroigsionoel@ctron
microscope (TEM) operating at a nominal voltage of R@0For TEM work, small disk were
cut perpendicular to tH®01] crystal direction of the austenite. For further details the reader is

referredto chapter6.4.
In situ optical microscopy (OM)

For compression tests a single specimen with geometry d6d8 mm? was usedQuasistatic
uniaxial single cycle compressionpetiments were conducted at 1M on a servdydraulic
test frame in displacement control at a nominal strain ratexdfo® s* up to a maximum strain

of -5 % upon loading and a minimum load €00 N for unloading. The selected test
temperature ensured a fully austenitic state prior to superelastic testing ofadrofe
conditions. Strains were measured using a-teghperature extensometer with a gauge length

of 12 mm directly attached to the gripsor calculation of the nominal strain the grips were
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treated as absolutely rigidn situ OM analysis waperformedat various stages of the
superelstic stresstrain hysteresisFor further details the reader is refertechapter 6.2

In situ neutron diffraction (TOF)

In situ neutron diffraction was carried out using the shugyestal diffractometer SXD at the

ISIS neutron source, Rutherford Appleton Laboratory, Oxfordshire. Uniaxial compression tests
were performed under the same conditions as inntlsgu OM experiment. Diffraction data

were recorded during each loading stage in the austenitic and martensitic state for 20 and 130
min, respectively. Displacement at each loading stage was derived from stress values form the
in situ OM experiment. Fdurther details the reader is referrecctapter6.3 andKeen et al.

(2006)

7.2.3 Resultsand discussion

Upon solutiorannealing at 1200°C, CoNi-Ga single crystal feature a singlkphase
microstructure as proven by WE(not shown). Aging treatmentsradativelylow temperatures

are effective for the formation of finely dispersed coherent second phase precipitates in the
austenitic matriYChumlyakov et al. 2012; Kireeva et al. 2018jter aging at 350C for 1h,
selected area diffraction (SAED) patterhgy( 7.5a) obtained from the [00dd zone axis reveal
refl ecti ons a tphasei (lmarkec lody the evhitet drrews #i§ 7.5a). The

0 PrecipitateqL1,, as revealed by the fast Fourier transformation (FFT) pattern (inseg.in

7.5b)) feature a spheroidal shape with digene up to 5hm, which is in good agreement to
other studie§Chumlyakov et al. 2012; Kireeva et al. 2013)

Fig. 7.6 shows the compressive superelastic response atQ@d the [001joriented single

crystalline CagNi21Gao specimen in soluticlannealed and aged conditionspectively. Both

conditions demonstrate excellent SE revealing fully reversible MT. The schnioealed

condition is characterized by a low critical stréssfor MT of about 16(MPa, a narrow stress

hy st et & 30iMPa, agransformation stralis of -4.2 % and a plateatype character of

the forward transformation. These functional properties are in excellent agreement with the
superelastic behavior being already reported for soha#tiorealedNiendorf et al. 2015and

asgrown (Dadda et al. 2006; Kireeva et al. 20@)-Ni-Ga single crystals. The subsequent
aging treatment | eads t o ptedipgatesRagr7haandicauses of f i
a substantially different stres$rain response, i.e. an increase of botha n di, aglecrease

of G as well as strairhardening during forward transformatidfid. 7.6).
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Fig. 7.5: TEM analysis of the GaNi»1Gago alloy following solutiorannealing and aging at
350°Cforlh. (a) SAED pattern with di fphassmarkeduper |
by the white ar r owgrecipitatesformedafiidt dying. he mset slwoivs o 6
the correspondig FFT pattern obtained in the [00d]zone axis.
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Fig. 7.6: Stressstrain curves of a [00tpriented CadNi21Gago crystal, solutiorannealed
(lower hysteresis) and subsequently aged (upper hysteresis), omderessive load at 10.

