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ABSTRACT

Shape memory alloys (SMAS) are a unique class of materials wherein shape recovery
occurs against external stress by means of a reversible therncoedakdl state phase
transformation typically between cubic austenitic B2, trigonal R and monoclinic martensitic B19'
phases. The ability to do work while transforming from one phase to another due to a
temperature change enables their use as-forgle aduators in automotive and aerospace
applications with both sensory and actuation functions. Superelastic NiTi is also of interest due
to its successful use in biomedical devices such as stents. Boflas®e and martensite can
detwin, reorient and undergotl@ermal or stress induced transformation. For these reasons, it is
difficult from ordinary macroscopic measurements to decouple elastic and inelastic contributions
(from their respective phases) from the overall deformatiositu neutron diffraction isdeally
suited to probing thesmicrostructural and micromechanical changes while they occur under
external stress fields.

Despite SMAs typically operating under meatxial stress states in applications, most
previous in situ neutron diffraction basednvestigations on SMAs have been limited to
homogenous stress states as a result of uniaxial loakhiegcurrent investigation spatially maps
thermoelastic deformation mechanisms during heating and loading of shape memory and
superelastic NiTi by recourge in situ neutron diffraction, performed at Oak Ridge and Los
Alamos National Laboratories. SMA spring actuators were also used to experimentally validate
the ability of a recently developed model to predict the evolutionary deformation response under

multi-axial loading conditions.



By recourse toin situ neutron diffraction martensite variant structures were tracked
during isothermal, isobaric, and isostrain loading in shape memory NiTi. Results show variant
structures were equivalent for the correspogditrain and more importantly, the reversibility
and equivalency was immediately evident in a variant structure that was first formed isobarically
but then reoriented to a near random-sefommodated structure by isothermal deformation.
Variant structurs formed isothermally were not significantly affected by a subsequent thermal
cycle under constant strain.

During uniaxial/torsional loading and heating, thermoelastic deformation mechanisms in
nontuniform states of stress in superelastic NiTi were spatisapped. The preferred selection
of R-phase variants formed by variant reorientation and detwinning processes were equivalent
for the corresponding strain (in tension and compression) and the selection of such variant
structures was reversed by isothatnoading. Rphase variant selection was consistent between
uniaxial and torsional loading when the principal stress directions of the stress state were
considered (for the crystallographic directions considered herphaRe variants were tracked
and tke similarity in general behavior between uniaxial and torsional loading, in spite of the
implicit heterogeneous stress state associated with torsional loading, pointed to the ability of the
reversible thermoelastic transformation in NiTi to accommodate $toess and strain mismatch
associated with deformation.

Overall, various thermomechanical combinations of heating and loading sequences in
SMAs yielded the same final texture (preferred selection of variants), which highlights the ability
to take differat paths yet still obtain the desired actuator response while minimizing

irrecoverable deformation mechanisBssed on the ability to obtain a texture for a given strain



after varying loading and heating histories, it can be inferred that the resukstpte this
dissertation could be obtained by following any sequence of loading and heating over multiple
cycles. Therefore, the loading and heating path which minimizescthation of irrecoverable
processes and most efficiently produces the desagabnse should be considered in the design
and fabrication process of SMA actuators and superelastic devices. Such loading and heating
paths have implications for minimizing the number of cycles required to train an SMA, which
limits the amount of work uired for stabilizing their evolutionary response thereby increasing
the fatigue life and overall durability of the SMA. This finding is valuable to the aerospace and
medical device industries where SMAs find current application.

Financial support for this workrom the NASA Fundamental Aeronautics Program;
Supersonics Project (Grant No. NNXO8AB51A), Subsonic Fixed Wing Project (Grant No.
NNX11AI57A), and the Aeronautical Sciences eajis gratefully acknowledgedhe work has
also tenefited from the use Spallation Neutron Source at ORNL, which is funded by the Division
of Scientific User Facilities, Office of Basic Energy Sciences, US Department of Energy under

Contract DEAC05-000R22725 with UTBattelle, LLC.



ACKNOWLEDG MENTS
| would like to express my deep gratitude to my advisor Dr. Raj Vaidyanathan for mentoring me
throughout every step of both my masters doctoralexperience. His advice and guidance have
proven to be invaluable in making me the person and engineer | am tdgtagratitude is
extended to Dr. Seetha Raghavan, Igffrey Kauffman and Dr. Linan An for their contribution

to this dissertation by serving on my committee.

| would also like to express gratitude to
- Drs. Ron Noebe, Santo Padula Il and Othmane Benéfiormerly at UCF) at NASA Glenn
Research Center (GRCpr their guidance and mentoringpecial thanks goet® Santo Padula

Il who couldhavepractically benconsidered a cadvisor ormy dissertation
- Dr. Don Brown, Dr. Bjgrn Clausen and Thomasn®ros at Los Alamos National Laboratory
(LANL) and Dr. Ke An, Dr. E. Andrew Payzant, Dr. Jeff Bunn and Harley Skorpenske at Oak
Ridge National Lab (ORNL), fdnelpfultechnical discussions and experimental help

- Drs. Dayakar Penumadu arRbbin Woracekat the University of Tennessee Knoxvillgor
helpfultechnical discussions and assisting with diffraction experiments
- Jim Mabe and Tad Calkins at The Boeing Compahyp, morerecently have been mentoring

me in applying the skills | developed in gratiei schoglto the aerospace industry.

Finally and above all | would like to thank nwing wife Kelci, as well as myparents, family
and friends for, their love and support, always being there for méatiteir encouragement to

make it through this iportant step in my life.

Vi



TABLE OF CONTENTS

LIST OF FIGURES. ...ttt e et e e e e e e e enmmeeennn e e eeennes Xi
LIST OF TABLES.. ...t e et e e e e e s e e e e e eaannas XVil
LIST OF ACRONYMS/SYMBOLS......ooitiiiiiiiiiiiiiee ettt mmne e XViii
CHAPTER ONE: MOTIVATION AND ORGANIZATION. .....iiiiiiiiiiiie e 1
00 Y 0] 1) V7= (o] PP PP PPPPPPRPP 1

D2 @ 10 = 1= i [0 o SO PPPPN 3
CHAPTER TWO: INTRODUCGCTION. ...ttt e e e e e e 6
2.1 Shape Memory AllOYS........oooiiiiiiiiii e e 6

2.1.1 Shape Memory Alloy ACIUALOLS..........ooeeiieiiiiiireer e eees 6

2.1.2 SUPEIEIASTICITY.....ceeeieeeeeieiiiit e res s eeena e e e e e e e e e eeeeeed 8

2.2 NeUtron DIffF@LON.........cooiiiiiiieiee e ree e e e e e eeeee e 9

2.2.1 SMARTS and the VULCAN engineering diffractometers.................. 10

2.2.2 Neutron Residual Stress Mapping Facility (NRSE2)...............cc.evveee. 11

2.2.3 Data ANAIYSIS. ....cooiiiiiiiieie e 12

2.3 FIQUIES ...t 14
CHAPTER THREE: THERMOMECHANIAL BEHAVIOR OF SHAPE MEMORY NITI
SPRINGS: EXPERIMENTALLY VALIDATED MODEL........coiiiiiiiiiiieeeeieeee e 18
G0 I [ 01 (oo {3 Tox 1 o] o TP PTTPPPPI 19

3.2 EXperimental ProCEAUIES. .........oiiiiiiiie et 21

3.2.1 Spring FabriCatioN...........coooiiiiiiiiiiee e 21

3.2.2 EXperimental SEtUD.........coouuriiiiiii e rene e 22

3.2.3 Themomechancial TeStiNG............ceiiiiiiiiiiiicceriie e 22

vii



3.3 RESUILS ANA DiSCUSSION. ...t e e e e e naaean 23
3.4 CONCIUSIONS. ..t e et e e e eenns 25
LS FIQUIES ...ttt 27

CHAPTER FOUR: HEATING AND LOADING PATHS TO OPTIMIZE THE
PERFORMANCE OF TRAINED SHAPE MEMORY ALLOY TORSIONAL ACTUATORS1

.1 INEFOAUCTION. ...ttt e enens b e nnnee e 32
4.2 Experimental TECNNIQUES...........ouiii e 33
4.3 EffECE OF TTAINING ... .uuuttiiiiiiiiiiiiei ittt e e e e e e enne s 36
4.3.1 1S0baric PerformanCe..........cooiiiiuiiiiiiieeee e 36
4.3.2 I1sothermal RESPONSE........coooiiiiiiiiieee e 38
4.4 Correlations between Isothermatidsobaric Loading Paths and Texture.........40
4.5 Application Relevant Loading Paths...............cccouiiiemiiieee e 42
4.5.1 Spring Loaded Thermal CyCling...........ccvvvviiiiiiieemiiiiiiiiiiiieieeeee A3
4.5.2 Isothermal Loading Beyond the Operating Space.............ccvvvvueeennn. 43
4.5.3 Strain Limited Thermal Cycling........cccccccciiiiiiiiicccnnnn 44
4.6 Conclusions and Future Wark...........oooooiii e 45
A7 FIQUIBS ...ttt ettt et e e e e e e e e e s ammmreeeeeeaaaaeeeeeessnssnnmmneeseessennnnnnnnnn BT

CHAPTER FIVE: ASYMMETRY AND CONTROL MODE EFFECTS DURG
THERMOMECHANICAL LOADING OF POLYCRYSTALLINE SHAPE MEMORY NITI 51

5.1 INEFOTAUCTION....ceeiiiiiieeee et enens bt eeee e e 52
5.2EXperimental ProCEAUIES...........oiiiiiii et 55
5.2. 1 MALEIIAL. ...t 55
5.2.2In situNeutron DiffraCtion..........cooori oo e 55

viii



5.2.3In SituSynclrotron X-ray DIffraction...............uuuveiiiiiiiicceiiiiiiieee e 57

5.3 RESUIS AN DISCUSSION. .....uviiiiiiiiiiiiiiii ettt 58

5.3.1 Straircontrolled Reverse Loading..........cceeeeiieeeeeeiieeeiiiiiieieeee e 58

5.3.2 Stressontrolled Reverse Loading..........cccoeeeiiieeeeeieeeeiiiiiieieee e 6l

5.3.3 Constant Strain Thermal CycCling..........cccuuvviiimiimmmiiiiiiiiiieeeeeeeeeeen 63
S.AINTEIBNCES ... eeer e e e e e e as 67

5.5 CONCIUSIONS ...ceiiiiiiieee et eeene e 71

LB FIQUIES. ...ttt e 74

CHAPTER SIX: TEXTURE EVOLUTION DURING ISOTHERMAL, ISOSTRAIN AND
ISOBARIC LOADING OF POLYCRYSTALLINE NITL..cooviiiii e, 88
G A [ a1 1 oTo [FTox 1 o] o H PP PSP PP PP 88

5.2 MEBTNOUS. ...ttt e e e e e e mnne e 89

6.3 ReSUItS and DISCUSSIQN......ccciiiieeiiiiiiiiiimme e e e 91

6.4 CONCIUSIONS. .. ..ottt e et eeene bbbt et e e e e et e e e e e e e s amamreeeaeeaeaeas 95

6.5 FIQUIES. ..ot e 97
CHAPTER SEVEN: INVESTIGATION OF THE HWPHASE DURING STRESS AND
TEMPERATUREINDUCED PHASE TRANSFORMATIONS.......ccooiiiieeeeei e 101
4% N [ 11 0T ¥ o110 a IR PRSP PPPPPP 101

7.2 Experimental ProCEAUIES...........oooi it e 103

7.3 ReSUItS and DISCUSSIQN.......ccuiiieeieiiiii i e e e bbb 104

7.3.1 Identification of Rphase Variants..............oooooiiviieemniniiiieee 104

7.3.2 Straircontrolled Reverse Loading ofphase.............coooeceiviiviinnnnienne 107

7.3.3 Stressnduced Transforation from Rp h as e ..t..0....B.1.9.4...109



T4 CONCIUSIONS. .. e e 111
D T A S .o e 113

7.6 FIQUIES ...t e e 114

CHAPTER EIGHT: NEUTRON DIFFRACTION MAPPING OF TEXTURE AND PHASE
FRACTIONS IN HETEROGENOUS STRESS STATES DURING UNAXIAL/TORSIONAL

LOADING OF SUPERELASTIC NITL. ..ottt 119
8.1 INrOAUCTION. ......eiiiieee ettt ettt e e e e enenrn e e e e 119
8.2 MELNOUS. ... eeer e 121
8.3 ReSUIts and DiSCUSSIQMN..........uuiiiiiiiiiitieeniiiee e e e et e e e e s smenibee e e ennre s 124
8.4 CONCIUSIONS. .....eeiiiieieiitii ettt eeer e e e e e e e b enenss e e e e e e 133
SR o {1 = 135
CHAPTER NINE: CONCLUSIONS. ... .o eeeen e emem e e e e e 139
APPENDIX: MATLAB SCRIPTS ...ttt e e e 143
Mapping of B2 to B19qg .Ba.i.n..s.t.r.a.i.nsl44 n
B2 cubic to Rphase Bain strain calculations...................viccceiieeeeviiiiceee e 146
B2 cubi c tclmic Baih Strain calouaions..........cccceeeeivieeecceceeeeen 147
REFERENGCES. ... .o ee e et e ettt eemaea e e e e e e e e e eennes 149

mo

n



LIST OF FIGURES

Figure 2.1 Stressstraintemperature response of shape memory alloy showing the shape
memory effect: (A to B) isobaric cooling from cubic austenite to@atbmmodated martensite
under neload; (B to C) isothermal deformation of martensite by; regioelastic deformation

of sdf-accommodated martensite, region linartensite variant reorientation and/or detwinning
and region T elastic deformation of detwinned/reoriented martensite; (C to D) elastic
unloading of martensite; and (D to A) heating from detwinned/reorientei@msée to austenite
producing shape recovery UNdeFIDAU................ooeviiiiiiiiiire e 14

Figure 2.2 Stresstemperature response during isobaric loading (thermal cycling under constant
load) of a typical shape MemaaOY...............oovriiiiiiiiiir s 15

Figure 2.3 Stressstrain response during isothermal loading above tha A typical superelastic
ShaPE MEMOTY AlIOY.......cciiiiiiieeee e e e e e e e e e e s emenra e s e e e e aaaaaes 15

Figure 2.4 The diffraction geometry used at both SMARTS and VULCAN. Two detector banks
capture reflections from lattice planes perpendicular and parallel (longitudinal and transverse,
respectively) to the specimens [0adiNg @XIS............oooiiiiiiimmmn i eeeeeeee e 16

Figure 2.5 Possible diffraction geometries at NRSF2 with portable axial/torsion load frame in a
crosssection of the cylindrical specimen: (a) with load frame vertical showing outlines of the six
diffraction cauge volumes (0.5 x 20 x 0.5 mymvithin the cylinder (diffraction vectors,Qi.and

Qnoop Correspond to locations3.and 6, respectively) and (b) with load frame tilted to 43° about
the xaxis showing outlines of five diffraction gauge volumes (2x2mn?) within the cylinder
(diffraction vectors @ ensie@Nd Qr zompressiof€present principle stress directions under torsional

Figure 2.6 Representative peak shift, broadey and intensity change in a neutron diffraction
spectrum acquired from reflections from specific crystallographic direction.................... 17

Figure 3.1: Geometry of the NiBhape memory alloy spring actuators used in the experiments
(1 ESIT=T 01 (=0 1 1= (= SRR SUPPPPRPPPRORRTR 27

Figure 3.2: Modular experimental setup for thermomechanical testing of shape memory alloy
spring actuators. Coigfurations are shown for two cases: Case (1) with the ends of the spring
free to rotate and Case (2) with the ends of the springs constrained from rotating......... 27

Figure 3.3: Thermal cycling of mearequiatomic spring actuator under an 8.8 N applied load.
The axial displacement response is shown for both cases (with the ends of the spring are
rotationally constrained and unconstrained): (a) displacement vs. cycle for austenite and
martensite; andb) actuation displacement (stroke) vs. cycle. The secondary responses are also
shown: (c) angle of twist vs. cycle for the rotationally unconstrained; and (d) moment vs. cycle
for the rotationally CONSIraINEd...........cooviiiii e 28

Xi



Figure 3.4: Geometry evolutiasf an NiTi spring actuataat the LCT and UCT during theitial

three thermal cycles (between 30°C and 165°C) under a constant load of 8.8N (with the ends
constrained from rotating). Both pictures b&texperimental spring actuator and corresponding
model are shown for COMpPariSON [23]..........oevveiiiiiiiiiir e 29

Figure 3.5: Displacement at the LCT and UCT and stroke during the initial 10 thermal cycles
(between 8°C and 165°C) under a constant load of 8.8N (with the ends constrained from
rotating) of an NiTi spring actuator, comparing a) experiment and b) model.[23]............ 30

Figure 4.1: Operating space defined by the isobaric performance of a NiTi torsional actuator
before and after training: a) shear strain at the UCT and LCT o't tvo isobaric cycles at
varying shear stresses; and b) actuation/transformation shear(s&a the absolute difference
between LCT and UCT points defined in FIgUre 4.18)..........ccooueeiiiiiiiicceeeeeeeee 47

Figure 4.2: Isothermal forward and reverse loading (forward followed by reverse) to +7% shear
strain ofa NiTi torsional actuator at room temperature prior to (as indicated by the black line)
and following training (as indicated by the
actuation response after trai.ni.ng..f.r.am48Fi gur e

Figure 4.3: Representativariant reorientation and detwinning processes correlated to changes
in textures observed through inverse pole figures: a) isothermal loading 4% tensile stram at r
temperature; and b) isobaric loading under 100 MPa between 35°C and .165°C............48

Figure 4.4: Application relevant load paths performed on a NiTi torsional actuator w.r.t. to the

operating spee shown in Figure 4.1: a) thermal cycling against positive and negative spring

loads (up to 500 cycles); and b) isothermal loading beyond the operating space followed by
heating @and COOIING......ccoii i sr e 49

Figure 4.5: Neload thermal cycling (between 35 and 135°C) of a NiTi torsional actuator against
a constant shear strain limit of 3.2%: a) shear steaiperature response fot and 1 cycle
and b) maximum blocking stress observed against the straar limit on each of the 10 cycles.