The optical micrograph and the inverse pole figure show the reference austenitic
microstructure of the specimen taken in the unloaded solatoealed condition before
testing and the orientation of the austenitic phase witpeaeisto the loading direction (LD),

respectively. The red points {@)) correspond to the optical micrographs showifkig. 7.7.
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In general, the underlying microstrual mechanisms responsible for these differences are
reported in literatur€Chumlyakov et al. 2012; Kireeva et al. 2013, 2014; Kretinina et al. 2015;
Gerstein et al. 2018Three terms additively contribute to the increasedevalfiic, imposed

by a change in the chemical and radremical contributions of the Gibbs free energy: The
nanometric precipitates result in a change in the chemical composition of the matrix, an increase
of the elastic energy accumulated during MT, araterpronounced energy dissipation. The
last term mainly results from increased frictional work during interfacial motion and dissipation
of high interfacial energy. This type of energy dissipation during superelastic loading is induced
by complexly accomnmuated martensite in the vicinity of the precipitates. So far, this was only
indicated for thermally induced bnartensitgKireeva et al. 2013, 2014 fact, a complex
multi-variant accommodation of martensitevkrs the transformation strain and is decisive for
the streshardening and the increased hysteresis vdDadda et al. 2010; Kireeva et al. 2013,
2014) However, in order to shed light on these elementary microstructural mechanisms, the
i nf | ue n cpeecimdtes antsteess iInduced martensite will be presented and discussed in

the following focusingonthe martensite variant selection and morphology.

Expectedly,h e p r e s emapiate®stronglybaffects the SIMT, as evidenced by the in
situ OM analysisFig. 7.7 shows optical micrographs that were recorded for the sotution
annealedKig. 7.7a,b) and agedHig. 7.7c, d) condition at3 % and-5 % strain upon loading,
respectively. The reference austenitic microstructure of the specimen recorded before testing is
shown in the inset dfig. 7.6. For the sake of brevity, this study foessonly on the forward

MT. In terms of the soluticlannealed condition, the micrograph showrrig. 7.7a reveals a
lamellar martensitic microstructure withdaminant martensite plate (top right corner) and a
few additional smaller ones coexisting with the untransformed austenite (B8)%atstrain.
Martensite plates separated by a direct interface to austenite are termed habit plane variants
(HPVSs) in the folbwing, and each martensite plate comprises two-teleted domain variants
(Niklasch et al. 2008; Reul et al. 201&ferred to as correspondent variant pair (CVP). The
HPVs inFig. 7.7a featurng the same crystallographic orientation with respect to the loading
direction, consist of the same CVP, referred to as CW¥8llowing straining of the specimen
to-5% (Fig. 7.7b), the MT is fully accomplished without the formation of differently oriented
HPVs. In consequence, the MT of the soluiezmealed singiphase condition is characterized

by the formation of a single (internally twinned) variant of stiedsced martensite, i.e. C\{P

(Fig. 7.7a,b). This heterogeneous transformation beha{ixadda et al. 2010¥ in excellent
agreement with agrown [001}oriented CaoNi21Gaso Single crystalgDadda et al. 2010; Reul
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et al. 2018) The narrow stress hysteresis and plattype character of the forward
transformation(Fig. 7.6) can be explained by the growth of this single CVP. Due to low
interfacial friction, phase fraa can easily move during the SIMDadda et al. 2006, 2008)

Fig. 7.7: In situ OM analysis of the [004griented CadNi21Gazo Specimen in the solutien
annealed (ab) and aged (ajl) condition under compression at 180. The micrographs show
a lateral [100] surface and were recorded at the marked positbtise stresstrain curves in
Fig. 7.6, i.e. (a,c) and (b,d) at-3 % and-5 % strain, respectively. Loading direction is marked

in the upper right corner afmage (b).

As revealed by the optical micrograph$-ig.7.7c,d pr eci pi t at i pyecipitatds nanor
affects the martensite variant selection and the morphalbtipe stresénduced martensite. In

addition to the initial CVP(Fig. 7.7a,b), the forward transformation of the aged condition is
characterized by evolution of NB of a second orientation with respect to the loading direction

(both orientations are marked by dashed linesFig. 7.7c). Furthermore, the phase
transformation proas by simultaneous formation of numerous interfaces. In contrast to the
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well-defined habit planes prevailing during the MT in the soludaonealed conditionHg.