Figure 5.1 Detector coverage at SMARTS: (a) schematic of physical location w.r.t. incident and
diffracted beams, and spmen; and (b) projected into a pole figure. All axial distribution plots
generated in this paper correspond to the radial slice indicated by..............ccoovvvvivieeee.... 74

Figure 5.2 Inverse pole figures correspiting to diffracting planes perpendicular to the loading

direction during the first cycle of tensimompression (i.e., tensile followed by compressive)
isothermal stratt ont r ol | ed reverse | oading of B19N mar
clarity in presentation, the scale chosen is unique to this figure...........cccccooiviecceeeen. 75

Figure 5.3 Evolutionary response of the first 10 cycles of isothermal stramtrolled reverse
| oadi ng of B1 9ijoomampermtars:ia) strestsaill iesponse for compressive

Xii



followed tensile loading and (b) stress at 4% strain for both tensile followed by compressive
and compressive followed by tensile l0ading..........ccccoevviiiiiiiecciiiiiiii e eeeeeeveevvvvieeee e e A ©

Figure 5.4 Inverse pole figures corresponding to diffracting planes perpendicular to the loading
direction during the first 10 cycles of compressive followed by tensile isothermal-strain
controlled rever se | datdomtgmperdtureBtl BFNP%rswamfoe ns i t i
the initial point on cycle 1 and on the unloading curve for cycles 2 and 10=(}%; (c)U=

4% and (d)J= 0% strain on the loading curve. Note, the IPFs presented in this figure correspond

the macrosqoic response shown in Figure 5.2a. For clarity in presentation, the scale chosen is
UNIQUE 10 ThiS FIQUIE. ...t 77

Figure 5.5 Inverse pole figures corresponding to diffracting planes perpendicutae loading

direction during the first 10 cycles of tensile followed by compressive isothermal-stress
controlled reverse loadingf B19Nj martensitic NilF¥F400dRaandoom t
(b) & = -400 MPa stress. Note, the IPFs presented in this figure correspond the macroscopic
response shown in Figure 5. For clarity in presentation, the scale chosen is unique torthis fig

.......................................................................................................................................... 78

Figure 5.6 Evolutionary response of the first 10 cycles of isothermal tensile followed by
compressive stressont rol |l ed reverse |l oading of B19Nj ma
stressstrain response and (b) strain at400 MPa...........cccooeeiiiiiiiiiiieeeicceee e 79

Figure 5.7 Thermal cycling between 40°C and 165°C under constant strain of shape memory
NiTi: (a) stressemperature response wi9 and 0.6% prstrain performed at SMARTS and
HEMS (see text for details on the diffraction instruments used), respectively and (b) blocking
stress at the LCT and UCT verse cycle (#) for all cases.............uvvveiiiceeveeviiiiiiciieeeeennn. 80

Figure 581 nver se pole figures (of the B19a phase
perpendicular to the loading direction during thermal cycling (up to 10 cycles) between 40°C and
165°C under a constant strain of (a) 1% and (b) R86.clarity in presentation, the scale chosen

IS UNIQUE O thiS fIQUIE... ..o e e e e e e e e aeeer e e e e e e e aaaas 81

Figure 5.9 Inverse pole figures (of the B2 phase at 165°C) corresponding to diffracting planes
perpendicular to thimading direction during thermal cycling (up to 10 cycles) between 40°C and
165°C under a constant strain of (a) 1% and (b) 2%, presenting. For clarity in presentation, the
scale chosen is unique to thiS fIQUELE............vuireiiii e 82

Figure 5.10 In situ synchrotron xray diffraction spectra corresponding to diffracting planes
perpendicular to the loading direction (azimuthal angles 90°) at 165°C during thermal
cycling between 40°C and 165°C under a condain of 0.6% for select B2 peaks........ 83

Figure 5.11 Normalized intensities (i) of select B2 peaks at 165°C as a function of azimuthal
angley (in 10° increments) during thermal cycling (tgp 5 cycles) between 40°C and 165°C
under a constant Strain Of 0.620...........uuuuiuuiiiie e 84



Figure 5.12 Association between (a) Bain strains calculated from crystallographic theory using
lattice parameter obtaed from Rietveld refinement and (b) tensile and compressive preferred
B19qg variant selection obtained from experim
corresponding to lattice planes perpendicular to the loading direction. For clarity in piesenta

the scales chosen are unique to this fIQUIE..........ooo i 85

Figure 5.13Inverse pole figures (IPFs) corresponding to diffracting planes46.3° relative to

the loading direction during the firsycle of isothermal tensile followed by compressive strain
controll ed reverse | oading of B19N) martensit
presented here were generated from Rietveld refinements of diffraction spectra captured by
detector Bank 3 Gillustrated in Figure 5.1). For clarity in presentation, the scale chosen is

UNIQUE 1O ThiS FIQUIE......eiiiiiiiiiee e 86

Figure 5.14 Axial distribution plot corresponding to the first cycle of tension foddwby
compression isother mal reverse | oading of B1G¢
=T o (o) 5 5 USSP 87

Figure 6.1 Inverse pole figures (IPFs) for theading direction and corresponding macroscopic
response of B19Nj martensitic Ni Ti under i sot
compressive reverse loading (as shown by the solid line). Also shown is the macroscopic
isothermal path (as shown byetdashed line) corresponding to Pointd IIK  (as i ndi cat ec
of FIG. 3. For clarity in presentation, the scale chosen is unique to this figure............... 97

Figure 6.2 Inverse pole figures (IPF&r before (Point B) and after (Point D) one thermal cycle

to temperatures above and below the phase transformation under a constant strain of 2% and
corresponding macroscopic response. For clarity in presentation, the scale chosen is unique to
LA ST {0 [OOSR PPPPPPPR 98

Figure 6.3 Inverse pole figures (IPFs) corresponding to mixed isothermal (indicated by solid
arrows) and isobaric (indicated by dashed arrows) loading in the same experiment. During
isoharic loading the sample was thermally cycled to temperatures above and below the room
temperature, once from Points Il to Il and twice from Points VII to VIII. The corresponding
macroscopic position is given above each IPF. For clarity in presentateoscale chosen is
UNIQUE 1O ThiS FIQUIB. ...t 99

Figure 6.4 Macroscopic isobaric path corresponding to Pointél Ifas shown by the dashed
line) and Points VHVIII (as shown by the solid lindjom FIG. 3., 100

Figure 7.1:Selected normalized diffraction spectra acquired from lattice planes perpendicular to
the loading direction that corresponde to isotied loading and unloading at room temperature
on cycle 5: (a) planes near 111 austenite; and (b) planes near 110 austenite............... 114

Figure 7.2:First cycle of uniaxial loading of superelastic Nk room temperature: (a) applied
tensile stress vs. strain measured by exstensometry; and (b) corresponding normalized spectra

Xiv



acquired from lattice plane reflections with plane normals parallel to the loading direction (peaks
NEAN 111 AUSTENITE).....ceeiiiiiiiiiiiies s e e ettt e e s e e e e e e e e e e s eseesa s s e eaeaeeaaeeeeeeeessssannneeeeeeeseennnnnes 115

Figure 7.3:Macroscopic stresstrain response corresponding to two st@ntrolled isothermal
reverse loading cycles betwedh325 and 0.675% strain offphase in superelastic NiTi at room

Figure 7.4:Normalized intensity of selected-phase peaks acquired during streamtrolled
isothermal reverse loading cycles betwe@1325 and 0.675% strain of-pphase in sperelastic
NiTi at room temperature (i.e., corresponding to the macroscopic response shown in Figure 3)
for: (a) planes perpendicular and (b) planes parallel to the loading axis. Note, that the intensity
Was NOrMAlIZEd At ZEIO SIFALML........uuueiiiiiiiiiiiiieeeibtbi et et e e e e e e e e erer e e e e e e e e e e e e e e e e e e e e s s s samnnas 117

Figure 7.5:Selected normalized diffraction spectra acquired from lattice planes perpendicular to
the loading direction that correspond to isothermal loading and unloading (to 500 MPa) at room
temperature onycle 5: (a) planes near 111 austenite; and (b) planes near 110 austenifel8

Figure 7.6:Isothermal loading and unloading up to 565 MPa of superelastic NiTi at 45°C: (a)
applied tensile strasvs. strain measured by extensometry (the room temperature case is also
shown for comparison); and (b) corresponding normalized spectra acquired from lattice plane
reflections with plane normals parallel to the loading direction (peaks near 111 austeritE}

Figure 8.1: Section of normalized neutron diffraction spectra acquired during (a) cooling from
cubic austenite (B2) to trigonal-phase in the absence of an lsap external load and (b)
isothermal uniaxial tensiecompression reverse cyclic loading of trigonaplase at room
temperature, in NiTi. Red corresponds to cubic austenite and black to the trigomas®in (a).
Black corresponds to saliccommodated0%), blue to maximum compressivé.325%) and

red to maximum tensile (0.675%) strains in (b). Reflections are from crystallographic planes
perpendicular to the length of the sampleplase variants A and B in (b) were identified by
correlating measuresit r a & n gin (@) to Bain strains (for the B2 to-fhase transformation

in NiTi) determined from crystallographic thEOLY..............uuuuiiiiiiiiceece e, 135

Figure 8.2: Neutron diffraction spectra from planes ingheciple stress directions under pure

torsional loading at room temperature: (a) cresstion of cylindrical specimen with the two
diffraction gauge volumes. The load frame was tilted to 43° (about -dpask to produce
reflections from lattice planesear perpendicular to the directions of maximum (location.4d) Q

and minimum (location 2, Qy.normal stress. Also, shown are the corresponding sections of
normalized neutron diffraction spectra acquired from (b) location 1 and (c) location 2. All
stresses shown represent the applied shear stress at the s@fsgecimen. Variants A and B

(as identified in Figure 8.1) are shown to preferentially select in the(Q@it ensi L£0) an
(Acompressiveo) directions as demonstrated in

Figure 8.3: (a) Section of normalized neutron diffraction spectra acquired at location 1 (shown in
Figure 2a) for reflections from lattice planes perpendicular to the direction of maximum normal

XV



stress (Qz At einrseicltel och 0) under pure torsional I

changes in @pacing and peak breadth, respectively, of the Rp8aks shown in (a). All
streses shown represent the applied shear stress at the surface the specimen........... 137

Figure 8.4: Analyses of neutron diffraction spectra corresponding to radial and hoop directions
under pure torsia loading at room temperature: (a) crkssstion of the cylindrical specimen

with the six diffraction gauge volumes. The load frame was positioned vertical to produce
reflections from lattice planes perpendicular to the radial (locat®nQagia) andhoop (location

6, Quop directions of the specimen. (b) Normalized intensity of the peak corresponding to
variant B as a function of the radial (mm) distance from the center of the sample to the centroid
of the diffraction volumes. All diffraction peaksene normalized to an absorption profile
acquired under no applied load. (c) The macroscopic sitesig response (stresses for which
neutron data is presented are labeledil). All stress values shown represent the applied shear
stress at the surfatiie SPECIMEN...........ouuiiiii e errr e e e e e e e e eees 138

XVi

0 a (
(indicated by y) and Full Wi dt h at Hal f Ma x i

|



LIST OF TABLES

Table 7.1: B2 to Fphase Bain strains and-ghase variant conversion strains (%) calculated
along the <1113, <1103, and<100>52 AIr€CHONS.......ciiiiiiiiiiii et 113

Table 72.B2 t o B19Nj t r aphasé ariant tAiard rB) ta B19' trdRsformation
strains (%) calculated along the <131,><110>;, and <1003 directions.................c..cceeu. 113

XVii



LIST OF ACRONYMS/SYMBOLS

As Austenite finish

As Austenite start

FEM Finite element method

GRC Glenn Research Center

GSAS General Structure Analysis System
HTSMA High temperature shape memory alloy
IPF Inverse pole figure

LANL Los Alamos National Laboratory

LCT Lower cycle temperature

M Martensite finish

Ms Martensite start

MRD Multiples of random distribution

NiTi Nickel-Titanium (alloy)

NRSF2 Neutron Residual Stress Mapping Facility
SMA Shape memory alloy

SMARTS Spectrometer for Materials Research at Temperature and Stress
UCT Upper cycle temperature

XVili



CHAPTER ONE: MOTIVATION AND ORGANIZATION

1.1 Motivation

The overall objective of this work is to facilitate tkegineeringof stable SMAs for
aerospace and biomedical applicatidns improving the fatigue lifeand durabilityof such
alloys. Towards this goala set of carefully designed neutron diffraction experimevese
performedwherein the evolving texture, phase fractions, and lattice stcamdedetermined
during loading and heating of shape memory and superelasticT¥d iattice strain, texturand
phase fraction evolution captur@d situ at stress and temperature under operating conditions
using neutron diffraction can provide insight into the phase transfromation and associated
deformation mechanisms in these alloys.

The first part of this disertation seels to investigatevarious thermomechanical
combinations otheating andoading sequencein SMAs that yield the saménal martensite
texture (preferred selection of variants), which highlights the ability to take different paths yet
still obtain the desired actuator response while minimizingecoverable deformation
mechanisms.These sequenceswill be presentedn the context of their implicationson
minimizing the number of cyclesequired totrain an SMA, which limits the amount of work
required forstabiliang their evolutionary responsiiereby increasing the fatigue life and overall
durability of the SMA.

Specifically, results showheé variant structures were equivalent for the corresponding
strain and more importantly the reversibilijd equivalency was immediately evident in a
variant structure that was first formed isobarically but then reoriented to a near raatfom

accommodated structure by isothermal deformatidrerefore,the loadingand heatingpath



which minimizes theactivaion of irrecoverable processes and meSiciently produces the
desired actuation respons®y be obtained through methods proposed here. Such implications
would directly benefit the actuatdesignand fabricatiorprocess.

In mostapplicationsa SMA typically operates under a mukliial stress statdnowever
most previousin situ neutron diffraction based investigations have been limited to uniaxial
loading. Thus, the second set of experiments seeks$rack deformationmechanisms in nen
uniform statesof stress duringnulti-axial loadingof superelastic NiTi by recourse taoth
conventional anchewly developed 3D resolved, 2] in situ neutron diffraction techniques.
Resultsshowed dully-reversible, (i) thermallynduced phase transformation betwelea tubic
B2 austenite and trigonal P3-pRhases between room temperature and 45°C in the unloaded
condition ad (ii) stressnduced phase transformation between thghRseand monoclinic B19'
phases during isothermal tensile loading (up to 500 MPa) at room tempeTéteineresence of
the Rphase can significantly alter the overall behavior of the SM#& Rphase, like martensite
can detwin, reorient and undergo a thermally or stress induced transformation. For these reasons,
it is difficult from macroscopic measurements to decouple elastic and inelastic contributions
(from respective plses) to the overall defmation.

Furthermore, the fphase has not been extensively studied when compared to the
martensite and austenite phases. A better understanding of-gghasB can even aid in the
development of Fbhase actuators (e.g., REB]). Experimentally measured strains correlated
well with the single crystal Baistrains calculated from crystallographic theory for this alloy and
allowed for the identification of specific -Rhase variants. Experimental observations of

reorientation/detwinning in the-Rhase agreed well with predictions of variant conversion in



respetive Rphase variants (up to 200 MP&yom these results it can be inferred that the R

phase to B19N transformation can be wutilized

B19Nj transfor mat i o nGivenithat the Eppase ras thesabilitycto reogenti c e s .

and detwin,the P hase to B19Nj t mpeentmlbenafinohreducedstrdssaaasd t h e

strain mismatch often observed between B2 and

strain mismatch between respective phases could reduce the formation of plastgg fo

during cycling through the phase transformation and extend the lifecycle of superelastis device
Specific Rphasevariants were tracked and spatially resolved measurements in the

principle stresssadialand hoopdirectiors duringuniaxial andorsional loading(up to 500 MPa)

were obtainedThe ability to track specific fohase variants in principle stress directions offered

hiterto unexplored insight into preferred selection of variants in SMAs during -axiki

loading. As discussed above, variadlection has a direct implication on stabilizing SMA

behavior specificallythe similarity in general behavior between uniaxial and torsional loading,

in spite of the implicit heterogeneous stress state associated with torsional loading, pointed to the

ability of the reversible thermoelastic transformation in NiTi to accommodate both stress and

strain mismatch associated with deformatidh.aforementioned efforts have the added benefit

of improving the fundamental understanding of thermomechanicalndafion in shape memory

and superelastic alloysThese findings are valuable to the aerospace and medical device

industries where SMAs find current application.

1.2 Organization

The content of this dissertation consistaodompilation of papers divided mtchapters ands
organizedn manner thasupports the aforementioned motivation, as follows.
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Chapter 2 provides and introductioto; SMA actuators and superelasticity; and the neutron
diffraction instruments and data analysis, usetthis dissertation

Chapters 3 and 4 present application relevant case studies of SMA actuators operating under
multiaxial conditions in complex forms. Specifically,

Chapter 3 presents the use &MA spring actuators to experimentally validate the ability of a
recently deeloped model to predict the evolutionary deformation response underaxialti
loading conditions.

Chapter 4 demonstrates heating and loading the paths to optimize the performance of trained
SMA torsional actuators. This chaptsgrves to establish coroti®ns between torsional SMA
actuators designed for application and neutron diffraction results to be presented in later
chapters

Chapter 5 investigates asymmetry and control mode effects in polycrystalline shape memory
NiTi investigated byperformingin situ neutron and synchrotronray diffraction during reverse
mechanical loading and constant strain thermal cycling.

Chapter 6 builds connections between isothermal and isostrain loading results presented in
Chapter 5. Furthermore, the results are extérdeinclude isobaric loading, thus providing a
comprehensive investigation of texture evolution of SMA under general isobaric, isothermal and
isostrain loading paths.

Chapter 7t ransitions from the i nnvskapd megnary NiGins o f
previous chaptejsto R-phasein superelastic NiTiwherein Rp h as e | cak eeoridhtl 9
detwinn and undergo a phase transformation. Specifically, Chapter 7 provides an investigation of

the Rphase during stresand temperaturgnduced phase transfoations



Chapter 8 tracks and spatially maps specifiepRase variants (identified in Chapter 7) in the
principle, radial and hoop directions under hetereogenous states of stress, during torsional
loading.

Chapter 9 provides a summary of the conclusidnsm each chapten a manner that highlights

the impact of this dissertation.



CHAPTER TWO: INTRODUCTION
This chapterprovides an introductionto shape memory alloys (SMAwshich includes
their use as actuators and superelastic properflé® £cond section in this chapter provides an
introduction toin situ neutron dfraction and the diffractometers and tools that were used in

investigations throughout this dissertation

2.1 Shapememory alloys

2.1.1 Shape Memory Alloy Actuators

Shape memory llays (SMAs) have the ability to recovery their predeformed shape
against external loads thus enabling work output in actuator applications. With recoverable
strains exceeding 4%, near equiatomic NiTi has been the most extensively used system for SMA
actudor technologies thus far. In shape memory NiTi the recovery process occurs by way of a
reversible thermoelastic martensitic phase transformation from a monoclinic (B19') martensite
phase to a cubic (B2) austenite phpk€]. The ability of SMA to recover a prgeformed shape
is often reérred to as the shape memory effect. Figuieillustrates the oneay shape memory
effect.

During cooling under ndoad from A to B the transformation from the parent cubic
austenite phase to martensite produces aasetimmodated martensite variantusture [5].
Isothermal loading from B to C has been well studigd7, 8] and can be partitioned into
multiple loading regimes of different moduli (indicated by the vertical dashed red lines in Figure
2.1) with corresponding dominant deformation mechanisms: (I) elastic deformation with limited
detwinning and variant conversion; (lI) martensite variant reorientation and detwinning; and (Il

elastic deformation of detwinned and reoriented marterfsiéowing elastic urdading from C
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to D at D the system remains deformed and the martensite remains reoriented and detwinned.
Upon isobaric heating from D to A under-load the detwinned and reoriented martensite
transforms back to austensite producing shape recovery.

The sh@ae memory effect can occur against external load (up to 500 MPa) thus producing
work output. The ability to do work while transforming from one phase to another due to a
temperature change enables their use as-foigle actuators in automotive and aeraspa
applications with both sensory and actuation functidhgs behavior is often referred to as lead
biased tweway shape memory effect or isobaric loading (thermal cycling under constant load).
Figure 2.2 illustrates a typical isobaric response obsemwe®MAs. Figure2.2 shows the
transformation temperatures associated isobaric load as determined by the intersection of lines
tangent to the heating and cooling curves. The transformation temperajufesM and M are
the austenite start, austenitei$h, martensite start and martensite finish, respectively.

Prior to isobaric loading the SMA is typically loaded isothermally below théoMhe
desired stress. This stress is typically within region | or Il (as shown in RRglréo prevent or
minimize the onset of irrecoverable mechanisms during thermomechanical cycling. After
isothermal loading, the stress is held constant while the SMA is heated to apeowdch
produces a transformation strain (or recoverable strain) associated with the slogeyrec
against the external load. Finally, the SMA is cooled below therd the original strain or
shape is recovered. There is often irrecoverable strain associated with this process. Deformation
mechanisms contributing to irrecoverable strain have gépebeen attributedto the
accumulation of retained martensite (i.e., martersiisting above the 4, dislocation based

plasticity and/or deformation twinnirj@-10].



Residual strains can be reduced or eliminated by appropriate training processes, thus
producing a stable SMA actuation respoSe7, 11, 12]. SMA training typically involves
performing multiple isobaric cycles under the applied load of the intended application. During
this process residual strain accumegatvith each cycle and increasingly saturates until desired
stability is achieved. The number of cycles required to train varies between alloy systems and is
dependent on the processing history performed prior to trajlng]. Training can also be
achieved by appropriate isothermal deformafi@dh Stabilization of the isobaric response by
training and processing is generally attributedht® preferential selection of martensite variants
(texture), internal stress fields generated by plasticity, the formatiopremfipitaes and/or
deformation twinning.

Two-way shape memory behavior observed under isobaric loading can also occur under
no-load (as demonstrated in Figuee?) and is often called intrinsic twway shape memory.
Intrinsic two-shape memory effect is generally attributed to internal stress fields generated by
plasticity, the formation oprecipitaes and/or deformation twinniri@] which bias the selection
of martensite variants (texture) duringettphase transformation. Intrinsic twm@y shape
memory effect often forms during training and is observed when thermal cycles are performed

following the removal of the load used to train.

2.1.2Superelasticity
As described in the previous section, SMAsdurce the shape memory effect by way of
a temperature induced phase transformation. The stress induced phase transformation observed
in SMAs is often called superelastici§uperelastic NiTihas been successfully commelimed
for biomedical applicationscluding endovascular stents, orthodontic wires and for eye glass
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frames, among othersén NiTi, this phase transformation typically occurs between cubic B2,
trigonal P3 and monoclinic B19', phases commonly referred to as austerptegs® and
martensie, respectively. Furthermore, both the R and martensite phases can accommodate
deformation by reorientation and detwinning of A3-151 and B19qg v divelyant s,
Figure2.3 illustrates superelasticity in SMAs. Typically, superelasticity occurs when the SMA is
above the Aotherwise full recovery will not be obtained. Loading from A to B produces up to
8% strain as cubic B2 austenite orpRase transforms tetress induced martensite. Upon
unloading from B to A, stress induce martensite transforms back to cubic B2 austenite or R
phase and the strain is fully recovered. Irrecoverable strain can occur during a superelastic cycle
which can be reduced or elimiedtduring training. Similar to training of an SMA actuator (see
Section2.1), training of superelastic SMA can be achieved by repeated cycling. During training
of superelastic SMA, isothermal cycles are performed between austenite aeaisiteamtil the

desired stability is achieved.

2.2 Neutron Diffraction

In situ neutron diffraction during mukaxial loading and heatingf SMA is utilized
extensively to meet the objectives provided in the previous chjgatron diffraction imaging
provides an atteive alternative to electron andray based techniques in which penetration
depths can be limited to at most several microns below the surface. The increased penetration
depth of neutrons (up to several centimeters) allows for microstructural and ncbeotal
characterization representative of thekbof polycrystalline materials. dfthermore,in situ
neutron diffraction can provide residual and internal strain, texture and phase fraction
information during heating/cooling and loadinghis section provides an overview of the
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neutron diffraction instruments and data analysis used and an overview the specific experiments

perfomed during this investigation.

2.2.1 SMARTS and the VULCAN engineering diffractometers

This investigationwill include the use bt i-ofaffel i ght 0 newut rthen di f f
Spectrometer for MAterials Research at Temperature and Stress (SMARTS) at Los Alamos
National Laboratory and th# ULCAN engineering diffractometer ahe Spallation Neutron
Source (SNS) aDak Ridge National Uaoratory (ORNL).Figure 2.4 shows the diffraction
geometry used at both SMARTS and VULCAAL both SMARTS and VULCAN he loading
axis formsa 45° angle with the incident neutron beam. Two detector banks are positioned at
opposing 90° angles relative to tlheam which allows for reflections from lattices planes
perpendicular and parallébdenoted as longitudinal and transverse, respectively, in Figdreo
the loading axis to be capturesk both instrumentsn situloading and heating is accomplished
by a servehydraulic load frame andan induction heating system, respectivéyring uniaxial
loading macroscopic strain measurements were made by extensometry (10 mm gauge length and
strain resolution of 5xI%).

VULCAN has the unique capabilities of akiorsional loading and increased flubhe
high flux and continuous scannirayailable at VULCAN allow for microstructural evolution
during the phase transformation to be captyre8 17]. Recently, an axial/torsion gripping
system specifically for VULCANs load frame was created and initial neutron diffraction

measurements on NiTi under torsional loading wereafiBg).
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2.2.2 Neutron Residual Stress Mapping Facility (NRSF2)

A portable axial/torsiorelectromechanicaload frame developed by the University of
Tennessee, Knoxville (TK) will be utilized at the Neutron Residual Stress Mapping Facility
(NRSF2) atthe High Flux Isotope Reactor (HFIR) @RNL. As opposed to VULCAN and
SMARTs whicbhf-fusghitioi mmeffraction, the reactor
neutrons andhte Br agg scattering angle (2d) i's var.i
crystallographic directionsFurther details regarding the experimental setup can be found
in.[1]The small diffraction volumes (0.5 x 0.5 x 0.5 Mnachievable at NRSF2 allows for
spatially resolved measurements in heterogeneous stress states that develop under torsional
loading. Furthermore, the unique ability to change the orientatitimeadxial/torsion load frame
relative to the incident beam and detector bank at NRSF2 provides the opportunity to diffract
from crystallographic planes with plane normals near the directions of maximum normal stress
(two-dimensional planes +45° relative the longitudinal direction) during torsional loading
(e.g.,in Ref. [1]). Figure 2.5 shows pssible diffraction geometries at NRSF2 wiitte portable
axial/torsbn load frame in a&rosssection of the cylindrical specimefigure 2.5ashows the
loading direction a vertical position relative to the incident beam. In this configuration, a spatial
resolution of 0.5 mm w.r.t. the radius can be obtained. Reflectierfscan lattice planes parallel
to length of specimen and reflections from the radial and hoop directions can be decoupled (as
illustrated in Figure.59.

Figure 2.5b shows a crossection of a cylindrical specimen with the loading axis tilted
43° about lhe xaxis. Note, ideally the loading axis would be tilted to 45° to observe reflections

from lattices planes perpendicular to principle stress directions under torsional loading. In this

11



configuration, a spatial resolution of 2.0 mm w.r.t. the radius eanhtainedReflections are
from lattice planes 43° to length of specimen and reflections from the maximum and minimum
principle directions of stress under torsional loading can be decoupled (as illustrated in Figure

2.50).

2.2.3 Data Analysis

Residual andnternal strain, texture and phase fractioformation obtainedy recourse
to in situ neutron diffractionare observed qualitative in diffraction spectrum as follows. Figure
2.6 shows arepresentative peahift, broadening andtensity changen a neuron diffraction
spectrum acquired from reflections from specific crystallograghgction Peak shifts indicate
lattice strain and changes in peak intensity indicate changes texture or phase fraction. Peak
broadening can indicate the presents of latiefects, elastic anisotropy, twinning, instrument
and strain broadeniid 9], among others.

In order to provide quantitative informatiosinglepeaks from a diffraction spectrum (as
shown Figure2.6) are fit with a Gaussian or Lorentzian profile functioraaronvolutio of both
resolved by Windor, Jorgens and Von Dreele which is implemented via General Structure
Analysis System (GSAS) softwaj20, 21]. The peak location (dpacing)d™, peak intensity"("
and Full Wi dt h Half Max ( FWHM) from thwe fit
for a specific crystallogghic hkl plane can be obtained as follows:

dh - g
€ = dhk|do (3.1)
0
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in which d and d™ are the initial éspacing and -¢pacing measured at a specific temperature,

stress or spatial location within the sample, respectively.

In order to obtain strain, phase fraction and texture information representative of a
complete eutron diffraction spectrunthe spectrum e analyzed using Rietveld refinement
implemented by GSA$21]. Using aleast square approximatiam theoretical line profile is
generated to fit a diffraction spectrum or set of diffraction speBlietveld refinement wées
texture, phase fractiomnd lattice parametergntil a fleast squares ftwith the measured
spectrumis obtained Using the following mathematical model for the intenMgyat every point

in the measured spectrum

Y.=Y, 4 SKER [ (3.2)
h

whereY,, is the background intensitfsis the scale factoK is a correction factor containing a
description of the changes in predicted intensity due to texEyres, the stucture factor and
P@ly)i s the profil e fTuhe profile pant frore theereflecton positodp o
to an 18' order spherical harmonic description was implemented in the Rietveld refinement code
in GSAS. To obtain volume fractions at SMAFS and VULCAN rietveld refinementis
performedwith phase volume fractions constrained to be equal betweemnléigttior banké.e.,
spectra acquired from lattice planes perpendicatat parallel to the length of the sample
Inverse pole figures (IPFswhich represent the distribution of a selected direction in the
specimen relative to the crystal axes in multiples of random distribution (1 corresponding to
random distribution), can be generated from the Rietveld refinements as previously ¢adjned

and plotted with generic mapyg tools[22].
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2.3 Figures

detwinned/reoriented

4 O (MPa) martensite
| [ Lo
|
600 + I I C
1 I
1 |
A ] I K
g | I
473 I |
self-accommodated / 00 : \oading | _§°
twinned martensite [ | ;-'E
1 —
1 1 §
1 1
1 |
\ B strain 1 D £(%)
— ——r} >
2 4 6
& K
)
O@ &
Q .
< heating
x@
g
T(°c) X A
100 detwinned/reoriented
austenite martensite

Figure 21. Stressstraintemperature response of shape memory alloy showing the shape
memory effect: (A to B) isobaric cooling from cubic tarste to seHaccommodated martensite
under neload; (B to C) isothermal deformation of martensite by; regieelastic deformation

of selfaccommodated martensite, regiori linartensite variant reorientation and/or detwinning
and region T elastic deformation of detwinned/reoriented martensite; (C to D) elastic
unloading of martensite; and (D to A) heating from detwinned/reoriented martensite to austenite
producing shape recovery underlnad.
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Figure 24: The diffraction geometry used at both SMARTS and VULCAN. Two detector banks
capture reflections from lattice planes perpendicular and parallel (longitudinal and transverse,
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Figure 25: Possible diffraction geometries at NRSF2 with portable axial/torsion load frame in a
crosssection of the cylindrical specimen: (a) with load frame vertical showing outlines of the six
diffraction gaugevolumes (0.5 x 20 x 0.5 minwithin the cylinder (diffraction vectors,Qi.and

Qnoop Correspond to locations3.and 6, respectively) and (b) with load frame tilted to at35ut

the xaxisshowing outlines of five diffraction gauge volumes (2 x 2 xr@%nwithin the cylinder
(diffraction vectors @ sensiie@Nd Qr zompressiof€present principle stress directions urtdesional
shear).
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CHAPTER THREE: THERMOMECHANICAL BEHAVIOR OF SHAPE
MEMORY NITI SPRINGS: EXPERIMENTALLY VALIDATED MODEL

To facilitate the implementation ofhape memory alloys NB\s) in commercial
applications, a framework was developed for a mapial, multtmechanism based constitutive
model for the comprehensive representation of the evolutionary respdabtAstinder general
thermomechanical loading conditiangn this chager, SMA spring actuators were used to
experimentally validate the ability of this aforementioned model to predict the evolutionary
response under muléixial conditions Under complex and evolving stress states the boundary
conditions imposed are expectedhave significant effects on SMA behavior. Thus there is a
need to experimentally assess the effects of various constraints on the thermomechanical
behavior of SMA spring actuators. Towards this goal, a modular test setup was assembled with
the objectie of acquiring stroke, temperature, rotation and moment data in real time during
joule heating and forced convective cooling of SMA springs under constant axial load. This work
specifically targets the role of rotational constraint during thermomechagigaing of a NiTi
(nominal composition 49.9 at.% Ni) SMA spring actuaiidre following two cases of rotational
constraint and corresponding experimental configurations were considered: (i) the ends of the
spring were allowed to freely rotate and the angfl@wist (relative to the initial condition) was
measured and (ii) the ends of the spring were constrained from rotation and the reaction moment
was measured. During both cases, the axial displacement (position of axially free end measured
relative to theinitial condition) of the SMA spring was tracked during actuati®esults
demonstrating the capability of the model to capture the experimental response are summarized

here and additional details regarding the model can be found ir] Zaf.
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3.1 Introduction

Shape memory alloys (SMASs) have the ability to produce large work output in compact
spaces by means of fully reversible sddtdte phase transformatiphy 5, 24]. With the ability to
recover large strainggainstexternal load SMAs can be used as soeBthe actuators. In recent
decades SMA actuators have been traded against conventional actuation systems in aerospace
applications as means of retug weight, cost and complexitgf the overall systenfi25-30].
Additionally, with the ability to operate in complex forms, e.g., beams, springs, flexures,
couplers, etc. SMAcan be usedo effect systems in ways not yet realized or possible with
conventional actuation syshs (e.g. in the case ofariable geometry chevrons for jet engine
[29] or as slat cove fillers in higlift flight configurations[31] to reduce noise during talaf
and landing). Despite the aforememid benefits and many potential applications, the
commercial success of SMA in the aerospace industry has been limited in part by a lack of full
understanding of their behavior under general, raxi@l loading conditions. To facilitate the
implementatio of shape SMAs in commercial applications, a framework was developed for a
multi-axial, multtmechanism based constitutive model for the comprehensive representation of
the evolutionary response of SMAs under general thermomechanical loading coj@Bi3%

33]. In this work, SMA spring actuators were ugedexperimentally validate the ability of this
aforementioned model to predict the evolutionary response underaxialticonditions

Typically, when operated as actuators SMAs are thermally cycled under constant load
(henceforth called isobaric loadingduring cyclic isobaric loading irrecoverable strain may
accumulate with each cycle. Deformation mechanisms contributing to irrecoverable strain have

generally been attributed the accumulation of retained martensite (i.e., maegrsitegyabove
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the A), dislocation based plasticity and/or deformation twinrj8xd.0]. Residual strains can be
reduced or eliminated by appropriate training processes, thus prgdustable SMA actuation
responsg5, 7, 10, 34]. SMA training typically involves performing multiple isobaric cycles
under the applied load of the intended application. During this process residual strain
accumulates with each cycle and increasingly saturatésiasired stability is achieved. During
training of uniaxialwires or torsional loaded thiwalled tubeswith near homogenous stress
states, there is no significant geometry chatige results from theccumulation of residual
strain. This is not the sa for more complex modes of SMA actuation such as a beam in bending
or axial loaded springDuring training of SMA axially loaded springs, accumulated residual
strain causes an increase in length and pitch and contraction of coil dif83:tes]. With a
heterogeneous stress state that evolves with
caseo0O scenario for S MA mpfep dne levolwing Istress astateso the. Un.
boundary conditions imposed are expected to have significant effects on SMA behavior. Thus
there is a need to experimentally assess the efteatsboundary conditions haven the
thermomechanical behavior of SMA sgriactuators. Towards this goal, a modular test setup
was assembled with the objective of acquiring stroke, temperature, rotation and moment data in
real time during joule heating and forced convective cooling of SMA springs under constant
axial load.

This work specifically targets the role of rotational constraint during thermomechanical
cycling of a NiTi SMA spring actuator. The following two cases of rotational constraint and
corresponding experimental configurations were considered: (i) the ends sprihg were

allowed to freely rotate and the angle of twist (relative to the initial condition) was measured and
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(i) the ends of the spring were constrained from rotation and the reaction moment was measured.
During both cases, the axial displacement ifmos of axially free end measured relative to the
initial condition) of the SMA spring was tracked during actuation. Results demonstrating the
capability of the model to capture the experimental response are summarized here and additional

details regardig the model can be found in Ref. [20].

3.2 Experimental Procedures

3.2.1 Spring Fabrication

The material used in this work was a binary NiTi alloy (nominal composition 49.9 at.%
Ni), produced by Special Metals (now SAES Smart Materials, New Hartford, h9.alloy is
part of suite of NiTibased SMAs developed by NASA Glenn Research Center and has been
extensively studied elsewhef@, 36-39]. Wire was Electro Discharge Machined (EDM) (to a
wire diameter of 2.16 mm) from the same extrusion used to calibrate the SMA model. The wire
was wound onto a mandrel with a helical grove (with the geometric parameters ofdékedano
spring) at room temperature. A sleeve was slid over the wire and mandrel to ensure that the wire
maintained its desired spring shape throughout the sd&tpeg process. The spring was shape
set at 450°C for 30 min. and then-geenched. It has prously been shown that the shape
setting process does not have a significant effect on subsequent thermomechanical behavior in
this particular material systefdQ]. Figure 3.1 showthe geometry of the NiTi shape memory
alloy spring actuators used in the experiments presentedTheresshapeset spring onsisted
of three active coils (four in total), with a coil diameter of 23.1 mm and a free length of 19 mm.
This process was repeated to produce a total of two identical springs, one for each of the two

aforementioned Cases.
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3.2.2Experimental Setup

A modular test setup (as shown in Figure 3.2) for the purpose of testing SMA springs
(with various end constraints) was designed and assembled. A detailed description of the
experimental setup can be found in Ref [3]. The following two configurations weretased
experimentally validate Case 1 and Case 2. For Case 1, one spring mount was coupled to the
torque cell (with a range of-076.5 N-mm), to measure the torque produced during actuation
when the spring was constrained from rotating. For Case 2, one spoungf was coupled to a
rotary encoder, to measure the degree of twist produced during actuation when the spring was
free to rotate. For both cases care was taken to ensure the boundary conditions mirrored (as close
as possible) the boundary conditionslaapin the simulation (i.e., rigid with no conductive heat

loss at the point of contact with each spring mount).

3.2.3Thermomechancial Testing

Using the setup described in Section 3.2.2, the following tests were performed. Two
stressfree thermal cyclegbetween room temperature and 165 °C) were performed (to relieve
any residual stresses produced by processing, machining or installation of the spring) prior to the
experiment after the spring was installed in the setup. Following the tA@addhermakycles
an axial tensile load of 8.8 N was applied to the spring at room temperature. Under this constant
load, up to 20 thermal cycles were performed between an LCT=35 °C and UCT=165 °C. This
thermomecahincal loading procedure was performed for Case Qamed2 using an as shape set

spring for each case.
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3.3 Results and Discussion

In all experimental cases an 8.8N axial load was appliedom temperaturd his load
was chosen specifically as it was analytically sh@using methodology presented in Refl])
to produce approximately 100 MP@aximum effective stress in the sprifdnis analytical result
was in good agreement with model which showed a maximum effective stress of 107.7 MPa
under the8.8N applied axial load. &h good agreement was expected due the material
deformation being mostly elastic with limited variant reorientation and detwinning when
isothermally loaded up to 100 MPRBollowing tre initial isothermal loading to 8.8 N of axial
load, the load was held constant and the spring was thermally cycled b88¢€eand 165°C

Figure 3.3a shows the axial displacem&r80°C (martensiteand 165°Q(austenite)for
both Cases 1 and 2 (with the ends of the spring are rotationally ¢oedtend unconstrained,
respectively)during thermal cycling under an 8.8 N applied loktjure 3.3b shows the axial
stroke(i.e., the difference between the displacemer2GC and 165°Lfor both Cases 1 and 2
(with the ends of the spring are rotatibtpaconstrained and unconstrained, respectively).
Initially both cases produced the same amount of displacement and stroke; however after the
stroke stabilized (after approximately 5 cycles) the rotationally unconstrained spring produced 2
3 mm more stokehan the rotationally constrained spring. The difference in stroke appears to
increase with additional cyclingnd continued evolution (up to5~mm after 20 cycles). The
angle of twist produced at the ends of the rotationally unconstrained (Case 2)ispaaged
with evolution and cycle, as shown Figures 3.3c. The moment produced at the ends of the

rotationally constrained spring (Case 1) increased with each cycle, as shown in Figure 3.3d.
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Overall, Figure 3 shows a summary of the experimental resultadamal cycling of a
NiTi spring actuator under 8.8 N for both Cases (1) and (2). Results for both cases show that the
displacement increased (without bound, however the rate of increase of displacement decreased)
during each thermomechanical cycle (fgr to the 20 thermomechanical cycles tested). The
stroke for each case was the same (within error) and increased, for the first 3 to 5 cycles. For
Case (1) the stroke stabilized after approximately 5 cycles. For Case (2) the stroke began
decreasing after gpoximately 5 cycles. Hence, over the entire 20 cycles the rotationally
unconstrained case produced a larger stroke. For both cases, the angle of twist and reaction
moment (so called secondary responses), respectively, also increased with each
thermomechanal cycle. Increases in the secondary responses were larger (near an order of
magnitude) in austenite than in martensite. Tasilt can be attributed favorable selection of
martensite variantsvhich minimizes the secondary responses observed in mageteduring
cycling.

Figure 3.4 showgeometry evolutiorof a NiTi spring actuatorat the LCT and UCT
during theinitial three thermal cycles (between 30°C and 165°C) under a constant load of 8.8N
(with the ends constrained from rotating). Both pictwkthe experimental spring actuator and
corresponding model are shown for comparison (reproduced fronj2&3gt. During the initial
thermal cycle under load [from point (2) to (4)], a large amount of deformatsrobserved due
to the transient response. &transient response in NiT$ typically attributed to reorientation
and detwinning of martensite variants during cooling on the first thermal cycle under isobaric
load This response hgweviously investigatk in Ref.[42] and observed e.g., in R¢B2, 43,

44], among others. Here for the case of axial loaded springs the transient response produces a
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| arge change of tAd absersed fromnpgittss (2) goe(4) m &igurey3.4, the
spring length and pitch significantly increase and the coil diameter decreases. The behavior was
observed experimentally and captured well by the model (which was calibrated using only
uniaxial results With continued cycling (from points 2 to 8) the formation of residual strain was
observed as cycl®-cycle increase of the springs lengtrhich was also captured well by the
model.

The ability of the models ability to capture the experimental regpcas be summarized
in Figure 3.5. Figure 3.5 shows thesplacement at the LCT and UCT and stroke during the
initial 10 thermal cycles (between 30°C and 165°C) under a constant load of 8.8N (with the ends
constrained from rotating) of MiTi spring actuatr, comparing a) experiment and b) mojdd).
Overall, the model captured the axial displacement response of NiTi spring actuatavithkell (

up to 15% error).

3.4Conclusions

To facilitate the implementation of ape SMAs in commercial applications, a framework
was developed for a muldixial, multtmechanism based constitutive model for the
comprehensive representation of the evolutionary response of SMAs under general
thermomechanical loading conditions. In thisork, SMA spring actuators were used to
experimentally validate the ability of this aforementioned model to predict the evolutionary
response under muiéixial conditions The following two cases of rotational constraint and
corresponding experimental capirations were considered (i) the ends of the spring were

allowed to freely rotate and the angle of twist was measured and (ii) the ends of the spring were
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constrained from rotation and the reaction moment was measuradd the following
conclusions we2 made.

1.) The rotationally unconstrained spring produce (up to 5%) more stroke than the

rotationally constrained (for the number of cycles performed here).

2.) For both cases, the angle of twist and reaction moment (so called secondary

responses), resptively, also increased with each thermomechanical cycle. Increases in

the secondary responses were larger (near an order of magnitude) in the austenite than in
the martensiteThis result can be attributed to favorable selection of martensite variants
which minimizel the secondary responses observed in martensite during cycling

3.) The model captured well, geometric changes (e.g., axial displacement and stroke;

increases in pitch; and contraction of coil diameter) corresponding to the transient and

evolutionary behavior observed during thermomechanical cycling of NiTi.