7.7a), pronounced interactions among these various moving phase boundaries lead to local
evolution of distorted interfaces. This phenomenon is observed especially when HPVs of
different orientations interact with each other. This complex-asgbmmodated tygp of
martensite configuration being indicative for a gtlasnogenous MTbehaviorin SMAs

(Shaw and Kyriakides 1995mpedes a reliable identification of the number of varidtesce

bulk data obtained by neutron diffraction experiments were used to shed light on the martensite
variarts selection. For this purpose, the specimen in the aged condition, which was already
probed in the in situ OM analysiBi¢. 7.6 andFig. 7.7,d), was investigated in a subsequent in

situ neutron diffraction experiment at 180 at the ISIS neutron source.

The diffractograms shown Fig. 7.8 correspond tthe unloaded, entirely austenitic state before
testing Fig. 7.88) and to tates upon applying strains <& % (Fig. 7.8b) and-5 % (Fig. 7.8c),
respectivelyThe diffractogram at3 % strain showsn austenite reflection (A) in between four
martensite domain variant reflectionsi{V4) confirming the aforementioned observations Th
formation of habit planes under load leads to a slight misorientation between different austenitic
parts of the sample as indicated by vertical splitting of the austenite reflection. Thus
precipitation o{precipitatee tayses dhiergogtienr o &vd differéntly
internally twinned types of HPVs, i.e. CyYBnd CVB. Based on analysis of the diffraction
spots, the martensite domain variani®$ and \4/V4 each form a CVP. Upon loading#%

strain the formation of stressduced martente is completed as indicated by the annihilated
reflection of austenite. Additional domain variants were not detected as seen in the
corresponding diffractograntiowever, the optical micrograph & % strain indicates partial
detwinning in striglike structures (as already indicated(Miklasch et al. 2008) which are
oriented nearly parallel to the loading direction (marked by the black arrdsgirvy.7d).
Martensite detwinning of internally twinned CVPs is inducedjlywth of one of the domain
variants within a CVP via twin boundary motion. By analyzing the diffraction intensities as a
function of the applied compressive strahg( 7.8d) the detwinning process upon loading can

be further substantiated. The intensity ratia8/¢/ and \4/V 4 change upon straining fror8 %

to -5 %, clearly indicating an increase of volume fraction of one of the domain variahts at

expense of the other one, i.e. detwinning.
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Fig. 7.8: In situ neutron diffraction analysis of the [00atiented CaoNi»1Gazo Specimen in

the aged condition during a superelastic single cycle experimeldrwompressive load at
100°C. Diffractograms (ec) were obtained in loaftee states as well as upe®% and-5 %

of strain. The diffraction intensity plotted as a function of compressive strain is illustrated in
(d). (Sedigure A2 in the appendix fodiffraction intensitesas a function of €pacing obtained

at zeroand-5 % macroscopic compressive strain

Even though only partial detwinning is observed, this is not expected for thedi@@dtjon

under compressive loading in ©b-Ga based on theoretical calculatigbadda et al. 2008)
Furthermore, nanometric precipitates have been reported to hamper the detwinning process
(Kireeva et al. 2014)in conclusion, the role of precipitates in SMAs needs to be reconsidered
carefully, as new higiperformance applications of precipitattbardened alloy sysms are
potentially enabled by additional detwinning strains. Indeed, further work is needed to reveal

the full potential of differently designed precipitates on the detwinning mechanism.