This successful experimental validation of the simulated response of SMA spring
actuators proved the feasibility of modeling and designing SMA actuators, in complex forms, to
operate ovean extended number cycles. Additidgakhe effects of boundary conditions SMA
springactuatorsvere experimentally captured asldould be considered during the modeling and

design process.
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3.5 Figures
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Figure 31: Geometryof the NiTi shape memory allogpringactuatorsused in the experiments
presentedhere.
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Figure 32: Modular experimental setup for thermomechanical testing of shape memory alloy
springactuators. Configurations are shown fao casesCase (1)with the ends of the spring
free to rotate and Case (2) with the ends of the springs constrained from rotating.
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Figure 33: Thermal cycling of a neagquiatomic spring actuator under an 8.8 N applied.load
The axial displacement respondgs shown for both cases (with the ends of the spring are
rotationally constrained and unconstrained): (a) displacement vs. cycle for austenite and
martensite; and (b) actuation displacement (stroke) vs. cycle. The sgcoesjfanses are also
shown: (c) angle of twist vs. cycle for the rotationally unconstrained; and (d) moment vs. cycle
for the rotationally constrained.
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(7) At the end of 3rd heating (165°C) (8) At end of 3rd cooling (30°C)

Figure 34: Geometry evolutiomf anNiTi spring actuatoat the LCT andJCT during thanitial

three thermal cycles (between 30°C and 165°C) under a constant load afn&8khe ends
constrained from rotatingBoth pictures of the experimental spring actuator and corresponding
model are shown for comparisfzg].
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Figure 35: Displacement at the LCT and UCT and stroke during the initial 10 thermal cycles
(between 30°C and 165°C) under a constant load of 8.8N (with the ends constrained from
rotating) of & NiTi spring actuator, comparing a) experiment and b) m@&sp!
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CHAPTER FOUR: HEATING AND LOADING PATHS TO OPTIMIZE
THE PERFORMANCE OF TRAINED SHAPE MEMORY ALLOY
TORSIONAL ACTUATORS

This chapter (origially produced in Refl30]) serves to establish connections between
torsional SMA actuators designed for application and neutron diffraction results to be presented
in later chapters. In this work,ear-equiatomic NiTi shape memory alloy (SMA) torsiotgile
actuators were trained for twavay shape memory effect (TWSME) by repeated thermal cycling
under an isobaric load. Performance of the trained actuators was assessed by thermally cycling
through a complete phase transformation under a range of isplbasids that varied from
negative to positive and included loads near zero. To assess the actuation performance of the
trained SMA components, extended isobaric thermal cycling and cycling under varying loads to
constant strain limits was performed. Additally, isothermal loading was applied in the fully
martensitic state prior to and following training.

Results are discussed in the context of the correlation between uniaxial isobaric and
isothermal loading and texture measurements obtaineih Isjtu neuron diffraction at stress
and temperature. These results show various thermomechanical combinations of heating and
loading sequences that yield the same final martensite texture in SMA, which highlights the
ability to take different paths yet still obtathe desired actuator response while minimizing
irrecoverable deformation mechanisms. The implications of extending these uniaxial results to
the design and fabrication and ultimately improving the performance of torsional SMA actuators

are discussed.
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4.1 Introduction

Shapememory alloys (SMA) have the ability to recover their shape against external load
which enables their use as high work output, hgbtght, compact actuators for aerospace,
automotive and other industrial applicatidi2b, 45, 46]. The ability to recover shape against
load occurs by wayfaa thermally (shape memory) or stress (superelastic) inducedssaiel
phase transformatiof4, 5]. Commercial viability of SMA actuators has been limited due to
dimensional instabilities associated with repeated thermal cycling through the phase
transformation under loagurthermore, SMA actuators are typically designed to operate in one
direction against an external bias force or a second antagonistic SMA element that adds
complexity, reduces performance and increases the overall size and weight of the actuation
system.

Training of SMA by repeated isobaric (thermal cycling under constant load) or
isothermal (stressing at constant temperatifieloading has been shown to produce stable two
way shape memory effect (TWSME), which eliminates the need for external bias forces or
antagonistic SMA elements that can be both heavy and require eolagdexity. Training has
also been shown to increase dimensional stability in the isobaric and isothermal response under
repeated thermal cycling and loading, respectively.

Isothermal 7, 36, 47] and isobari¢16, 43] loading of SMA has been extensively studied,
however investigations of the interaction between the two loading paths are limited.
Furthermore, there has been a limited amount of work which investigates isostrain (thermally
cycling under constarstrain)[40, 48] loading and thermally cycling against spring and varying

loads. Often in applications, &MA actuator will experience many or all of the aforementioned
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load paths within its operating space, e.g., an SMA actuated wing flap under varying
aerodynamic loads. Therefore, there is a need to map and understand the interactions between
these variou$eating and loading paths. With this in mind, the overall objective of this work is
two-fold. The first objective involves mapping heating and loading paths in untrained and trained
SMA torsional actuators to ultimately optimize and improve their perfocenam applications.

The second objective is to provide insight into the fundamental understanding of the mechanisms

governing the interactions between relevant heating and loading paths.

4.2 Experimental Techniques

Nearequiatomic NiTi (nominal compositiod9.7 at. % Ni) was cold drawn (~40 %
reduction in area) into tubing with an outside and inside diameter of D = 7.11 mm and d = 4.27
mm, respectively. The adrawn tube was low temperature annealed and straightened. The tubing
was then cut to a length oi2.3 mm and 19.05 mm long splines were machined onto each end
which resulted in a gauge length of L=203.2 mm.

All thermomechanical loading was performed in a test fixture instrumented to measure
torqgue and angle. The tubes were heated by internal cartrefgers which spanned the total
length of the tube. Three-&pe thermocouples were used to acquire temperature with one
thermocouple in the center of the gauge and the other two thermocouples within 25.4 mm of the
respective ends of the gauge section. reported temperatures are the mean of these three
thermocouples. The tubes were fixed at one end and free to rotate at the ottregamadvas
applied by mechanical pull ey system with atta
torques (T) will be reported as shear strain and shear stress, respectively, calculated at the surface
as follows: shear ssttrracisns oU “dDide/ (/L) (abnd s he a
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All thermal cycling was performed between a lower cycle temperature (LCT) and upper
cycle temperature (UCT) of 35 and 145°C unless otherwise stated. After installing the tubes into
the test fixture two ndéoad thermal cycles we performed to relieve any residual stresses
produced by machining or installation. The torque and angle were then zeroed. The tube was
isothermal loaded to £7% (positive followed by negative) shear strain, then back to +7% shear
strain and finally unloagd to zero shear stress. Two isobaric thermal cycles were performed at
each of the following shear stress values 0, 206, 109, 79, 34 and 0 MPa, in order as listed.

Following this characterization, training by repeated isobaric thermal cycling was
performel. Following training, two ndoad thermal cycles were performed and the angle was
zeroed to the angle at the UCT on tfig&cle. Two isobaric thermal cycles were performed at
each of the following shear stress values 206, 109, 79, 34,-@4MidPa, in oder as listed. Note,
positive values indicate the direction in which torque was applied during training and negative
values indicate the opposing direction. The isothermal loading path performed prior to cycling
was repeated, i.e., the tube was isotheldoaded to £7% (positive followed by negative) shear
strain, then back to +7% shear strain and finally unloaded to zero shear stress.

A 2" astrained tube was thermally cycled 10 times under zero shear stress with a
constant shear strain limit at 3.2%esh strain. During thermal cycling the tube was free to rotate
at shear strains <3.2%, thus the constant strain limit restricted actuation when reached on
cooling. A 3 astrained tube was thermally cycled 500 times to a LCT = 40+2°C and UCT =
92+4°C agaist a varying torsional spring load. Note, temperature limits were varied as
necessary to maintain shear strain values at the LCT and UCT. The shape and magnitudes of the

applied spring load will become apparent in the results section. On thec§élé he sample

34



was cooled to room temperature under zero load. The tube was isothermally loaded at room
temperature to the same torsional spring load line. The tube was then heated to 56.7°C then
cooled back to room temperatufiéne following uniaxial experimés were performeh situ at
SMARTS at LANL and the VULCAN engineering diffractometer @&RNL. More details
regarding the experimental setups at VULCAN and SMARTS can be found if2R&7] and
[49], respectivelyand in Section 2.2.1 in Chapter 2

Two samples were machined from arequiatomic binary NiTi (nominal composition
49.9 at. % Ni) to cylindrical degone samples with threaded ends and a gauge diameter of 5.08
mm. This material and sample geometry has been extensively utilized in previous work and more
details can be fountoh Ref.[7-10, 16, 36, 40]. During each of the following experiments strain
was monitored by extensometry. Two-lead thermal cycles between room temperature and
200°C were performed prior to each of the following experiments to relieve any residual stresses
produced by machining or installation. The first specimen was isothermally loaded to 4% tensile
strain (at a strain rate of TP at room temperature at SMARTS. The second specimen was
isobarically loaded under 100 MPa between an LCT = 35°C and UCT €H5/ULCAN. To
acquire adequate statistics a hold time of 30 min and 15 min was used at SMARTS and
VULCAN, respectively. Inverse pole figures (IPFs) were generated from Rietveld refinements of
the neutron diffraction spectra. IPFs represent the distibudf a selected direction in the
specimen relative to the crystal axes in multiples of random distribution (where 1 corresponds to
random distribution). More details about analyzing texture by recourse to Rietveldnefine

can be found in Ref5(0].
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4 .3 Effect of Training

4.3.1 Isobaric Performance

Performance of the tubes was assessed by thermally cycling through complete phase
transformation under a range of isobaric loads that varied from negative to positive and included
loads near zero. Figukela shows the shear strain at the UCT (as indicated) byd LCT (as
indicated byl ) on the 2% of two isobaric cycles at shear stresses of 206, 109, 79, 34 and 0 MPa,
before training. Also shown is the shear strain at the UCT (as indicat&fdnyd LCT (as
indicated byy) on the 2 of two isobaric cyclestashear stresses of 206, 109, 79, 34, 0-and
24MPa, after training. Note, all values shown in Figiia were normalized such that the shear
strain at zero shear stress was zero at the UCT, respectively, before and after training. The
transformation tempatures of the trained tube were acquired by taniggatsect method of the
straintemperature response. The austenite start, austenite finish, martensite start and martensite
finish were found to be & 64.1, A = 85.5, M, = 59.3 and M= 39.8, respectely under no
applied torque.

The points acquired at the UCT were linearly fit before and after training providing
Aapparent o shear modul i (henceforth referred
11.92 GPa, respectivelyhe martensite responfleenceforth, referred to as martensite actuation
response) wasneni near and was fit with an exponenti a
Adashedo bl ue I i nes) for t he pur pose of der
respectively, before and f t e r training. Not e, these shear

they do not represent a conventional linear elastic response and other mechanisms may be
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contributing to the response. The actuation moduli are used here only as a qualitative comparison
of the macroscopic actuation behavior, before and after training.

Figure4.2b shows the actuation strain (i.e., the absolute difference between the LCT and
UCT points defined in 1a) before and after training. ?ay shape memory effect (TWSME) is
definedas the actuation strain at-twad or zero shear stress (as shown in Figu2e TWSME
was negligible before training and was found to be 4.91% after training. TWSME is typically
defined at ndoad, however the internal stress fields creating the TWSMkence the
actuation behavior over the complete range shear stresses examined here. This was observed as
an increase and decrease in actuation strain at shear stresses below and above ~100 MPa,
respectively. The majority of the change in actuationrs@eses from change in the martensite
actuation response due the redistribution of martensite variants by martensite variant
reorientation and detwinning, formation of dislocation based plasticity and/or deformation
twinning.

Overall, the martensite agdtion response becomes stiffer after training at shear stresses
greater than 0 MPa. At shear stresses near or less than 0 MPa, the martensite actuation response
decreases significantly due to the preferential reorientation of martensite variants. The smal
decrease in the austenite actuation modulus after training was possibly due to the formation of
retained martensite in the trained actuator. All such aforementioned deformation mechanisms are
coupled and have previously been shoyWwhl0, 16, 36, 40]; to becone active during
thermomechanical cycling of neaquiatomic NiTi SMAs; and create internal stress field which

generate TWSME and stabilize the cyclic isobaric response.
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Typically, the area between the austenitic and martensitic responses (as shown figure
4.1a) provides a simple model of the space in which an SMA actuator can reliably operate under
isobaric and spring loads. To facilitate the following discussion this space will be referred to as
the operating space. The operating space before and afiténgrconsist of Regions I+II+11l and
Regions IlI+1V, respectively. Reliability under spring loads relative to the operating space
defined here wild| be demonst cadon KRelevantnLoadinge s ub

Pat hso.

4.3.2 Isothermal Response

Figure4.2 shows isothermal forward and reverse loading (forward followed by reverse)
to £7% shear strain at room temperature prior to (as indicated by the black line) and following
training (as indicated by t he vairidatefihe directiomd 0 | i
in which load was applied during training. Before training, primarily elastic loading of self
accommodated martensite was observed on initial forward loading from O to ~1% shear strain.
From ~1% to ~5% shear strain, variant remi@éion and detwinning of sediccommodated
martensite occurs which resulted in a deflated modulus plateau. From ~5% to 7% shear strain,
elastic loading of reoriented/detwinned martensite occurs which resulted irhadening
behavior. Note, the deformah mechanisms (i.e. elastic deformation of-selfommodated and
reoriented martensite and variant reorientation and detwinning) governing the isothermal
response of martensitic NiTi are coupled throughout all regions, and can include contribution
from irreversible plastic deformatiofi8] o f |l oading and modul us ref
modulus. This behavior and the mechanisms governing it have been extensively studied and
more details can be found in Refg, 8, 36].
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Upon reverse lading from 7% back to ~4% shear strain, primarily elastic
unloading/loading of reoriented martensite with some variant reorientation and detwinning was
observed. From ~4% to-5% shear strain, variant reorientation and detwinning occurs which
resulted in adeflated modulus plateau. Note, the onset of variant reorientation and detwinning
occurs at an increased shear stress (approximatedyMPa) on reverse loading as preferentially
oriented martensite is now reorienting back to-aefommodated. After psieig through zero
shear strain, continuing to-5% shear strain, martensite variants preferentially reoriented to the
reverse loading. Then, from-5% to -7% shear strain, the onset of elastic loading of
reoriented/detwinned martensite occurs which redulte a rehardening behavior. The
aforementioned reverse loading process from 7%/% shear strain was then repeated in the
forward direction from 7% te7% shear strain.

The shear stresstrain response was symmetric between the reverse responsé®and 2
forward response, i.e., afl% and 7% the shear stress wa84.8 and 283.6 MPa, respectively.
This is not the case for uniaxial tensicompression reverse loading of NiTi in which tension
compression asymmetry was observed, see[B#f. Positive and negativetational symmetry
is expected under torsional loading, however this symmetry was not expected when reverse
loading was followed by forward loading. This result indicates that martensite variant
reorientation processes are near fully reversible by isodletoading within the limits
investigated here.

After training, two neload thermal cycles were performed and the shear strain was
zeroed to the angle at the UCT on tH€ &cle. Upon cooling to room temperature TWSME

produced 4.95% shear strain, as shawrfigure 4.2. From this point forward and reverse
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loading (forward followed by reverse) to +7% shear strain at room temperature was repeated
(indicated by the red fAdashedo | ine). I ni ti a
primarily elastic loadig of reoriented martensite. At 7% shear strain the magnitude of shear
stress was 166.2 MPa which was approximately the same (i.e., 169.6 MPa) at the same point,
prior to training. This indicates that martensite variants were preferentially selectedrairtbd
actuator as biased by internal stress fields. Also, this preferential variant selection was equivalent
to the variant selection formed under isothermal loading at 4.95% shear strain prior to training.
Upon reverse loading from 7% t@% then backo 7% shear strain the response was
similar to the response prior to training. Although the response was similar, the shear stress
strain response was slightly asymmetric between the reverse respon$@fanda2d response,
i.e., at-7% and 7% the sheatress was248.6 and 299.2 MPa, respectively. This indicates that
martensite variant reorientation was redistributed by the internal stress fields and associated
mechanisms which were created during training. However, these internal stress fields and
assaiated mechanisms did not have a significant effect on elastic loading/unloading and did not

limit the overall available martensite variant reorientation andidetiag in the trained actuator.

4 4 Correlations between Isothermal and Isobaric Loading Pathand Texture

The martensite variant reorientation and detwinning process observed can be correlated
to changes in textures observed through IPFs. Figl8& shows the IPF after two +haad
thermal cycles at zero stresain prior to any loading that isepresentative of a self
accommodated martensitic structure. Also shown is the IPF acquired at 4% strain and 305 MPa
stress following isothermal loading indicative of preferential selection of martensite variants by
variant reorientation and detwinning pesses.
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Figure4.3b shows uniaxial isobaric loading under 100 MPa tensile stress between a LCT
= 35°C and UCT = 165°C. The sample was loaded to 100 MPa tensile stress with a conjugate
0.2% strain at room temperature. Also, shown is the IPF at 100 MPa 2¥tds@ain at room
temperature indicative of elastically loaded sel€ommodated martensite variants. The sample
was then heated to 165°C while maintaining a constant tensile stress of 100 MPa. Upon cooling
from 165°C to 35°C the strain increases to 3.8%ter cooling, the IPF at 100 MPa tensile stress
and 0.2% strain at room temperature is shown, again, indicative of preferential selection of
martensite variants by variant reorientation and detwinning processes.

The preferential variant selection obssavfollowing isothermal loading and isobaric
loading to ~4% tension appears nearly equivalent. The martensite variant structure formed at 4%
strain required isothermal loading to 305 MPa whereas a near equivaetensite variant
structure formed was fored at 3.9% strain by isobaric loading at 100 MPa. Thus, it appears an
equivalent martensite variant structure for a given strain can be obtained at a lower stress under
isobaric loading as opposed to a higher stress under isothermal loading.

This result nanifests in the relationship between the martensite actuation response and
isothermal response of the untrained and trained torsional actuators and was demonstrated in
Figure 4.2 as follows. Figuret.2 shows thamartensite actuation responsdter trainirg from
Figure 41a (as indicated by/), transcribed over thesothermalresponse. The martensite
actuation response obtained by isobaric loading was more compliant than the isothermal
response under the same range of shear stresses >0 MPa and shear strains >5%. Furthermore, the
martensite acation strain response significantly decreases at shear stresses near and less than O

MPa (up to-30 MPa) due tomartensite variants preferentially reoriegtto the reversed
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principle stress directions during reverse torsional isobaric loatHogever, upon reverse
isothermal loading from 7% to 0% shear strain, the onset of variant reorientation and detwinning
did not occur until =150 MPa shear stress was reached.

The notion of equivalent martensite variant structure to equivalent stiraslependenof
strain obtained by isobaric or isothermal loadingas observed in the torsional actuators. This
was demonstrated as follows in Figdr2. In the untrained tube the initial 7% shear strain was
obtained by isothermal loading at room temperaturehénttained tube the initial 7% shear
strain was obtained by TWSME to 4.95% shear strain, then isothermal loading from 4.95% to
7% shear strain. Both cases resulted in the same shear stress at 7% shear strain (within error).
Then the isothermal response (@hincluded significant variant reorientation and detwinning)
was the same (within error) during unloading from 7% to 0% shear strain. Thus, the shear strain
obtained by TWSME under Hoad isobaric loading placed the state of the tube in the same
position w.r.t. martensite variant orientation for the given shear strain obtained by isothermal

loading in the untrained actuator.

4 5 Application Relevant Loading Paths

Often in applications, an SMA actuator will experience many or all of the aforementioned
load paths within its operating space and lifecycle. Examples include SMA actuated wing flaps
under varying aerodynamic loads and utilizing strain limits to increase stability of the operating
space and extend the life of the SMA actuator. This section d#ratas application relevant
loading paths such as; thermal cycling against strain limits; thermal cycling against positive and

negative spring loads; and isothermal loading beyond the operating space. These load paths were
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performed on a torsional SMA aettor representative of the trained actuator and corresponding

operating space, as described in Figlute

45.1 Spring Loaded Thermal Cycling

Figure 4.4a shows the 175to 500" thermal cycle to a LCT = 40+2°C and UCT =
92+4°C performed on a torsionattaator against a varying torsional spring load. Note,
temperature limits were varied as necessary to maintain shear strain values at the LCT and UCT.
More specifically, the temperatures limits needed to be increased with cycling to obtain the same
strainvalues. This behavior decreased with cycling and was bound by the reported tolerances.
The spring load had a maximum shear stress of 47.1 MPa and minimum shear s88%8 of
MPa at 1.0% and 3.0% shear strain, respectively, and passed through zertreteat s1.8%
strain. The spring load was ntinear and stiffer regions of positive shear stress. The minimum
shear stress and shear strain were obtained at a temperature neawkiehNhdicates that this
was approximately the maximum shear straigt tould be obtained during cooling. This limit
obtained upon cooling under a spring load was consistent with the limit defined by the martensite
actuation response of the trained actuator described in Hgleie(and transcribed in Figure

44a).

45.2 Isothermal Loading Beyond the Operating Space
The tube was cooled under-taad following the 508 cycle under a spring load. This
resulted in a TWSME of 4.85% shear strain (as indicated lny Figure 4.4b). Figure4.4b
shows negative isothermal loading at room temperature from the resulting TWSME to the

extended spring load (indicated by) under which the 500 thermal cycles were performed. In
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order to assess the thermal stability at gosit the tube was heated from room temperature to
56.7°C (just below the & then cooled back to room temperature, as shown in Figure 4b. Some
actuation strain was obtained and recovered during this process due to anisotropic thermal
expansion of prefergially oriented martensite variants. The tube was then unloaded at room
temperature resulting in 4.73% shear strain. This demonstrates that isothermal load paths can be
utilized to exceed the operating space (shown in Fiduredefined by isobaric loaadg. This

was possible because the onset of martensite variant reorientation occurs at higher stresses under

isothermal loading than under isobaric loading (within the limits investigated here).

4.5.3 Strain Limited Thermal Cycling

The decay in TWSME desbed in the previous section can be managed by limiting the
shear strain obtained on cooling. This helps maintain constant strain limits throughout the life of
the actuation system and helps protect against overloading in the forward direction 4fgure
shows the shear straiamperature response fot and 1¢' no-load thermal cycle (between 35
and 135°C) against a constant shear strain limit at 3.2%. During thermal cycling the tube was
free to rotate at shear strains <3.2%, thus the constant strainrdstricted actuation when
reached on cooling in the martensitic state. Figus® shows the maximum blocking stress
observed against the 3.2% strain limit on each of the 10 cycles. From Biguitebecomes
apparent that the blocking stress did ngnsicantly affect the isobaribehavior;however the

blocking stress decayed with cycling.

44



4.6 Conclusions and Future Work

The performance olntrained andrainedNiTi torsional tube actuators was assessed by
thermally cycling through complete phasensformation under a range of isobaric loads that
varied from negative to positive and included loads near zero. To assess the actuation
performance of the trained SMA components, extended isobaric thermal cycling and cycling
under varying loads to constasirain limits was performed. Additionally, isothermal loading
was applied in the fully martensitic state prior to and following trainResults weraliscussed
in the context of the correlation between uniaxial isobaric and isothermal loading and texture
measurements obtained loysitu neutron diffraction at stress and temperatud the following
conclusion were made.

1) Isobaric performance of the trained actuators was increased at low positive and low

negative shear stress by TWSME formed during trginin

2) Martensite variant reorientation and detwinning processes are near fully reversible by
isothermal loading within the limits investigated here. Training redistributed the available

martensite variant reorientation and detwinning but did not reduceioitli

3) A martensite variant structure for a given strain can be obtained at a lower stress under
isobaric loading as opposed to a higher stress under isothermal loBkiimgotion was
used to demonstrate that isothermal load paths can be utilizeddedettte operating

space defined by isobaric loading.

4) Shear strain obtained by TWSME placed the state of the tube in the same position w.r.t.
martensite variant orientation for the given shear strain obtained by isothermal loading in

the untrained actuator.
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5) Degradation of TWSME occurs during extended thermal cycling under low positive and
low negative shear stresses. This degradation can be managed by applying constant strain

limits and reduced or recovered by thermally cycling under significantly positas |

The aforementioned conclusions should be considered when developing, designing and
modeling with SMA torque tube actuatoiSeveral application relevant loading paths were
demonstrated here with regard to the above conclusions e.g.; thermal cydingt astrain
limits; thermal cycling against positive and negative spring lcaas$;sothermal loading beyond
the operating space.

Future wok should consider performing situ diffraction studies directly on untrained
and trained torsional tube actuestaw.r.t. the principle directions of stress. Isothermal training
has previously been shown to reduce the amount of time required to train uniaxial SMA
actuators. The feasibility of applying the aforementioned relationships between isothermal and

isobaricloading to the training process of SMA torsional tube actuators should be assessed.
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4.7 Figures
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Figure 41. Operating space defined by the isobaric performance of a NiTi torsional actuator
before and after training: ahear strain at the UCT and LCT on th&df two isobaric cycles at
varying shear stresses; and b) actuation/transformation shear strain (i.e., the absolute difference
between LCT and UCT points defined in Figdtga).
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Figure 42: Isothermal forward and reverse loading (forward followed by reverse) to £7% shear
strain of a NiTi torsional actuator at room temperature prior to (as indicated by the black line)
and following training (as Bsonsttawe & the ohartdnsite t h e
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Figure 43: Representativeariant reorientation and detwinning processes correlated to changes
in textures observed throughvierse pole figures: a) isothermal loading 4% tensile strain at room
temperature; and b) isobaric loading under 100 MPa between 35°C and 165°C.
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Figure 44:. Application relevant load paths performed on a NiTi torsional amtuatr.t. to the
operating space shown in Figufel: a) thermal cycling against positive and negative spring
loads (up to 500 cycles); and b) isothermal loading beyond the operating space followed by
heating and cooling.

49



isostrain limit

w

N

—_
T

shear strain (%)

——1st cycle
0 [—|=eeeee 10th cycle

0 50 100 150
temperature (°C)

N
(o]

(b)

N
(=2]

blocking shear stress (MPa)
N N
N &

Il Il 1 Il

2 4 6 8 10
no-load thermal cycles (#)

N
o

o

Figure 45: No-load thermal cycling (between 35 and 135°C) of a NiTi torsional actuator against
a constant shear strain limit of 3.2%: a) shear steitperature response fot and 1 cycle
and b) maximum blocking stress observed against the ghaiarlsnit on each of the 10 cycles.
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CHAPTER FIVE: ASYMMETRY AND CONTROL MODE EFFECTS
DURING THERMOMECHANICAL LOADING OF
POLYCRYSTALLINE SHAPE MEMORY NITI

Asymmetry andcontrol mode effectsn polycrystalline shape memory NiTieve
investigatedby recouse toin situ neutron and synchrotron-pay diffraction performed during
reverse mechanical loading and constant strain thermal cycBignincontrolled isothermal
reverse loading (to +4%) at room temperature demonstrated that preferred martensitg varia
selection correlatedvell with the macroscopic uniaxial strain and did not correlate with the
compressive or tensile state of stress. During cyclic reverse loading (up to 10 cycles), no
significant cycleto-cycle evolution of the variant structure forhet a given strain was
observed, despite cyclic hardening observed in the macroscopic-str@ssresponse. Stress
controlled cyclic reverse loading (to +400 MPa for up to 10 cycles) showed that variant
selection correlated well with strain that evolvédy cyclic hardening) during cycling.
Additionally, thermal cycling (to above and below the phase transformation) under censtant
strain (up to 2% tensile) showed that martensite variants structures correlated well with strain
and did not evolve followinthermal cycling, despite relaxation of stress in both martensite and
austenite. Results are presented in context of variant reorientation and detwinning processes in
martensitic NiTi and the fundamental thermoelastic nature of such processes. Discussen of
results is extended to include isobaric loading and inferences are made regarding the overall

behavior of NiTi under general loading conditions.
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5.1 Introduction

Polycrystalline NiTi shape memory alloys (SMAs) have the ability to recovery their pre
deformed shape against external loads as result of being heated through a reversibstatsolid
phase transformation from a lesymmetry B19' martensite phase to a highgnmetry B2
austenite phaspt, 52, 53]. In the process of returning to the joleformed shape, SMAs can
recover a considerable amount efarmation (up to 8% strain) against large stresses (up to 500
MPa). This ability to do work while transforming from one phase to another enables their use as
high-force actuators with both sensory and actuation funciibd]. To facilitate the
implementation of SMAs in commercial applications a better understanding of relationship
between isothermal, isostrain (thermal cycling under constant stress) and isobaricl (therma
cycling under constant load) response and the associated effects of each control mode is required
[32]. Asymmetry observed during reverse loading and the ability to obtain a similar
microstructure though either isobaric or isothermal loading could be utilized to for designing
optimal loading paths for processing and in applicatii30]. The ability to take different paths
yet still obtain the desired actuator response while minimizing irrecoverable deformation
mechanisms could be utilized to minimize the number of cycles required to train an SMA, which
limits the amount of work required for stabilizing their evolutionary response thereby increasing
the fatigue life and overall durability of the SMA.

Tensioncompession asymmetry in B19' NiTi is well known and has been studied
extensively for both the monotoni86] and cyclic[51, 55] responses. Deformation mechanisms
which have been observed include elasticity, detwinning, variant reorientation and dislocation

based plasticity, however the ability to quantify the contribution of each meahdnfoughout
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the response remains a challenge. At low strains (less than ~1%) elasticityamiceatfmodated
B19', detwinning and variant reorientation are all active deformation mechanisms. Progress in
decoupling the contributions of each mechanismuihetl the determination of the anisotropic
elastic stiffness constants of B19' NiTi usiag initio calculations[56] and in situ neutron
diffraction experiment436]. From these diffraction experiments it was also determined that
detwinning and varianeorientation processes can occur at strains less than 0.2%.

As tensile strain is increased (greater than ~1% and less than ~6%) detwinning and
variant reorientation becomes the dominant deformation mechgB88minversepole figures
(IPFs) provided a qualitative assessment of texture. An increase in multiples of random
distribution (MRD) near the (01Q)and (111y poles (w.r.t. the loading axis) was observed in

tension and compression, respectively. Transmission eletiwnscopy (TEM) investigations

showedthat (Ol])M type Il and (011)y type | twinning are the dominant lattice invariant shears

in this region[55, 57, 58]. Dislocations in both junction plane areas and martensite twin plates
have been observed. At tensile strains greater than ~6% strain hgrdeours as a result of
(001 and (261)y deformation twins becoming active and increasing dislocation ddiaity

As tensile strain continues to increase in tension (~6% to ~12%) an increase in MRD near the (
150)y and (010y poles occurg?]. At strains greater than ~12%, in MRD near t#i&0Q), and

(010)y poles decreases and ingesa near the (23@)pole, possibly as a result of (0Qland
(20-1)v deformation twins and dislocation based plasticity becoming the dominant deformation
mechanisms.

During tensiorcompression (i.e., the case in which tension is applied first) cyclicigadi

in strain control up to 4% strain it was shown by TEM tb@lj}M type Il twinning is the
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primary lattice invariant shear before cycling while - type | twinning is most frequently
observed after cyclinfp5]. It was also reported that after cycling a high density of dislocations
developed in both junction plane areas and within the martensite twins. It was concluded that
these aforementioned deformation mechanisms cotediio the observed cyclic hardening.

Constantstrain thermally cycling of SMA; is most commonly implemented during the
shapesetting proces$40]; and can also be used to limit strain to increase the lifecycle of an
SMA actuator{30] and in applications requiring large forces in compact dajse.g., a &tic
rock splitter for planetary exploratiof60]. During in situ neutron diffraction shapsetting
experiments of polycrystate NiTi (49.9 at.% Ni), tensile strain (up to 7.3%) was at held
constant while the specimen was thermally cycled (up to 45@R@.) While heating, blocking
stresses were generated and reached a maximum of 400 MPa at 200°C and subsequently relaxed
to near zero as heating continued to 450°C. At room termyper&llowing the shapset the
specimen showed zero macroscopic stress and-aceiimmodated microstructure (observed by
recourse to IPFs). Constrastrain thermal cycling (between 30 and 300°C) of igy Mliizg Hf2
resulted in blocking stresses tgp1.5 GPa on the first cycle which decayed and saturated near
1.1 GPa following subsequent cycles (up to[2@].

The objective of the current work seeks to provide microstructural and macroscopic
insight into asymmetry and control mode effects in shapeaneiiTi. This is achieved by
recourse tan situ neutron and synchrotronray diffraction wherein information representative
of the bulk, i.e., phase fraction, texture evolution and lattice strain, was followed during stress
and straircontrolled isothenal reverse loading and constatitain thermally cycling of near

equiatomicpolycrystalline NiTi. Results are presented in context of variant reorientation and
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detwinning processes in martensitic NiTi and the fundamental thermoelastic nature of such
processes. Discussion of the results is extended to include isobaric loading and inferences are

made regarding the behavior of shape memory Nidleugeneral loading conditions.

5.2 Experimental Procedures

5.2.1 Material
The material used in this work was adiy NiTi alloy (nominal composition 49.9 at.%
Ni), produced by Special Metals (now SAES Smart Materials, New Hartford, NY). This alloy is
part of suite of NiTibased SMAs developed by NASA Glenn Research Center and has been
extensively studied elsewhelg, 36-39]. Tenmillimeter rods were produced in the hot
rolled/hotdrawn and hestraightened condition. Transfoation temperatures were determined
by differential scanning calorimetry as followsiartensite finish Nl;), martensite startMy),

austenite startd;) and austenite finishAf) to be 46, 71, 86 and 102+2°C, respectively.

5.2.2 In situ Neutron Diffracti on
The following experiments were performed situ i n  fAdf-fi Imeg h t asingmo d e
SMARTS atLANL. The experimental setup at SMARTS is only summarized here and additional
details can be found in R¢#9] and in Section 2.2.1 in Chapter Eigure5.1 shows the detector
coverage at SMARTS that was utilizedtive work presented in this chaptbr addition to the
experimental setup describedSection 2.2.1 in Chapter @ mae recently added third detector
bank was utilizedThe third detector bank (indicated by 3 in Figiréd) was positioned at a 30°

angle below the plane formed by the other two detector banks and incident beam, at a 0° angle
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(in-plane) relative to the indent beam. Results presented henceforth will correspond to
reflections from lattices planes perpendicular to the loading axis unless otherwise stated.
Cylindrical dogbone samples were machined to 5.08 mm in diameter and a 15.24 mm
gauge length with thread ends. Prior to all experiments two-load thermal cycles between
room temperature and 200°C were performed after installation into the load frame in order to
insure an initial selhccommodated microstructure. Compressension (i.e., compression
followed by tension) and tensikmompression reverse cyclic (i.e., tension followed by
compression) loading was performed in strain control to +4% for 10 cycles at room temperature,
on two respective specimens. Neutron diffraction spectra were acquiredsata2dancrements
on the ¥, 2" and final cycle. Tensienompression reverse cyclic loading reverse cyclic loading
was performed in stress control to +400 MPa for 10 cycles at room temperature, on a third
specimen. Neutron diffraction spectra were aegliat +400 MPa stress increments on tHe 1
2" 5" and final cycleConstanstrain thermal cycling was performed on two specimens at 1 and
2% tensile strain, respectively. The specimens were loaded to their respective strains at room
temperature in stin-control and then the strain was held constant while the specimen was
thermally cycled betweed(°C and 168C for 10 cycles. Neutron diffraction spectra were
acquired at lower cycle temperature (LCT) and upper cycle temperature (UCT) &h 2fe 5"
and final cycle.To insure adequate statistics for analysis a hold time of 30 min was used to
acquire each spectruixtensometry (10 mm gauge length and strain resolution of Jx48s
used for macroscopic strain measuremebiging strain and stresontrolled experiments a
strain rate of 10 s* and stress rate of 40 MPa/min, respectively, was maintaifetle 1

summarizes by specimen, all of the experiments that were performed here.
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Details regarding Rietveld refinement and IPFs can be fouSection2.2.3in Chapter
2. IPFs presented henceforth were generated from diffracting planes perpendicular to the loading
direction, unless otherwise stated. Axial Distribution Plots (ADP) correspond to a radial slice
(indicated by--- in Figure5.1b) of the pole figure (cylindrical symmetry in the specimen was
assumed) and provided a second representation of analyzing texture in this wokDHRhe
represents MRD fgaxis) of a specified crystallographic direction oriented at an angle (
between the normdb the specified plane and a chosen axis in the specimehnisicase the

loading direction.

5.2.3In Situ Synchrotron X-ray Diffraction

Additional constanstrain thermally cycling experiments were performed usmngitu
synchrotron xray diffraction atthe High Energy Materials Science (HEMS) beam line at the
high brilliance synchrotron radiation storage ring PETRA IIl at DESY in Hamburg, Germany.
Details of the implementation of HEMS for investigations of Na@sed alloys can be found in
Ref.[61, 62] and are only summarized here. Measurements were taken with a photon energy of
100 Ke0M24p7al¥yusingabeamcressect i on o f ?wiHaGampleosdétdctors m
distance of 1.572 m. Debygcherrer diffraction rings were capture using a MAR34agenplate
detector (345 mm area diameter) with 100 mm pixel size. Diffraction spectra were generated by
integrating diffraction rings over azimuthal intervals of 10° to insure adequate grain statistics.

Cylindrical compression specimens, 10 mm in lengih &umm in diameter were loaded
in displacement control using BAHR DIL805 dilatometer One specimen was loaded in
displacement control in compression to a strain (measured at the grips) of 0.6%, then specimen
was held at constant displacement and theynwitled between 24C and 168C (at a heating
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and cooling rate of 10C/min) for five cycles. This specimen was included in the summbayl

experiments in Table 1.

5.3 Results andDiscussion

5.3.1 Strain-controlled Reverse Loading

Figure5.2 shows IPFgorresponding to the first cycle of tensicompression (tension
followed by compression) isothermal str@mont r ol | ed reverse | oading
at room temperaturdnitially at zero stress and strain a near-seifommodated microstructure
was established as indicated by a maximum intensity of 1.74 in the corresponding IPF. Tensile
loading of tle specimen to 4% strain resulted in preferred selection of tensile variants as
indicated by an increase in intensity (to a maximum of 5.06) near the 010 pole, observed in the
corresponding IPF at 4%. Upon load reversal (from 4% back to 0% strain) pretfemssie
variants reoriented back to near ssttommodated as indicated by a decrease in intensity (to a
maximum of 2.11) observed in the corresponding IPF at 0%. Then, compressive loading of the
specimen te4% strain resulted in preferred selectiorcompression variants as indicated by an
increase in intensity (to a maximum of 2.64) near the 111 pole, observed in the corresponding
IPF at -4%. Upon load reversal (fror% to 0% strain) preferred compression variants
reoriented back to near sal€commadated as indicated by a decrease in intensity (to a maximum
of 1.92) observed in the corresponding IPF at 0%. The ability to return a near self
accommodated microstructure following preferential selection of tensile and compressive variant
demonstrates thisothermal reversibility of variant reorientation and detwinning in NiTi (within
the limits investigated here). Overall, at 0% strain initially and following fhard 2° load
reversal a similar texture (as indicated by maximum intensities of 1.74, &l 1.92,
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respectively) despite having significant differences in stress (i.e-299 and 268 MPa,
respectively). This result demonstrates that martensite variant selection icdxidliates well
with the macroscopic uniaxial strain and does not tagevith the compressive or tensile state
of stresqwithin the limits investigated here)

At 2% strain on loading and unloading the maximum intensity observed in the
corresponding IPFs was 3.21 and 3.61 (observed near the 010 pole), respectih@¥y stkain
on loading and unloading the maximum intensity observed in the corresponding IPFs was 1.76
and 2.11 (observed near the 111 pole), respectively. The hysteresis observed, i.e., an increased
amount of preferred variant selection on unloading versatirig, at an equivalent strain, was
attributed to elastic unloading of martensite and the stress required to activate variant
reorientation and detwinning processes upon load reversal.

Figure 5.3a shows the evolution of the stretgin response for therdt 10 cycles of
compressiofiension isothermal straicontrolled reverse loading (to + 4% straio)f B19Nj
martensitic NiTi at room temperature. During cyclic streamtrolled reverse loading stress
increased at maximum compressive and tensile strain values and decreased at intermediate strain
values, which indicates strain hardening. Figbt8b shovs the evolution of stress at the
minimum and maximum strains of the first 10 cycles of isothermal stmaitrolled reverse
l oading to N 4% strain of B19Nj m@3bshewssam t i ¢ N
equivalent evolution in both tensimompession and compressib@nsion reverse loading,
indicating the strain hardening behavior and overall evolution was independent of the initial
loading direction. Cyclic strain hardening observed here was consistent witfbBeftherein

the observed behavior was attributed martensite variant reorientation, twin boundary movement
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within martensite plates, formation of stacking faults on (001) planes, shear along (110) planes
and the accumulation of diglations in both junction plane areas and martensite twin plate.

Figure 54 shows the IPFs corresponding to the first 10 cycles of comprédssision
isothermal strawc ont r ol |l ed reverse | oading of B19N mar
that thelPFs shown in Figur&.4 correspond to the macroscopic response shown in Figtae
At the following strains 0% initial, 4% compressive, 0% on théoad reversal (positive stress),

4% tensile and 0% on th8%oad reversal (negative stress), the maxi intensities observed in
corresponding IPFs were found to be 1.76, 3.00, 1.93, 5.18 and 2.30, respectively (comparable to
1.74, 2.64, 1.92, 5.06 and 2.11, respectively, at equivalent positions w.r.t. the -tension
compression response as shown in Figu®. This result provides additional validation that
martensitevariant structures were equivalent for corresponding strain whether the specimen was
loaded in compression or tension and reversibility by isothermal deformation was realized when
preferentidly selected variants reverted back to ssi€ommodated when loading was reversed.
Furthermore, these resulése independent of the initial loading direction (i.e., compression
tension or tensiccompression reverse loading).