Beside these observations for-86-Ga other microstructural face®can leado a multivariant
martensite selectiobadda et al(2006, 2010)demonstrated the presence of a ratiiant

selfaccommodated martensite morphology upon SIMT owing to diffusion of point defects and
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kinetic pinninginduced martensite stabilizatigustov et al. 2004at elevated temperatures
above 120C (Kustov et al. 2004; Dadda et @010) This mechanism is negligible hedee

to the relatively low test temperature of 180 as can be deduced from the heterogeneous
transformation behavior of the soluti@annealed conditiorHg. 7.6). In the present study the
complex martensite microstructure of the aged condition results from coherency stress fields
imposed by the nanometric precipita{€all and Sehitoglu 1999)Unlike CVP1, which is
favored by the external applied stress, the formation of2@&/&bviously promoted due to its
favorabl e orientation t o pracpitaegGalleasdsSehitogle | d s
1999; Hamilton et al. 2004; Kireeva et al. 2014) addition, the refinement of the &1
martensite (forma&dn of numerous interfaces during strgsduced MT Fig. 7.7c) results from

both, difficulties in shaping the martensite within the irregular stress fields around the
precipitates and an increase in elastic energy accumulation owing to significant elastic
deformation of the netransforming particles and the surrounding mafiKixeeva et al. 2013,

2014) Such a microstructure tin pronounced variantariant interactions is the origin of
irreversible process during SIMT contributing to the different sts&sén response in terms of

the stress hysteresis, stress hardening and transformation strain in comparison to the single
pha® condition Fig. 7.6). The increased stress hysteresis is also induced by the observed
detwinning process, which is known to promote mechanical stabilization of martensite
(Chernenko et al. 2004k-urther clarification is needed regarding cyclic stability and fatigue
life, not only for precipitatiorhardenedCo-Ni-Ga SMAs, but also for other SMAS, e.g. ifon
based SMAs, in which the presence of precipitates is a prerequisite for a thermoelastic MT
(Tanaka et al. 2010; Krool3 et al. 2014)
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7.30n t he 1 mpact poetipitates ondhmensite defornatin of superelastic
Cos9Ni21Gazo

7.3.1 Aim of this study

In previousinvestigations(Kireeva et al. 2014; Lauhoff et al. 2019he SE response of
CuoNi2iGasosi ngl e crystal s c precipi@mtesnshowega signdicamtiyne t r i ¢
increasedtsr ess hyst érae defined iwthedinsét ifF{g.g0.9) as compared to
solutionannealed and agrown materialDadda et al. 20100 compression. The increased
stresshysteress was rationalized based on tinereased frictional energy impeding habit plane
mot i on prebigtates ar&present. The question remaivieetherthis friction is caused

by (i) triggering of microstructures with multiple domains and multiple oriematof habit

pl anes phegipitdtes as olsérved under compresgdianhoff et al. 2019a)r (i) direct

i nt er a c pracipitates avith the Foving austeniteartensite phase boundaifyo tackle

this prevailing research gapn situ experimentsusing neutron diffraction and optical
microscopywereperformedfocusingon the SE response of §gNi>1Gaso Single crystals under
tensile loads for three states of the mateajphsgrown, b) solutiorannealed and, c) aged, i.e.

only the lattercontaining well-defined o precipitates.In [001]-oriented CeNi-Ga single
crystals under tensi load the formation of a mukvariant microstructurés supposed to be
suppressed as pointed out ttneoretical calculation@Vonroe et al. 2010and experimental
resuts (Niendorf et & 2013; Krool3 et al. 2015, 201@&)jlowever, up to now, no studies are
available discussing the role othe morphology and variant selection of streghiced
martensite under tensile loadin§ocusing onthree states of the materiad thorough
understading of the stressxduced martensitic transformation is established. This, in turn, will
contribute to a comprehensive knowledge about the complex interrelationships between

microstructure, MT and functional properties.