At -4% strain on cycles 1, @xd 10 maximum intensities (near the 111 pole) observed in
the corresponding IPFs were 3.00, 2.60 and 2.37, respectively, and the corresponding stress
values observed werg15,-588 and-646 MPa, respectively. At 4% strain on cycles 1, 2 and 10
maximum ntensities (near the 010 pole) observed in the corresponding IPFs were 5.18, 4.98 and
5.02, respectively, and the corresponding stress values observed were 385, 435 and 532 MPa,
respectively. At zero strain during unloading on cycles 1, 2 and 10 maxintemsiires (near the

010 pole) observed in the corresponding IPFs were 1.76, 2.30 and 2.43, respectively, and the
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corresponding stress values observed wer@®} and-162 MPa, respectively. At zero strain
during loading on cycles 1, 2 and 10 maximum isté®s (near the 010 pole) observed in the
corresponding IPFs were 1.93, 1.99 and 2.28, respectively, and the corresponding stress values
observed were 330, 278 and 219 MPa, respectively. Therefore, during cycliecetramiled

reverse loading the maxum intensities observed in the corresponding IPFs; decreased at the
maximum compressive strain; remained the same (within error) at the maximum tensile strain;
and increased (during loading and unloading) at 0% strain with each cycle. Overall, the
equivaleice between strain and preferred variant selection and reversibility of such variant
selection was unaffected. The subtle differences in maximum intensity observed in IPFs
corresponding to an equivalent strain may be attributed to the following notioa&gstjc
unloading of martensite and the stress required to activate variant reorientation and detwinning
processes upon | oad reversal shifts the refer
variant structure; and ii) martensite varianteferentially select (to a limited extent) to
accommodate internal stresses that develop due to dislocation based plasticity (including the

mechanisms described in RE§5]) during cycling.

5.3.2 Stresscontrolled Reverse Loading
In order to provide additional insight into the effects of control mode on the deformation
response stresontrolled reverse loading was also investigated. Figuseshows the IPFs
corresponding to the first 10 cycles ohsencompression isothermal stressntrolled (to
t400MPa) reverse |l oading of B19N martensitic
from O to 400 MPa, preferred tension variants were selected as indicated by an increase in
maximum intensity in the corresponding IPF (Figbrea, cycle 1) to 6.8 (near the 010 pole)
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and corresponded to a strain of 5.7%. Upon reverse loading from 400 M tPa, variants
reverted back to near seltcommodated as indicated by decrease in the maximum intensity
observed in the corresponding IPF (Figbreb, cycle 1) to 1.76 and corresponded to strain of

2.0%. The result that sedfccommodation was observed neai0% strain as opposed to zero

strain during unloading after a load reversal was also observed in the previous Section (lll1A)
during stresgontrolled reverse loading. This behavior was attributed to elastic unloading of
martensite and the stress required to activate variant reorientation and detwinning processes upon
load reversal.

Figure 5.6 shows the evolution of the strestsain response for therdt 10 cycles of
tensioncompression isothermal stressntrolled reverse loading (t@4 0 0 MP a ) of B1
martensitic NiTi at room temperature. During cyclic stresstrolled reverse loading strain
hardening was observed as indicated by decreasing strain values at maximum tensile (400 MPa)
and compressive400 MPa) stress values. The correxting IPFs at (a) 400 MPa and 400
MPa for cycles 1, 2, 5 and 10 are shown in Figuke At 400 MPa on cycles 1, 2, 5 and 10
maximum intensities (near the 010 pole) observed in the corresponding IPFs were 6.88, 6.05,
5.64 and 5.52, respectively, artetequivalent strains values observed were 5.8, 5.0, 4.5 and
4.3%, respectively. At400 MPa on cycles 1, 2, 5 and 10 maximum intensities observed in the
corresponding IPFs were 1.76, 1.73, 1.78 and 1.88, respectively, and the equivalent strains
values obsrved were-2.0, -1.4, -1.0 and-0.9%, respectively. During cyclic (up to 10 cycles)
stresscontrolled reverse loading the maximum intensities observed in the corresponding IPFs
decreased (near 010 pole) at the maximum tensile stress (400 MPa) and rehmaisache

(within error) at the maximum compressive stre48(@ MPa).
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During cycling, at the maximum tensile stress (400 MPa) of each cycle, a decreasing
maximum intensity observed in the IPFs correlated well with decreasing macroscopic strain.
This resllt was consistent with the correlations between variant selection and macroscopic strain
observed during straioontrolled reverse loading (presented in Section Illa). At the maximum
compressive stress the variant structure remained neacselihmodateduring cycling despite
strain decreasing compressive strain. This result can be attributed to the strain required activate
variant reorientation and detwinning upon load reversal and elastic unloading of martensite
which may shift the reference of the egquency relationship between macroscopic strain and

martensite variant selection.

5.3.3 Constant Strain Thermal Cycling

Isobaric and Isothermal of shape memory NiTi hdeen extensively investigated
however isostrain (thermal cycling under constant rstrloading has been limited to a few
investigations, e.g., those in R¢#0, 48]. Constant strain thermabas investigated herand
results are present@al contextof isothermaloadingresultsfrom previous sections. Figufe7a
shows the macroscopic stress temperature response during thermal cycling between 40°C and
165°C undera constant strain of 2% nitial isothermal loading from zero to 2% tensile strain
(from points 1 to 2) at room temperature produced a macroscopic stress of 261 MPa. The
specimen was held at constant strain of 2% (in strain control) and heated (from points 2 to 3) to a
UCT = 165°C prducing a blocking stress of 440 MPa. In order to insure adequate statistics for
the diffraction spectra the specimen was held at the UCT for 30 min. During this time a

relaxation of stress occurrex observed in Figur®.7a. The specimen was then cool&or
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points 3 to 4) to an LCT = 40°C which relaxed the stres&4o/ MPa, thus completing the first
cycle.

Figure 5.8 shows the IPFs correspondingth@rmal cycling between 40°C and 165°C
undera constant strain of 2%4Jpon initial isothermal loadingrom points 1 to 2) to 2% strain
preferred tensile variant selection was observed in the corresponding IPF as indicated by an
increase in maximum intensity to 3.57 (compared to 3.21 observed at 2% tensile strain on initial
loading in Figure5.2) near the 00 pole. Following the first heating and cooling cycle this
preferred martensite variant structure was not significantly affected as indicated by a maximum
intensity of 3.21 (near the 010 pole) observed in the corresponding IPF, despite a significant
relaxation in stress (from 261 MPa t©4.1 MPa). This result demonstrates that the martensite
variant structure formed by isothermal loading was equivalent to given strain and the
equivalency was not affected by thermal cycling under constant strain, desgpéechanges in
the macroscopic state of stress. The relaxation of stress and decrease in maximum intensity
observed in the IPFs can be attributed to martensite variarigcselihmodating to the applied
stress state during cooling.

Figure5.7b shows thelbcking stress observed at the LCT and UCT of each cycle during
10 thermal cycles undexconstant strain of 2%. Following the first thermal cycle, the stress at
the LCT had decreased ib4.7 MPa. This decreased stress value remained unchanged (within
error) over the next 10 cycles. On the first thermal cycle, at the UCT, a blocking stress of 440
MPa was observed. During the next 10 cycles the blocking stress decreased with each cycle.
While the rate of decrease slowed with each cycle this behavior dappeér to saturate for the

number of cycles performed her€o explore possible mechanisms for the observed stress
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relaxation with cycling the texture in B2 was investigated by recourse to IPFs. biggigows
IPFs for B2 austenite taken at the UCT atle during thermal cycling (up to 10 cycles) between
40°C and 165°C under a constant strain of @¥.the first cycle a maximum intensity of 1.68
was observed near the 110 pole in the corresponding IPF. The increased intensity near the 110
pole indicates 410 fiber texture (assuming axial symmetry) in austenite. The texture observed
here was most likely developed during process and was considered to be weak. The maximum
intensity observed in the IPFs on cycles 1, 2, 5 and 10 (with corresponding strd€s 408
343 and 304 MPa, respectively) at the UCT was found to be 1.68, 1.70, 1.75 and 1.79,
respectively. Therefore, over the 10 thermal cycles under constant strain the texture in B2
remained unchanged (within error), despite a significant decreas@drosnopic stress. The
decrease in stress could possibly be attributed to slip which should not produce a noticeable
texture change (for strains up to 1(0%4].

The set ofn situ neutron diffraction experiments performed during thermal cycling under
a constant strain &% were repeated at 1% strain (for 5 cycles). The blocking stress at the LCT
and UCT for constant strain thermal cycling at 1% strain can be seen in BigbteThe
corresponding IPFs for Biaken at the LCT of each cycle can be seen in Figi#eOverall,
the response observed for 1% constant strain thermal cycling is comparable to the 2% case when
the martensite variant structure and strain equivalence is considered. The corresporsdiag IPF
B2 taken at the UCT of each cycle can be seen in Figbrdhe maximum intensity observed in
the IPFs during each cycle of the 1% was slightly lower than that which was observed for the 2%
case. The slight texture increase for 2% case over thea$®aould be a result of twinning in

B2. A comparable increase in maximum intensity observed in IPFs (near the 110 pole) during
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isothermal loading of B2 have been observed in REfl and in this case was attributed to
possible twinningand/or slipin B2.

To investigag further, constant strain thermal cycling at a lower constant strain value of
0.6% using in situ synchrotronmay diffraction. A lower strain value was chosen to reduce the
contributions of variant and reorientation detwinning to the overall responssubsdquently
reveal other potential mechanisms. Additionally, synchrotraanydiffraction provided adequate
diffraction statistics on the order of seconds as opposed to minutes compared to neutron
diffraction thus eliminating possible tirdependent cdnbutions, e.g. those contributing to
stress relaxation observed at the UCT during neutron diffraction experiments. S-igushows
the macroscopic stressmperature response during thermal cycling between 40°C and 165°C
under a constant strain of 0.68érformed in situ using synchrotrorray diffraction. Note, no
holding time at the UCT was required therefore no stress relaxation occurred due to holding.
Figure5.7b shows that the cycle-cycle relaxation of stress at the UCT for 1.6 % case
was significant, as the stress had decreased from 149.8 to 122.6 over 10 thermal cycles.

Figure 5.10 shows synchrotron -pay diffraction spectra from diffracting planes
perpendicular to the loading direction (azimuthal angles 90°) at 165C acquired during
thermal cycling between 40°C and 165°C under a constant strain of 0.6% for select B2 peaks.
Also, shown are the spectra acquired from the seco#ddaabothermal cycle, at the UCT. Results
show lattice strain indicated by peak shift betwehe nedoad thermal cycle and subsequent
thermal cycles under constant. This is expected and can be attributed to elastic loading of B2
under the blocking stress generated during the thermal cycling under constant strain. From cycles

1 to 5 no changes ipeak intensity and no peak broadening or shifting was observed. bigjiire

66



shows the normalized intensities {)/bf select B2 peaks at 165°C as a function of azimuthal
angley (in 10° increments) during thermal cycling (up to 5 cycles) between 40dQ65°C

under a constant strain of 0.6%. The 110 fiber texture can clearly be observed as peaks in 110
intensity near azimuthal angles °9@nd 270, both of which angles correspond to the
longitudinal direction in the specimen. No cyttecycle change inntensity over the range of
azimuthal angles was observed (for all crystallographic directions shown here) which indicates
that no B2 texture changes occurred during cycling, despite a significant relaxation in the
macroscopic blocking stress. Overalg changes in texture or peak broadening were observed
despite having a significant relaxation in stress (at the UCT of each cycle) during constant strain
thermal cycling (as shown in FiguBe7b for the(:0.6 % case). These results further point to
possibleslip in B2, as was observed during isothermal and isobaric cycling of shape memory

NiTi in Refs.[47] and[43], respectively.

5.4 Inferences

Bain strains between B2 and B19qg whe cal c
44] using lattice parameters obtained here by Rietveld refinement) by recourse to
crystallogaphic theory for this alloy. The lattice parameters obtained by Rietveld refinement
werea=291Ab=465Ac= 4. 13 | and o9 = 97. 75 difo®¥ monooc
3.03 for cubic austenite. The monoclinic angle is chosen to be between the minimum and
maximum lattice vector lengths. Typically in other literatinie chosen to be along the diad axis
which ma k e s b the monocl inic angl e. To be <cons

refinements generated by GSAS and corresponding (RkFas chosen to be along the diad axis
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and 9 becomes the monoclinic angl e. Tche t

martensite and cubic austenite is given by:

e bco
2 9
édloo,sz \/§le0,52
é .
G=6 0 bsin(g) 0
2 \/§le0,82
é c
> 0 0
8 \/Edloo,sz (4_1)
and the transformation strain is given by:
. _|RGR*OY }y
ehkl =
v 42)
en
_€
V= ék

whereR is the rotation matrix and € . The transformation strains determined byaitpns

4.1 and4.2 were then mapped into the matfioic IPF (as previously done in Refgl4, 63,

using tansformation strains calculated from lattice parameters obtained here) as shown in Figure
5.12a.The Matlab script used to perform this calculateord to generate Figure 5.12an be

found in Appendix Al.

The maximum tensile (~ 11% strain) and compresgi~ -7% strain) transformation
strains occur near thd20 and 210 poles (as shown), respectively. To facilitate the following
discussion Figur®.12b shows representative IPFs (generated from lattice planes perpendicular
to the loading direction) demamating preferred selection of martensite variants in
polycrystalline specimen under of tensile and compressive uniaxial loading (as established in
Figure 5.2). Ref.[64] showed that martensite variant conversion occurs in manner such that
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correspondent variants which produce the largest conversion strains, will grow at the expense of
others in order to maximize macroscopic strain (under applied stress) in the pdlyoeysta
aggregate (and was later noted and demonstrated for NiTi in [Rdfsand [53]). This notion
can also be observed here in IPFs presented in Figli?e Prefered variant selection under
tensile loading was indicated by an increase in pole density near the 010 direction (as shown in
Figure5.7b) and the maximum variant conversion strain (~ 12%) was observed ne&P@he
direction (as shown in Figurg.7a). Likewise, preferred variant selection under compressive
loading was indicated by an increase in pole density near the 111 direction (as shown in Figure
5.7b) and the maximum variant conversion strairq%) was observed near the 210 direction
(as shown in Figre 5.7a). The slight rotation between the observed preferred direction for
variant selection (in the polycrystalline aggregate) and that of calculated maximum variant
conversion strains can be attributed to intergranular interaction/constraint anduihemmeqt to
satisfy strain compatibility.

Figure 5.13 shows IPFs corresponding to diffracting planes with plane normal=at
46.3° relative to the loading direction during the first cycle of isothermal tensile followed by
compressive straimontr ol l ed reverse | oading of B19N;j
Note, the IPFs presented here were generated from Rietvelemeints of diffraction spectra
captured by detector Bank 3 (as illustrated in Figut¢ Tensile loading of the specimen to 4%
strain resulted in preferred selection of martensite variants in specimen directions that have
minimal normal stress, as indted by an increase in intensity (to a maximum of 2.53) near the
141 pole, observed in the corresponding IPF. This result further confirms the dependency

between variant selection and strain and lack of correlation between variant selection and stress,
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as nartensite variants preferentially select (in specimen directions with minimal stress) to satisfy
strain compatibility. Also note that the calculated conversion strains near the 141 pole are
intermediate (as opposed to maximum) tensile values, as showigure 5.12a. This result
suggest that variants which maximize strain, are preferentially selecting to the direction of
applied stress and those variants that are less favorable (i.e., variants that produce intermediate or
minimal conversion strain valuesye left available to reorient to accommodate intergranular
constraint and strain compatibility. This behavior can be summarized through ADPs wherein
MRD (y-axis) of a specified crystallographic direction are represented over a range of specimen
directiors (between loading and transverse direction for the case of Bigdje

Figure 5.14a shows the ADPs for the 010 direction corresponding to the first cycle of
tension folaved by compression i sother mal reverse | ¢
temperature. The ADPs presented here have three points of constraint: &° (loading
direction), 46.3° and 90° (transverse direction) which correspond to detector bankad13
respectively. The macroscopic response and IPFs corresponding to the loading didection (
0°); and the IPFs corresponding @ € 46.3°) can be seen in Figuk2 and Figure5.13,
respectively. In Figur&.14a, preferential martensite variantesgion was observed as indicated
by an increased and decreased intensify at0° andid = 90°, respectively as the specimen was
strained to 4% tensile strain. This indicates the 010 crystallographic directicespondgo
preferred tensile variants aide result is consistent with those observed in the IPFs in Figure
5.2. At 4% tensile strain the decreased intensityi at 90° caused by reduction due to
Poisson's ratio in the transverse directiojpon load reversal (from 4% back 6% strain)

prefered tensile variants reoriented to preferred compression variants as indicated by a
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decreased and increased intensity at 0° andu = 90°, respectively. Figurg.14b shows the

ADPs for the 111 direction which corresponds to preferred compression va@antsas
demonstrated in Figur®.2). During this reverse loading (from 4% back #6 strain)
compression preferred variants grew at the expense of tension preferred variants, as indicated by
an increased and decreased intensity at0° andid = 90°, repectively, in the ADP for the 111
direction. Upon the second load reversal (returning back to 0%-#&nstrain) variant structure
returned to near sefccommodated state as indicated by good agreement between 0% initial and
0% final strain, in both Fige5.14a and.14b. Also note that in both ADPs, corresponding to the
010 and 111icrystallographicdirections, negligible changes were observed riear 46.3°.
Overall, results observed through the ADPs provided additional evidence that variants which
maximize strain, are preferentially selecting to the direction of applied stress at the expense of
variants that are less favorable (or those which medass variant conversion strain), in the

polycrystalline aggregate.

5.5 Conclusions

Asymmetry and control mode effects in polycrystalline shape memory NiTi was
investigated by recourse to situ neutron and synchrotronray diffraction performed during
reverse mechanical loading and constant strain thermal cytiirsitu neutron and synchrotron
x-ray diffraction, provided information representative of the bulk, i.e., phase fraction, texture
evolution and lattice strain, was tracked during strassl straincontrolled isothermal reverse
loading and constasgtrain thermally cycling of shape memory polycrystalline NiTi. Results
were discussed in context of fundamental thermoelastic mechanisms in NiTi and the following
conclusions were made.
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1.) Reverseisothermal loading of martensite demonstrated that preferred martensite
variant selection correlated with the macroscopic uniaxial strain and did not correlate
with the compressive or tensile state of stress. Furthermore, variant structures were
equivalentfor the corresponding strain and more importantly, the reversibility and
equivalency was immediately evident in a variant structure when vargorientedto

near sefaccommodated when the load was reversed and macroscopic strain was returned
to zero.

2.) During cyclic stressand straircontrolled reverse isothermal loading cycling
hardening was observed as maximum strain values decreased and stress values increased,
with each cycle, in respective control modes. Despite evolution stress and strain
condusion (1) was maintained during isothermal cycling.

3.) During thermal cycling under constasitain (up to 2% tensile) the maximum stress
values decreased to zero at the LCT and gradually decreased with each cycle at the UCT.
Despite relaxation of stress both martensite and austenite conclusid) was
maintained during constant strain thermal cycling. Additionally, no microstructural
changeqspecifically, of texturevere observed in the B2 phase during cyglimgich

pointed possible slip.

Isobaricloading (thermal cycling under constant stress) has been shown to abide with

conclusion (1) (see RefklLQ, 44, 63], among others) w.r.t. preferred martensite variant selection.

Furthermore, variant structures formed isobaricalyere then reversed to near self

accommodated by isothermal loading in R¢65]. Overall, various thermomechanical

combinations of heating and loading sequences in SMAs that yield tleesaferred selection
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of martensite variants demonstrates the ability to take different paths yet still obtain the desired
response while minimizing irrecoverable deformation mechanisms. These conclusions have
implications on minimizing the number of cysleequired to train an SMA, which limits the
amount of work required for stabilizing their evolutionary response thereby increasing the
fatigue life and overall durability of the SMA. Therefore, the loading and heating path which
minimizes the activatiomf irrecoverable processes and most efficiently produces the desired

actuation response should be considered in the actuator design and fabrication process.