7.3.2 Experimental details

In situ optical microscopy (OM)

Quaststatic uniaxial tension experiments were performed at’CO& a nominal strain rate of
1.0x 10°s? on a servehydraulic load frame in displacement control with a fixexiinal
strain of11 % upon loading and a minimum ess of50 N for unloading.The SE response of
CaoNi21Gago Single crystals was evaluated in single cycle tensile oesiat dogbone tensile

specimens with a gauge length ofrhéh and a cross section of IrBn x 1.5mm. For detailed
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information on sampl preparation the reader is refertedchapter6.1. Nominal strain was
calculated from displacement data. The selected test temperature o€ Hddured a fully
austenitic state for all sample conditions prior to SE testing allowing for meaningful ¢ceompar

with data of previous workLauhoff et al. 2019a)in situ OM analysis of the traf@rming
specimeswas employed at selected lcstdges of th&Estressstrain hysteresi® characterize
stressinduced martensite morphologyurface images were collected on a representative area
using a digital microscopé&urthermore, high resolutioronfocal laser scanning microscopy
(CLSM) was employed on the aged specimen using a higher magnification to assess SIM
morphology. The CLSM was equipped wah08 nm violet laser and has a maximum axial

and lateral resolution of 1fim and 120wm, respectiely.

In situ neutron diffraction

In situneutron diffraction on a tensile specimen in thgmasvn condition was carried out under

the same conditions as tase of thein situ OM experiments using the STRESPEC
diffractometer at FRMII, Munichas describeth chapter6.3. In situ neutron diffaction was

carried out to asse&M domain variant selectioat selectecnd predefinedload stages of
theSEstressstrain curveDi f f racti on patterns wer e=5°%corde
using a wavelength of 1.352 A. The orientation of Ithel axis with respect to the incident
beam w@ahd load axis vertical=90 goadtaxiginthe at t er
scattering pland-ig. 6.4). At eachloading stage, rocking scan measurements were performed

in 0. 1A st epestatienforiemtatidn iofxthe thaimsample table with respect to the
incident beamaround] + 1.5° with 10s data collection for each stéfhe software package

Stress Texture Calculator (SteCa) was used for data extr@etimdau et al. 2011for further

details on the setup of STRESPEC the reader is referred Hofmann et al(2006 and

Hoelzel et al(2013)

In addition,in situ neutron diffraction was carried out using the single crystal diffractometer
SXD at ISIS neutron source, Rutherford Appleton Laboratory, Oxfordsisiréescribed in
chapter6.3. Uniaxial tension tests were performed on a solutimmealed and subsequently
aged specimen.€. thesame specimenefore and after aginginder the same conditions as in
the in situ OM experiments. Diffraction patterns were recorded on six equatorial detectors
during eaclpre-definedloading stage in the austenitic and martensitic state for 30 and 90 min,

respectively. For further details on the setup of SXD, the reader is refeKedriet al(2006)
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7.3.3 Results

Co-Ni-Ga (asgrown)

Fig. 7.9 showsthe tensileSE response at 100C of the [001joriented CaoNi21Gago Single
crystalline specimen in the -gsown condition. Thestressstrain curveis characterized by a
narrow stress g/t er e s i sMPapa lovo dritical stresfor the onset oftressinduced
martensitic transformatiofiir of about 140MPa and a plateatype character. This excellent
SEbehavior with a fully reversible MT is in good agreement with data already eddortas

grown CaoNi21Gaosingle crystalgKrool et al. 2015)

Fig. 7.10a shows diffraction patterns of the-g®wn tensile specimen collected at nine load
stages on the stress plateau (region IlI), where the load axis was oriented vertical and
perpendiculartothe c at t e r i =0§). Forltha sake of(brevity, only diffraction data of

four out of nine diffraction patterns are displayed for the forward transformation. The
e X per i mdhotientation was performed in the range of 2.5 t&® &rain. As regaled

by the diffraction pattern Fig.7.10a) a single martensite domain variang YBain
correspondere variant BC\4 out of the three possible BCVs eseext below) is formed at the
beginning of the stress plateau at Z&train. The corresponding diffraction peak in region II
arises from the (200) lattice plane of domain variagitUpon further loading to 8% strain

the volume fractions of austemitand martensitic phase decreased and increased, respectively,
as can be deduced from the peak intensitieBign7.10a. Furthermore, with the load axi
oriented i n t h=®0°sdffmattiongatterms wergcbllacte@ at geven load stages
during the forward transformation in the elastic austenite region | (not shown) and another seven
load stages up to 1% strain in the elastic martensitegion 1l (Fig. 7.10b). The diffraction
patterns [Fig. 7.10b) reveal the presence of the single martensite domain variant (@02) V
throughout region Il as well. The corresponding diffraction peaks in region Ill arise from the
(002) lattice plane of duoain variant \é. Furthermore, constant diffraction intensities from the

(002) lattice plane, indicate a constant volume fraction of this single domain variant.

Fig. 7.10c schematically highlights the formation of a correspondent variant pair (CVP) based
on the Baircorrespondence variants (BCVs). In the cubic to tetragonal transformation three
possible Baircorrespondence variants BE\BCV» and BC\5 (BCV1 is not shown) evolve,
each with the foufold axis (caxis) along one of the cubic austenite axes. Martensite domain
variant orientations are derived from the stifees intergrowth of two BCVs. This necessitates

a rotation of the domain variants inagbn to the initial orientation of the BCVs
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Fig. 7.9: Superelastic stresstrain responses under tensile load at P@of [001}-oriented
CaaNi2iGago single crystals in the agrown (a), solutiorannealed (b) and aged (c) condition.
The stress hiwas measused a haW af theuapplied gtrain amplitgiie. &

is the critical transformation stress level for the onset of stiredisced forward transformation.
The elastic austenite region, strgdateau and elastic martensite region is referred to as
region I, region Il and region lll, respectivelyhe red dots mark load stagekich correspond

to the experimental results oéutron dffraction data The blue and purple rectangles indicate

where opticabnd confocal micrographs, respectively, were taken.
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Fig. 7.10: In situ neutron diffraction patterns of a [00bfiented CaoNi21Gago Single cystal

in the asgrown condition indicate the phase state on the stress plateau (a) and elastic
martensite region (b). The schematic (c) illustrates the formation of a correspondent variant
pair (CVP) based on the Batorrespondence variants (BG) The CVP comprises domain
variant \b (dashed rectangle, which is not observed for the present direction of stressg and V
(bold rectangle). Lattice parameter evolution as a function of macroscopic strain for austenite
(A) and martensite domain variang ¥ shown in (d). Note, closed and open (region Il only)
symbols represent the forward and reverse transformation, respectively. The limits of error are
within the size of the data point&Seefigure A3 andtable A2 in the appendix folattice
parameterobtainedat each load stage on tlséressstrain curve.
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Correspondingly, twinning of the pairs B&BCV», BCV3/BCV1and BCWW/BCV: is possible

along a stresfree twinplane of the type {110}. In the present case, the corresponding domain
variants \4 and \s shownin Fig. 7.10c form a CVP. The occurrence of twinned martensite
would be revealed by the appearance of two pairs of Bpaggs on the corsponding
diffraction patterns, i.e. (200%(002)V- and (200)\¢/(002)Vz with the load axis vertical to the
scatteri=0gA)plaannde i(nc t h e=9&)¢raspectioayfFig §10ch Thasn e ( G
in case of twinned martensite additional diffraction signals would have been detected from
(002)V2 and (200)V: lattice planes at#®=50.5 Fig.7.108) and # =595 (Fig.7.10b),
respectiely. However, the obtained diffraction pattern do not indicate such additional domain
variants on the stress platedtig( 7.10a) and in the elastic mensite region Kig. 7.10b).
Hence, fully detwinned SIM was observed up td4 btrain comprising only ¥/(BCV53), i.e.
BCViand BC\, wherethe extensional-exisis orientedperpendicular tthe[001] tensile load

direction are suppressed.