73



5.6 Figures
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Figure 51: Detector coverage at SMARTS: (a) schematfiphysical location w.r.t. incident and
diffracted beams, and specimen; and (b) projected into a pole figurexidlidestribution plots
generatedn this papecorrespond to the radial slice indicated-by
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Figure 53: Evolutionary response of the first 10 cycles of isothermal straiirrolled reverse
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(a) £ = 0% unloading (b)e=-4% (c) €= 0% loading (b)e=4%
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Figure 54: Inverse pole figures corresponding to diffracting planes perpendicular to the loading
direction during the first 10 cycles of compressive followed by tensile isothermal-strain
controlled reverse | oading of B1@Np%ms@mmntfoens i
the initial point on cycle 1 and on the unloading curve for cycles 2 and 10=(}%; (c)U=

4% and (d)J= 0% strain on the loading curve. Note, the IPFs presented in this figure correspond
the macroscopic response shown in FiguBa. For clarity in presentation, the scale chosen is
unique to this figure.
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Figure 55: Inverse pole figures corresponding to diffracting planes perpendicular to the loading
direction during the first 10 cycles of tensile Itobed by compressive isothermal stress
contol l ed reverse |l oading of B19N] imad0GMPaandt i c
(b) 0 = -400 MPa stress. Note, the IPFs presented in this figure correspond the macroscopic
response shown in Figure 5. For clarity in presentation, the scale ¢haseque to this figure.
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Figure 59: Inverse pole figures (of the B2 phase at 165°C) corresponding to diffracting planes
perpendicular to the loading direction during thermal cycling (up to 10 cycles) between 40°C and
165°C under a constant strain of (a) 1% and (b) 2%, presenting. For clarity in presentation, the

scale chosen is unique to this figure.
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Figure 510: In situ synchrotron xray diffraction spectra corresponding to diffractinigrnes
perpendicular to the loading direction (azimuthal angles 90°) at 165°C during thermal
cycling between 40°C and 165°C under a constant strain of 0.6% for select B2 peaks.
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Figure 511: Normalized intensitieslf{o) of select B2 peaks at 165°C as a function of azimuthal

angley (in 10° increments) during thermal cycling (up to 5 cycles) between 40°C and 165°C
under a constant strain of 0.6%.
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Figure 513: Inverse pole figures (IPFs) corresponding to diffracting planes46.3° reative to
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CHAPTER SIX: TEXTURE EVOLUTION DURING ISOTHERMAL,
ISOSTRAIN AND ISOBARIC LOADING OF POLYCRYSTALLINE NITI

In this chapter,in situ neutron diffraction was used provide insight into martensite
variant structures during isothermal, isobaric, and isostrain loading in shape memory NiTi.
Results show variant structures were equivalent for the corresponding strain and more
importantly, the reversibility and equival@nwas immediately evident in a variant structure that
was first formed isobarically but then reoriented to a near randorrasetbmmodated structure
by isothermal deformation. Variant structures formed isothermally were not significantly
affected by a sigequent thermal cycle under constant strain. In all loading cases, the resulting

variant structure correlated with strain armtid not correlate with stress.

6.1 Introduction

Shape memory alloys (SMAs) have the ability to recovery theidpfermed shape
against external loads thus enabling work output in actuator applications. However, the full scale
commercialization of SMA enabled actuator technologies has been limited in the absence of a
comprehensive understanding of these alloys under generaldoaatidlitions (combined with
other reasons, e.g., limited understanding of the evolutionary response) and associated
deformation processes. With recoverable strains exceeding 4%, near equiatomic NiTi has been
the most extensively used system for SMA actutgohnologies thus far. In shape memory NiTi
the recovery process occurs by way of a reversible thermoelastic martensitic phase
transformation from a monoclinic (B19') martensite phase to a cubic (B2) austenitg{lidse
Previously, in situ neutron diffraction has beensed extensively to correlate macroscopic

behavior to associated deformation mechanism iypcpgstalline shape memory NiTvV, 16, 36,
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37, 47, 63, 66]. A majority of these experiments have solely examined either isothgries,

36, 47, 66] (deformation at constant temperature) or isob@fid 6, 37, 63] (thermal cyang to
temperatures above and below the phase transformation temperatures under constant stress)
loading while only a few build connectiofg, 16] between the two loading paths. Furthermore,
experiments examining isostrain (thel cycling to temperatures above and below the phase
transformation temperatures under constant strain) loading have been |#0jtéd] and could

further our understanding of the use of SMAs in novel applications, e.g., reinforced composites,
couplings, etc.

The overall objective of this work is thus to provide micromechanical and microstructural
insightinto the isothermal, isobaric, and isostrain loading of SMA with emphasis on providing
connections between these loading paths. This is accomplished by recourse to subjecting a
polycrystalline shape memory NiTi SMA to situ neutron wherein informatiorepresentative
of the bulk including evolving texture, phase fractions, and lattice strains is determined in
carefully selected experiments involving combined loading sequences. The results are analyzed
and presented in the context of the reversible thdastbe nature of the martensitic

transformation in SMAs and its implications on the stability of these alloys.

6.2 Methods
The material used wathe samebinary NiTi alloy used in Chapter 5and additional
details can be found in Section 5.2.1 in Chaptefige following experiments were performied
situi n  fAdf-fi Imeg h t asingmIMARTS atLANL. Additional detailsregarding the

experimental setups SMARTSand VULCAN canbe found inSection 2.2.1 in Chapter 2
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Two stresdree thermal cycles (i.e.isobaric loading at 0 MPa) between room
temperature (RT) and 200 °C were performed prior to every experiment after the specimen was
installed in the load frame. This was done to relieve any residual stresses produced by
processing, machining or instaltat of the sample and to establish initially, a self
accommodated B19N). Al i sot her mal | oadi ng was
10% at SMARTS and displacement control (manually, while strain was monitored by
extensometry) at VULCANL.tlis implicit that prior to an isostrain or isobaric loading cycle the
specimen was isothermally loaded (below thk temperature) to that strain or stress,
respectively. A total of three experiments were performed as follows. Two experiments
performed aBMARTS include: one compressib@nsion (i.e., compression followed by tension)
isothermal loading cycle to £4% strain, then back to 0% strain at RT; and one isostrain loading
cycle at 2% tensile strain between 40 °C and 165 °C. Isobaric and isotherdiagle#as
performed at VULCAN in one experiment in the following order: one isobaric loading cycle at
100 MPa tension between RT and 165 °C; compressive isothermal loadih@%o strain; two
isobaric loading cycles at 0 MPa between RT and 165 °C; ankersadl loading to 3.9%
tension at RT. Neutron diffraction spectra were acquired at select points throughout all
experiments as shown in context of the results. To insure adequate statistics for analysis a hold
time of 30 min and 15 min at SMARTS and VULCAMspectively, was used to acquire each
spectrum.Details regarding Rietveld refinement and IPFs can be found in Section 2.2.3 in

Chapter 2.
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6.3 Results and Discussion

A random seHaccommodated martensite variant orientation was established as uhdicate
by a maximum intensity of 1.78 (+0.2 of previous work with this particular §86}) in the IPF
at the initial condition (0 MPa stress and 0% strain) in Figule Figure6.1 shows the
macroscopic response of NiTi gp®@en under isothermal compressive loading4% strain,
followed by tensile loading to 4% strain, then compressive loading to 0% strain (from
extensometry, as shown by the solid black line). The first segment4@otstrain) of isothermal
compressivedading has been well studied and partitioned into multiple loading regimes with
corresponding deformation mechanisms by recourse to correlation of IPFs to macroscopic
deformation[7, 37, 66|, e.g., in this case elastic deformation (up to 200 MPa) and detwinning
and variant conversion (occurring at stresses asa®Ww0 MPa). At a maximum compressive
strain of-4% the specimen was within the end of the region in which detwinning and variant
conversion was the dominant deformation mechanism although others, e.g., deformation
twinning, slip and dislocation based plagy, may be active to a limited degree. Direct evidence
of preferred selection of martensite variants by variant reorientation and detwinning was
observed as an increase in intensity at the 111 pole in the corresponding IPF. A maximum
intensity (near ta 111 pole) of 3.00 was observed and was comparable to a maximum intensity
(near the same location) of 2.96 as observed in Ref. [3B.@@6 strain. These variants
preferentially selected in compression reoriented to a near randoracsethmodated
orientdaion when the deformation was reversed (fredfo to 0% strain) and the macroscopic
strain approaches zero, thus indicating the reversibility of variant reorientation and detwinning

processes (observed macroscopically by the onset and continuation dixtimmitkg and variant
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reorientation stress plateau). Following this first load reversal at 0% strain residual texture was
observed as an increase in intensity at the 010 and 111 poles and an increase in maximum
intensity (near the 010 pole) from 1.78 to3lwhen compared to the initial IPF.

When deformation was continued in tension to 4% strain preferred selection of martensite
variants was observed as an increase in intensity atl8tepole in the corresponding IPF. A
maximum intensity (near thel50 mle) of 5.18 was observed and was comparable to a
maximum intensity (near the same location) of 6.49 as observed in Ref. [3] in which the
specimen was loaded directly from the initial to 5.3% strain. These variants preferentially
selected in tension reonted to a near random selfcommodated orientation when the
deformation was reversed again and the macroscopic strain approaches zero, further
demonstrating the reversibility of variant reorientation and detwinning processes. The amount of
residual textug had increased at the 010 pole when compared to the IPF at 0% strain following
the first load reversal as also indicated by an increase maximum intensity (near the 010 pole)
from 1.76 to 2.30 when compared to the initial IPF. Overall, a similar textute (esidual
texture) was observed at zero strain despite a significant difference in stress following the initial,
1% and 29 deformation reversal (OMPa, 330 MPa afi84 MPa, respectively). In all cases of
such isothermal loading (i.e., compressiondetd by tension and sole[$6] compression or
tension), the resulting variant structure correlated with the macroscopic uniaxial strain and did
not correlate with the compressive or tensile state of stress. The resitued bbserved at zero
strain may be the result of some degree of compression and tension preferred variants pinned by
dislocations which accumulated during the isothermal reverse loading process, slip and/or the

early onset of deformation twinning. Thecamulationof dislocations at both junction plane
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areas and within the martensite twins have been observed by transmission electron microscopy in
similar reverse loading experimentsS]. By recourseto IPFs, indirect evidence of slip has
previously been captured as the slight rotation of 180 to 010 poles during tension
deformation[7]. Recent progress has been made towards quantifying the contributions of each
these deformation mechanisms (i.e., elastic, detwinning/variant reorientation, deformation
twinning and slp) to the overall strain using a micromechanical model based diffraction data
analysis framework which shows all such mechanisms to be active to a limited degree within the
limits studied her¢8, 66].

Figure6.2 shows the macroscopic response for one thermal cycle to temperatures above
and below the phase transformation under a constant tensile strainiidosiiang) of 2%. The
initial IPF (not shown) at 0 MPa stress and 0% strain at RT with a maximum intensity of 1.91
was comparable to the initial IPF of Figusel, thus indicating a seiccommodated starting
B19N,;, The specimen was i sother mal |l oaded in
variants preferentially selected in tension were consistent with results presented ir6HRigase
shown by the IP corresponding to Point B at a stress of 262 MPa. This strain was held constant
in strain control, then the specimen was thermally cycled from 40 °C to 165 °C (Points B to C)
and blocking stress (maximum of 450 MPa) was observed as result of the phsi&ertration
to B2 at Point C. Note, no significant texture change was observed in the B2 phase. When the
specimen was cooled back to 40 °C (Point C to D) through the phase transformation the stress
relaxed to 6 MPa. The IPF corresponding to Point D sha@an&dhilar variant structure to that of
Point B with a small decrease in the maximum intensity from 3.57 to 3.20 nedSthpole.

Deformation processes associated with shape s¢tthde.g., plastic deformation and recovery
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processes) may be active to a limited degree and have contribukedradaxation of stress and
the slight decrease in texture. Overall, the macroscopic stress from the isothermal strain relaxed
to near zero with no concomitant change in the variant structure following the first thermal cycle,
thus representing the colagon between the resulting variant structure and the macroscopic
strain during isostrain loading.

Figure 6.3 shows the IPFs corresponding to isothermal (indicated by solid arrows) and
isobaric (indicated by dashed arrows) loading in the same experiftreninitial IPF (Point 1) at
0 MPa stress and 0% strain at RT with a maximum intensity of 1.87 was comparable to the initial
IPF of Figure6.1. This indicatesasef c commodat ed starting B19Nj ar
comparisons between the IPFs geted from experiments at SMARTS (i.e., Figs. 1 and 2) and
VULCAN (i.e., Fig. 3). The corresponding macroscopic position is given above each IPF in Fig.
3, and the macroscopic isothermal and isobaric paths are shown in Figs. 1 and 4, respectively.
Note, thestrain shown in Fig. 1 and Fig. 4 is shared. Initial isothermal loading at RT from 0 to
100 MPa (Point | to 1) was dominated by elastic deformation mechanisms with limited
detwinning and/or variant reorientation, as indicated by no significant charige maximum
intensity observed in the IPFs and was consistent with Refs. [2,5,9]. The specimen was held
constant at a tensile stress of 100 MPa and thermally cycled between RT and 165 °C (i.e.,
isobaric loading from Point Il to Ill) resulting in a tenssitrain of 3.9 % (often referred to as
transformation strain) at Point 1ll, as shown by the dashed line in Fig. 4. Variants were
preferentially selected as indicated by a maximum intensity of 5.83 neat3fepole which
compared well to variants preferely selected in tension at the equivalent strain generated by

isothermal deformation in Fig. 1 and Ref. [2].
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From 3.9% strain (Point IIl) the specimen was isothermal deformed in compression at RT
to -1.0% strain (Point VI), as shown by the dashed imé-ig. 1. Variant reorientation and
detwinning was observed macroscopically in Fig. 1 as the onset (Point IV) and continuation of
the stress plateau (Points IV through VI). The corresponding IPFs show dhants
preferentially selected by tensile isoisa loading reoriented to a near random self
accommodated orientation with some residual texture during isothermal loading from Points Il
to VI. This behavior was consistent with deformation following tfedad reversal (4% to 0%
strain) in Fig. 1. Frm Point VI the specimen was unloaded to 0 MPa resulting.B6 and
maximum intensity of 2.65 in the corresponding IPF at Point VII. Then, two isobaric cycles at O
MPa were performed between 30 °C and 165 °C which resulted in variant structure near random
selfaccommodated orientation with some residual texture at 0.5% strain, as shown
macroscopically by the solid line in Fig.4. At Point VIII the specimen both macroscopically and
microstructurally was near the initial state (Point I) with the exceptiaeofiual texture. The
specimen was then isothermally loaded in tension to 3.9% at RT (Points VIII to 1X, shown
macroscopically in Fig. 1) and variants were preferentially selectedli@sited by a maximum
intensity of 5.32 near thel50 pole This selection of variants was equivalent (as correlated by
strain) to variant selection observed during isobaric loading (Points Il to Il in Fig. 3) and

isothermal loading in Fig. 1 and Ref. [2].

6.4 Conclusions

Overall, the variant structures were eglent for the corresponding strain and more
importantly, the reversibility and equivalency was immediately evident in a variant structure that
was first formed isobarically but then reoriented to a near randorag®mmodated structure
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by isothermal defrmation. In all cases of such loading (tensile or compressive isothermal,

i sobaric or isostrain) the resulting B19Nj var
strain and did not correlate with the compressive or tensile state of stieesed @& the ability to

select a particular variant structure for a given strain after a loading history (e. d'% thad2

reversal following the 3Lload reversal in Fig. 1 or Points VIII to IX following Points | through

VIII in Fig. 3) it can be specated that the results demonstrated in this letter could be obtained

by following any order of loading path over multiple cycles with the exception of residual
texture (the formation of which will likely saturate with cyclifid]). The foundation for this

observed behaor lays in the fundamental reversibility of detwinning and variant reorientation
processes in B19Nj by both isother mal def or mat
and B2. These reversible deformation mechanisms dominant over the irreversibieatien
mechanisms (within the limits investigated), the effects of which are minimized by the

accommodative nature of B19Nj as observed as t
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6.5 Figures
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Figure 61: Inverse pole figure (IPFs) for the loading direction and corresponding macroscopic

response of B19Nj martensitic Ni Ti under i sot
compressive reverse loading (as shown by the solid line). Also shown is the macroscopic
isothermal pdt (as shown by the dashed line) corresponding to PoiAltsXll ( as 1 ndi cat e

of FIG. 3. For clarity in presentation, the scale chosen is unique to this figure.
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Figure 62: Inverse pole figures (IPFs) for before (Pd#)tand after (Point D) one thermal cycle

to temperatures above and below the phase transformation under a constant strain of 2% and
corresponding macroscopic response. For clarity in presentation, the scale chosen is unique to
this figure.
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Figure 63: Inverse pole figures (IPFs) corresponding to mixed isothermal (indicated by solid
arrows) and isobaric (indicated by dashed arrows) loading in the same experiment. During
isobaric loading the sample was thermally cydedemperatures above and below the room
temperature, once from Points Il to Il and twice from Points VII to VIII. The corresponding
macroscopic position is given above each IPF. For clarity in presentation, the scale chosen is
unique to this figure.
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100



CHAPTER SEVEN: INVESTIGATION OF THE R -PHASE DURING
STRESS AND TEMPERATURE -INDUCED PHASE
TRANSFORMATIONS

Superelastic polycrystalline NiTi (50.8 at.% Ni) was subjected to in situ neutron
diffraction at the VULCAN diffractometer at Oak Ridge National Laboratory and the
Spectrometer for MAterials Research at Terapge and Stress (SMARTS) at Los Alamos
National Laboratory wherein the evolving texture, phase fractions and lattice strains were
tracked. A fullyreversible, (i) thermallinduced phase transformation between the cubic B2 and
trigonal P3 (R) phases beten room temperature and 45°C in the unloaded condition and (i)
stressinduced phase transformation between the R and monoclinic B19' phases during
isothermal tensile loading (up to 500 MPa) at room temperature were investigated. The
experimentally measad strains correlated well with the single crystal Bain strains calculated
from crystallographic theory for this alloy and allowed for the identification of specifibd®e
variants. Experimental observations of reorientation/detwinning in thbd®e ageed well with

predictions of variant conversion in respectivgiase variants (up to 200 MRa)

7.1 Introduction

Shape memory alloys (SMA) have the ability to recover large deformations against
externally applied load by way of both a stress induce (slasticty) or thermally induced
(shape memory effect) phase transformation. The-stdit? phase transformation in Nidased
SMA can occur by way of transformation paths between cubic B2, trigonal P3 and/or monoclinic
B19', phases commonly referred to asstenite, Rphase and martensite, respectively. With

recoverable strains reaching up to ,8#e B2 to B19 is the more commonly investigated
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transformation path, with the-phase often being overlooked. However, the B2 tphRse
transformation has beerh@vn to produce transformation strains on the order of 1% with
excellent stability and reduced hysterd&is53]. With the ability to provide stable actuation, the
B2 to Rphase transformation, has promoted investigations seeking to devplogsR actuators,
e.g. in Ref[3, 67]. Superelastic NiTi has been commonly used in biomedical applications which
include selexpanding ®ents [68], selftightening orthodontic wires and flexible eye glass
frames, among otherén many of these applications, in absence of a full understanding, the
presence of th&-phase has often been regarded as detrimental to the performance and fatigue
life. Thus, the current investigation seeks to improve the fundamental understandipiager
with the goal of facilitating the development ofpRase actuators and improvitige stability,
fatigue life and durability of superelastic systems.

In previous work, Ref[69] showed thatfour possible Rphase variants form during
transformation from B2 as governed by the
function of temperature. Also, when transforming tepliase under nstress these variant
produce zero macroscopic strain as the result of aasetfimmodation andiven stress is applied
the most favorable variants form at the expense of others indicating deformation by detwinning.
Since the Rphase, can detwin, reorient and undergo a thermally or-$tichssed transformation
it is difficult from macroscopic measurents to decouple elastic and inelastic contributions
(from respective phases) to the overall deformation. Multiple investigations seeking to correlate
the microstructural and macroscopic behavigpHase have been performed by recoursi to

situ neutrondiffraction [14, 15, 70, 71]. Wherein,in situ neutron diffraction allows for lattice
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strain, texture and phase fraction information, representative of the bulk, to be tracked during
heating and loading of NiTbhased alloys.

Splitting of the (110) austeite diffraction peak into (IL0)k and (110y R-phase peaks
was observed in neutron diffraction spectra acquiredRéfs.[15, 71]) during coolingthrough
the phase transfomat i on. In these studies, the depen
demonstrated experimentally as observed by the distance betwdeas®& peaks increasing with
decreasing temperaturgef. [14] showed reorientation and detwinning irpRase as indicated
by changes in Bhase peak intensity during tensile and compressive loaéed.[70]

demongtated methods for performing Rietveld refinement ophase in Njs gTisgFe;» from

which it was determined that the trigonapRase belongs to thié3 or P3 space group. Plane
specific elastic moduli of Fphase were also determined by recourse to neutron diffraction at
cryogenic temperatures in RgL5)].

Most of these previoumvestigationsvere performed below the room temperature. This
work seeks to investigatefally-reversible, (i) thermaliynduced phase transformation between
the cubic B2 andrigonal P3 (R) phases between room temperature and 45°C in the unloaded
condition and (ii) stressduced phase transformation between the R and monoclinic B19'
phases during isothermal tensile loading (up to 500 MPa) at room temperature, by reciourse to

situ neutron diffraction.