Space group and lattice parametersRme3m (#221), & 2.874(4) A for asgrown austenite

in the load free condition and P4/mmm (#123¥, 273(1) A, ¢ =3.163(3) A for SIM at the

end of the stresglateau at 9.36 macroscopic strainFg. 7.7d). In region Il the lattice
parameters of (200)3 remain nearly constant as a function of strain as the stress is also nearly
constant on the stressrain plateau. In region lll, stress ieases and, thus, lattice parameters
increase correspondingly. A small shift of the (002)peak position to lower # values
indicates an elongation of the B@¥-axis along the tensile loading direction as illustrated by

the inset (highlighted for threaibof seven load stages in region Il)Rig. 7.10b.

Optical micrographs were obtained during a second SE experiment at specific load stages on
the stessstrain curve (cf. blue markersig. 7.9a).Fig. 7.11 shows microstructures of the-as
grown [001}oriented CagNi21Gaso tensile spcimen, already probed in the neutron diffraction
experiment, at 2.86 and 4.4% applied strain upon loading (b, ¢) and unloading (dTle¢.
loading direction and reference austenitic microstructure of the specimen recorded prior to
mechanical testing irthe load free condition are displayed kig.7.11a. The forward
transformationFig. 7.11b) is characterized by the formation of a single dominant martensite
plate (bottom, ¥) and a shear band with lamellar microstructural features comprising a set of
a few weltdefined parallel interface boundaries between the untransformed austenite (marked
as A inFig. 7.11b) and martensite. The direct interfaces between the austenitic matrix and

martensite, which can be distinguished by an optical contrast, are known as habit planes (hp).
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As revealed by in situ neutron diffractioRig. 7.10a) the dominant martensifgate and the
lamellar martensite plates (martensite lamellae) betweemrta@gemendf parallel habit

planes forming a #ar band comprise only a single martensite domain variaht (V

4.4 %, rev

0% 2.8 %, for||4.4 %, for||4.4 %, rev||2.8 %, rev

Fig. 7.11: In situ optical micrographsecorded under tension at 100 8€the asgrown [001}
oriented CaoNi21Gago single crystal(the same sample investigated by neutron diffraction,
Fig. 7.10). Loading direction is marked ithhe upper right corner of image (a). Microstructure
of SIM at higher magnifications depictedin (f) and @) at 4.4% strain during forward and
reverse transformatigrrespectively Theoptical contrastswithin the shear bandre due to

alternating austenite/martensite lamellae separatetidhyjit plane(hp) interfaces.

Upon furtheroading to 4.4% strain, the martensitic transformation proceeds with the growth
of the dominant martensite plate and the movement of the shear band as dejpiicied idc

and highlighted by the optical micrograph recorded with higher magnificatign7(11f). The

SIM morphology of the moving shear bandFig. 7.11f is characterized by martensite lamellae
between a set of few wellefined parallel habit planes. However, a change of SIM morphology
within the sheaband becomes obvious during the reverse transformation & 4l 2.8%
strain fFig. 7.11d, e and g). Clearly, upon unloading the thickness of theemsite lamellae is
reduced FFig. 7.119).
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Co-Ni-Ga (solutionrannealed)

Fig. 7.9b shows the tensile SE response at 100°C of the {@@diited CaNi21Gaso Single

crystalline specimen in the soluti@mnealed condition. The SE behavior is characterized by a
narrow stress\hst er esi s WPdt hampliowf ciilti caidofaboutansf or
110MPa and a plateatype character. These SE characteristics and the fully reversible MT is

in good agreement with data already reported for sohatiorealed C@Ni21Gaso single crystals

(Monroe et al. 2010; Niendorf et al. 2013)

Diffraction data of the solutieannealed tensile specimen were recorded at nine load stages up
to 11% nominal strain (cfFig. 7.9b andFig. 7.12). For the sake of brevity, only diffraction
data of four out of nine diffraction patterns are displayed for the forward transformation. As
revealed by the diffraction intensitieBig. 7.12) the SIM consists of a single domain variant

V3 for both the stresplateau (region Il, 36 and 6% in Fig. 7.12) and the elastic martensite

region (region lll, 16 in Fig. 7.12).
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Fig. 7.12: Diffraction intensiy as a function of-dpacing obtained at different macroscopically
applied tensile strainef a[001]-oriented CagNi21Gago single crystal in the solutieannealed
condition.In the transforming specimeonly stressinduced martensitdomain variant Y is
found (Sedfigure A4 andtable A3 in the appendix folattice parameters obtained at each load

stage on thastressstrain curv@.
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In addition,in situ OM waspreviouslyperformedon the same specimen used in the neutron
diffraction experimento assesSIM morphology Note, as the neutron diffraction experiment
revealed the formation of one single domain variant during loading and unloading, optical
micrographs are only shown ftire forward transformation. Micrographs were recorded at the
marked positions of the stresgain curve inFig.7.9b for the reference austenitic
microstructure in the unloaded state and at %.&train upon loadingFg. 7.13a and b,
respectively). The optical micrograph of the soluteamealed tensile specimen recorded at 2.8
% strain upon loading reveals a dominant martensite plate togs$ domain variant Yand
nontransformed austenite Aig. 7.13b). Noteworthy, the shear barga region of onevell-

defined martensite lamella aadsingle habit (hp)

Fig. 7.13: In situ optical micrographs of the soluti@nnealed [001]oriented CasNi21Gago
single crystalthe same sample investigated by neutron diffractioRio .12) under tension
at 100°C. The micrographs were recorded at the marked positions of the-stragscurve in
(Fig. 7.9b) in the unloadedtate and aR.8 % strainupon loading The bading direction is
displayed in the upper right corner of image (&).austenite, ¥ martensite, hp: habit plane,

for: forward transformation.

Co-Ni-Ga (aged)

Fig. 7.9c showsthe tensileSE response at 100C of the [001joriented CasNi21Gago single
crystalline specimeafter aging at 350 °C for 1in a peviousstudy(Lauhoff et al. 2019ai}

was showrthat aging at 350C for 1h leads to the evolution af grecipitateswvith spheroidal
shapeand sizesup to 5nm (Fig. 7.14). The segregatiorof o [grecipitatescauss a different
stressstrain response inomparisorto the asggrown and solutiofannealednaterial states, in
particular with respect toplil . SEhesponse is characterized by a fully reversible MT, a
plateautype character and a criticahnsformatiors t r @ &f aboull 140MPa.However the

stress hysteresigidth (pd o ¥Pa & Sonsiderablincreased (by a factor of about 3).
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Fig. 714 HRTEM i maprgogitated forrnedl after aging at 350 for 1h. The spheroidal
0 precipitate within the white rectangle has a size ofrb The inset shows the corresponding
SAED pattern with diffuss uper | att i ce r e fphasecnaikedby tisepvbite s o f

arrows.

Diffraction data of the aged tensile specimen were recordathatoad stagesup to 11%
nominalstrain €f. Fig. 7.9c). Forthe sake of brevitggain only diffraction data of four out of
nine diffraction patterns are displayed for the forward transformatibig. 7.15. As revealed
by the diffraction intensitiestressinduced martensite comprises tiggle domain variant ¥
in boththe stresplateau(region I, 4.3% and 6.5% in Fig. 7.15) andthe elastic martensite
region(region Ill, 11% in Fig. 7.15).

In situ OM was performed on the same specimen already used in the neutron diffraction
experiment (cfFig. 7.15) to assess stregsduced martensite morphology in the presence of

o Precipitates as illustrated Fig. 7.16b. The optical micrographs were recorded at the marked
positions of the stresstrain curve irFig. 7.9c, i.e.in the unloaded statnd at3.6 % applied
strain.The shear band of the aged tensile specimen is characterized by a reduction of martensite
lamellae thickness already during the forward transformation in contrast to the fedetusdd

habit planesind the single habit plane observed in thgrasvn andsolutionrannealed material

state, respectivelyF(g. 7.16b). However, difficulties in the visualization of the martensite
lamellae within the shear bd solely based on OM are obvio#sg 7.16b).
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