7.2 Experimental Procedures

A commercially availablebiomedical gradeolycrystalline NiTi (nominal composition
50.8 at.% Ni) produced by Fort Wayne Metals (Fort Wayne Wk used for all experiments

Solid cylindrical dogbore specimengwith a gauge diameteof 5.08 and length of 17.8 mm)
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with threadedends were machined from therageived material and were heat treated at 350°C
for 1 hour (in air furnace) then impienchedThe following experiments were performigdsitu
i n fiaf-fi Imieg h t dusingn SMARTS at LANL. Additional details regarding the
experimental setups SMARTSand VULCAN canbe found inSection 2.2.1 in Chapter 2

One specimen (designat&d) was subjected tbeating from 22room temperaturefo
45°C wnder neload. Nedron spectra were acquired at, 25, 30, 35 and 45°Chen, S1was
heated to45°C and the specimen was isothermally loaded/unloaded to 7.2% tensile strain (565
MPa) in displacement contraht(a rate of 0.004 mm)/sA secondspecimen (degnatedS2 was
subjectedfive isothermal tensiléoading/unloading cycles in displacement confatl a rate of
0.004 mm/¥to approx. 500 MPa stress at room tempure.During loading of specimenS1
and S2 Neutron diffraction were acquired at selecfemints. To insure adequate statistics for
analysis a hold time of 15 min was usedtgyuire each spectrum. A thispecimen (designated
S3 was subjected ttwo isothermalensioncompressiorcycles betweer0.325% and 0.6%6
strain at room temperaturé&eutron data was acquired by continuous scannlimg.insure
adequate statistics a strain rate of 0.2 %/hour was maintained. Each reported neutron spectra
represents statistics averaged over 15 min or 0.05 % stRagvteld refinement was

implemented bysSAS [21] using metldology presented in Rdf70] for analyzing Rphase.

7.3 Results and Discussion

7.3.1 Identification of R-phase Variants
Figure 7.1 shows normalized spectra acquired from lattice plane reflectidnplaute
normals parallel to the loading direction corresponding to heating of spe8fnam room
temperature to 45°Qnitially at room temperature,-Bhase peaks were observed as indicated by
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the black vertical dashed lines. To facilitate the followgatrulations these peaks were indexed

on both the trigonal Bphase and parent B2 lattice, as labeled in black and blue, respectively.
Upon heating to 45°C, Rhase transformed to B2 austenite. The B2 peak locations are indicated

by red vertical dashed ks and the corresponding indices are labeled in red. The B2 phase to R
phase transformation occurs by way elongating the B2 cube along one of its (111) axis by a
rhombohedr al di stortion an ¢6BeThus, a(tatasof Awarigntsp r e v i
can be formed during this transformation. The transformation matrix between the B2 and R

phase lattice is given by:

&/2sin@ /2) 0 0
e .
B=é O J2sin@ /2) 0 (7.1)
é :
6 O 0 J3- 4sitt & /2)
Using the measured (1QQ0)and (110 pe ak s, U was determined to
temperatur e. Not e, U is dependetamperaiune. Usiagnp e r at

U=89. 45 A formatbre strains hetween B2 and-pRase were calculated using the
relationship given by Equation (7.1) for all 4 variantee Matlab script used to perform this
calculation can be found in AppendixZ These calculations are summarized in Table 1 in the

along the <111, <110>, and <1003 directions. The following strains (as labeled in Figure

1) were measured between B2 angtRise peaksd;, =0.86%, &, = 0.40%, &,,=0.37% and

e ,= 0.42%. Upon comparison to Table 7.1 it becomes apparent &iatorresponds to
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variant A ande’,corresponds to variant B, C or D. Similarlg, ,corresponds to variant A or B

and &> ,corresponds to variant C or D.

Figure 7.2a shows three distinct regions of different moduli (distinguished by red dashed
vertical lines, labeled I, 1l and 1ll) and strains, in which neutron data is indicatedl ppyirfts
5. Figure 7.2b showsormalized spectra corresponding to reflections from lattice planes with
plane normals parallel to the loading direction for poir8 Ih Figure 7.2b, Bbhase variants A,
B, C and D are indicated by red ar @o@(@omt3) Upon
variant B, C or D reorient and detwin to form variant A (as indicated by change in peak
intensity). Conversion strains between thglRse variants are calculated and summarized in
Table 1. Conversion from variants B, C, D to A will yield @plt2759% strain in the <1135
This was consistent with the 1.0% macroscopic strain measured by extensometry. Note, that a
similar reorientation occurred w.r.t. the <13@>vith respective corresponding variants (not
shown here). Variant reorientation dardetwinning of Rphase was determined to be the
dominate deformation mechanism in Region | and continued into Region Il. Elastic deformation
of R-phase predominantly contributed to the overall deformation in Region Il. A modulus of
elasticity of around 3@Pa was measured in Region Il. This modulus was lower than values
previously reported for the-Bhase (i.e., 70 GPa in R¢f2]), suggesting detwinning/variant
reorientation in the phase and early onset of gpRase to B19' phase transformation.

From U=1.5% (point 3) -phase to(B2® phase trafsfoonatiort 5 )
begins as observed by the stress plateau at approx. 300 MPa. The macroscopic stress plateau was
consistent with the observation of B19' martensite peaks in the normalizgthsp®t shown

here), thus indicating the primary deformation mechanism in Region Ill was the phase
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transformation from Fphase to B19'. Note, that some B2 austenite was present in the system in
the unloaded state and transformed to thghRse or B19' @se upon loading. However, the
phase volume fraction under 4wad at room temperature was shown by recourse to Rietveld

refinement to be less than 20% B2 austenite.

7.3.2 Strain-controlled Reverse Loading of Rphase

To further demonstrate reorientationdagletwinning of Rphase variants in this system,
two isothermal tensicnompression cycles betweef.325% and 0.675% strain at room
temperature. The strain limits were chosen such that the variant and reorientatigpghasgeR
would be the domininant meafiam during loading (as defined by region | in Figure 7.2a).
Figure 7.3 shows the macroscopic str&tsain response corresponding during the second cycle
of straincontrolled isothermal reverse loading cycles betwe®B25 and 0.675% strain of
specimenS3 at room temperature. The observed stress platues both loading and unloading
indicate that reorientation and detwinning processes are the dominant deformation mechansims.
Additionally, the observation that two cycles overlap inidcates that variant retieenand
detwinning in Rphase is isothermally reversible.

To investigate this further, Figure 7.4a shawsmalized intensity of (11%)and (111)r
peaks (corresponding to-fphase variants A and B, C or D, respectively) acquired from planes
perpendicudr to loading axis corresponding to the macroscopic response shown in Figure 7.3.
Note, that peak intensities are normalized their respective intensities at zero strain. Upon loading
from zero to 0.675% strain, (1kland (111)z peak intensities increaseahd decreased,
respectively, indicating the preferred tensile selection of variant A at the expense of variants B,
C or D. As loading was reversed from 0.675%-®325% strain, (I1)z and (111 peak
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intensities increased and decreased, respectiveligating the preferred compression selection

of variant B, C or D at the expense of variants A. Table 7.1 shows that variant A and variants B,
C or D produce tensile and compressive Bain strains, respectively, w.ktl1fhes, direction.
Therefore theesult that variant A and variants B, C or D preferentially select under tensile and
compressive loading, respectively (in the polycrystalline aggregate), is consistent with the notion
thatwhen stress is applied the most favorable variants form at tlemsxf others. This result

has previously been shown infRase inRefil699and f or B19a in Chapter

Figure 7.4bshowsnormalized intensity of (11&)and (111)r peaks (corresponding to-R
phase variants A and B, C or D, respectively) acquired from planes parallel to loading axis
corresponding to the mackmpic response shown in Figure 7.3. Upon tensile loading from zero
to 0.675% strain, (11%)and (111)z peak intensities decreased and increased, respectively,
indicating the preferred selection of variant B, C or D at the expense of variants A under a
conpressive stress state governed by Poisson contraction. Upon compressive loading from zero
to -0.325% strain, (3:1)r and (111y peak intensities decreased and increased, respectively,
indicating the preferred selection of variant A at the expense of t@BarC or D under a tensile
stress state governed by Poisson expansion.

During the entire loading sequence the intensities of both peaks track nearly the same
path as observed during loading, thus indicating the reversibility of variant reorientation and
detwinning processes. At zero strain, both peak intensities returned to their respective initial
values (within error), despite significant differences in stress observed macroscopically between
loading and unloading stress plateaus (as shown in Figujerhis3 indicates that variant

reorientation and detwinning in-phase correlates well with macroscopic strain and does not

108

5



with stress. This resul t was al so observed du

shape memory NiTi in Chapters 5 ahdf this dissertation.

7.3.3 Stressinduced TransformationfromR-phase t o B19a

The stressnduced transformation rom-Rhase to B19a was al so
Figure 5 shows selected normalized diffraction spectra acquired from lattice planes
perpemlicular to the loading direction that correspond to tAele of isothermal loading and
unloading (to 500 MPa) of specim&2at room temperatur@rior to the cycle (at44MPa) the
specimen was shown to be primarilypRase (with up to 20% vol. fraoti of B2) by
comparison to Figure 7.1 and Rietveld refinement. When loaded to a maximum stress of 500
MPa all available Fphase transformed to the B19' phase (within detectable limits), as indicated
by the solid pink line in Figure 7.5. Upon unloading aetlirning to the initial state, a similar
spectrum indicating mostly-Bhase was observed (as indicated by the solid black and red lines
in Figure 7.5). This result established the reversibility of the stress phase transformation between
R-phase to B19' abom temperature under the experimental conditions investigated.

Previouslyused methodology (seRefs. [4, 5, 44], among otherand Section5.4 in
Chapter was used to calculate the B2 to B19Nj tr
Variant Pairs (CVPs) of B2 t o tBl<®Ilp, t<¥l@y3 sf or ma
and <100z, di rections (see Table 7.2). Not e, t he B
calculations were acquired from Rietveld refinements performed in this study. The difference of
B2 to Rphase (Table 7.1) and B2 to B1@risformation strains were taken to yield thphase
to B19' transformation strains. The results are shown in Table 7.2, for transformation-from R
phase variant A and v ar Tha Matlab Beript wsed ttohperforth zhis CV P s
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calculation canbe found in Appendix A. The calculations show that theoretical
transformations paths existfromjRhase t o B19Nj t hat can yield mo
obtainable between B2 and B19Nj, as highlighte

To directly compare the -Bhase @ B19a wi t h t he-indi&d t o B .
transformation specimeflwas heated to 45°C then isothermally loaded and unloaded to 565
MPa. Figure 7.6a shows the macroscopic sts&ssn responseduring isothermal loading and
unloading up to 565 MPa of speen S1 at 45°C. Figure 6b shows the corresponding
normalized spectra acquired from lattice plane reflections with plane normals parallel to the
loading direction. During loading from 0 to 169 MPa (points 1 to 2), elastic deformation of B2 is
observed asriear elastic response in Figure 6a and as indicated leg@malent(111), peak
shift (with limited change of peak intensity) in Figure 6b. When loading was continued from 169
to 326 MPa (point 2 to 3) stregssduced transformation from B2 to-phase wa®bserved as
indicated by a large peak shift in Figure 7.6b. Note, that the 3Bk (corresponding to-R
phase variant Apreferentiallyforms from the (111) peak as governed by the applied tensile
state of stress. As loading was continued from 3289t MPa, elastic deformation offhase
was observed as indicated by the shifting (with limited change of peak intensity) of the (111)
peak. When loaded to a maximum stress of 565 MPa all availaplese transformed to the
B19' phase (within detectalienits), as indicated by the solid red line in Figure 7.6b.

The aforementioned transformation from B2 to B19' with an intermedigtieaBe step
was shown on the reverse transformation, wherspleeimerwas unloaded to zero (from points
6 to 9). The isdtermal stresstrain responselemonstratingthe direct stres;iduced phase

transformation from Fphase to B2 at room temperature is also shown in Figure 6a for
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comparison The stressnduced phase transformatigrelded onlyslightly more (within error)
recoverable strain at 45°@om B2 to R-phase tdB19)) than at room temperature (frdRiphase
to B19). This resultwas consistent with the theoretically calculated singfgstal strains

presented in Table 7.2.

7.4 Conclusions

Biomedical grade superelastNiTi was investigated by recourse o situ neutron
diffraction performed during various heating and loading sequeBsg®rimentallymeasured
strains correlated well with the single crystal Bain strains calculated from crystallographic theory
for this alloy and allowed for the identification of specificgRase variants. Experimental
observations of reorientation and detwinning in th@hase agreed well with predictions of
variant conversion in respective-gRase variants (up to 200 MP®&).fully-revasible stress
induced phase transformation between the R and monoclinic B19' phases during isothermal
tensile loading (up to 500 MPa) at room temperature was observed and investigated. Fhe stress
induced phase transformation between R and monoclinic Ba8' cempared to the stress
induced phase transformation B2 and monoclinic B19' both experimentallgyaretourse to
crystallographic theory for this allojt was demonstrated that theoretical transformations paths
existfromRphase t o BI1d®nmyretstmiaa thenche largegtisteain obtainable between
B2 and B19N, Experimentally there was |ittle
paths.

From these results it can be inferred that thp Rase t o B19Nj transfo
utlizedas effectively as the more commonly wused
devices. Given that the-phase has the ability to reorient and detwin, thp Ras e t o B1¢
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transformation has the added benefit of reduced stress and strain mismatcbbs&ered

bet ween B2 and B19Nj during transformati on.

respective phases could reduce the formation of plasticity formed during cycling through the

phase transformation and extend the lifecycle of superelasticedevi
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Table 71: B2 to Rphase Bain strains and-ghase variant conversion strains (%) calculated

7.5Tables

along the <1115, <1103, and <1003, directions.

Transformation Strain (%) Variant Conversion Strain (%)
Variant | <111, | <110>%, | <100>» Variant <1113, | <110>; | <100,
Conversion
A 0.9554 0.4788 0 AYB 1.2759 0 0
B -0.3205 | 0.4788 0 AYC or|l 1.2759 | 0.9576 0
C -0.3205 | -0.4811 0 BYC or 0 0.9576 0
D -0.3205 | -0.4811 0 CYD 0 0 0
Table 722B2 t o B19Nj tr aphasé (variant tAiamdB) ta B19' trdRsformation
strains(%) calculated along the <1145 <1103, and <1003 directions.
B2 to B19’ strain (%) R-phase variant A to B19' strain (%) R-phase variant B to B19' strain (%)
B19' variant | <111>p, | <110>p, | <100>p, <111>g, <110>5, <100>g, <111>g, <110>p, <100=>g,
1 231 4.1 3.6 -4.01 3.62 -3.59 -2.73 3.62 -3.59
1’ 231 -4.4 -3.6 -4.01 -4.88 -3.59 -2.73 -4.88 -3.59
2 10.3 4.1 -3.6 9.37 3.62 -3.59 10.65 3.62 -3.59
2' -0.5 -4.4 -3.6 -1.42 -4.88 -3.59 -0.14 -4.88 -3.59
3 0.5 4.4 33 -1.42 -4.88 3.35 -0.14 -4.88 3.35
3 10.3 4.1 33 9.37 3.62 3.35 10.65 3.62 3.35
4 231 -4.4 33 -4.01 -4.88 3.35 -2.74 -4.88 3.35
4’ 231 4.1 3.3 -4.01 3.62 3.35 -2.74 3.62 3.35
5 -0.5 9.1 33 -1.42 8.66 3.35 -0.14 8.66 3.35
5’ 10.3 91 3.3 9.37 8.66 3.35 10.65 8.66 3.35
6 231 -2.8 33 -4.01 -3.27 3.35 -2.74 -3.27 3.35
6' 3.1 -2.8 3.3 -4.01 -3.27 3.35 -2.74 -3.27 3.35
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7.6 Figures
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Figure 71 Selected normalized diffraction spectra acquired from lattice planes perpendicular to
the loading direction that corresponde gothermal loading and unloading at room temperature
on cycle 5: (a) planes near 111 austenite; and (b) planes near 110 austenite.
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Figure 72: First cycle of uniaxial loading aduperelastic NiTi at room temperatufa) gplied

tensile stress vs. strain measured by exstensometry; and (b) corresponding normalized spectra
acquired from lattice plane reflections with plane normals parallel to the loading direction (peaks
near 111 austenite).
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temperature.
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isothermal reverse loading cycles betwe@:325 and 0.675% stramf R-phase in superelastic
NiTi at room temperature (i.e., corresponding to the macroscopic response ishigare 3)
for: (a) planes perpendicular afio) planes parallel to the loading axidote, that the intensity
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Figure 75: Selected normalized diffraction spectra acquired from lattice plaempendicular to
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temperature on cycle 5: (a) planes near 111 austenite; and (b) planes near 110 austenite.
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Figure 76: Isothermalloadingand unloading up t865 MPaof superelastic NiTat 45°C: (a)
applied tensile stress vs. strain measured by extensontieérydom temperature casge also
shown for comparison); and (b) corresponding normalized spectra acquired from lattice plane
reflections with plane normals parallel to the loading direction (peaks near 111 austenite).
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CHAPTER EIGHT: NEUTRON DIFFRACTION MAPPING OF TEXTURE
AND PHASE FRACTIONS IN HETEROGENOUS STRESS STATES
DURING UNAXIAL/TORSIONAL LOADING OF SUPERELASTIC NITI

By recourse to in situ neutron diffraction during uniaxial/torsional loading and heating,
thermoelastic deformation mechanisms in-ooiform states of stress in superelastic NiTi were
spatially mapped. The preferred selection gblase variants formed by vant reorientation
and detwinning processes were equivalent for the corresponding strain (in tension and
compression) and the selection of such variant structures was reversible by isothermal loading.
R-phase variant selection was consistent between whiaid torsional loading when the
principal stress directions of the stress state were considered (for the crystallographic directions
considered here). qRhase variants were tracked and the similarity in general behavior between
uniaxial and torsional loding, in spite of the implicit heterogeneous stress state associated with
torsional loading, pointed to the ability of the reversible thermoelastic transformation in NiTi to

accommodate both stress and strain mismatch associated with deformation.

8.1 Intro duction

Neutron diffraction provides an attractive alternative to electron amdy xbased
diffraction technigues in which penetration depths can be limited to at most several microns (or
millimeters in the case of-says from a synchrotron source) belowe tsurface. The increased
penetration depth of neutrons (up to several centimeters) allows for microstructural and
micromechanical characterization representative of the bulk in polycrystalline materials.
Furthermorejn situ neutron diffraction can prov&residual and internal strain, crystallographic

texture and phase fraction information during heating/coolingra@chanicaloading. Recent
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advances in diffraction based imaging have provided {tlireensional (3D) mappingsf such
information under hetegeneous states of stress observed during -axiki loading. Examples

of such investigations include the mappingh&f-specific lattice strains in 42L14 steel alloy

[1] and a metastable 304L stainless steel that undergoes a strain induced phase transformation
[73] i under tensile and torsional loading. Given the success of these recent investigations, the
current study applies such diffraction techniques (specifically those utilized i Xeto a

hitherto not fully understood material systems that continuously evolve with changes in
externally applied mukaxial stress. The ability to spatially map these-tiea¢ changes in
crystallograpic texture, internal strain and volume fractions of transforming crystallographic
phases in the bulk in polycrystalline alloys while controlling the applied +axidl stress, using

in situneutron diffraction, is a unique aspect of this work.

Shape memy alloys (SMAS) are materials that provide such an opportunity for study
wherein shape recovery (up to 8% uniaxial strain in polycrystalline alloys) occurs against
external uniaxial stress (up to 500 MPa) by means of a reversible thermoelastic soptiatate
transformatiorf4, 5] In NiTi, the phase transformation typically occurs between cubic B2,
trigonal R and monoclinic B19', phases which are commonly referred to as austeptit@seR
and martensite, respectively. One particular SMA of interest is superelastic NiTio dtge
successful use in biomedical applications including stg#s orthodontic wires and eye glass
frames, among others. In many of these applications, the presence of-phasérk can
significantly alter the overall behavior of the SMA asl riole is notfully understood[5, 53].

The Rphase, like martensite can detwin, reorient and undergo a thernsdfess induced

transformation [13, 14]. For these reasons, it is difficult from ordinary macroscopic
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measurements to decouple elastic and inelastic contributions (from their respective phases) to the
overall deformationln situ neutron diffracton is ideally suited to probing thesgcrostructural

and micromechanical changes while they occur under external stress Faltisermore, the R

phase has not been extensively studied when compared to the martensite and austenite phases. A
better undestanding of the Fphase can even aid in the development -@hBse actuators (e.g.,

in[3]) with reduced hsteresis and superior stabil[i5, 67, 72].

Despite SMAs typically operating under mtaixial stress states in applications, most
previous in situ neutron diffraction based investigations on SMAs have been limited to
homogenous stress states a reslt of uniaxial loading[7, 9, 15, 16, 36, 43, 67, 71, 74-77].
Multi-axial loading and the accompanying heterogenous stress state during neutron diffraction
has the added benefit of offering hiterto unexplored mechanistic insight in these alloydlgspecia
given that shear is expected to significantly affect deformation in the various phases and the
phase transformation itselfl]. The selection of the various mechanisms (elasticity, plasticity,
twinning and stresgduced transformation) to accommodate the mismatch in a heterogeneous
stress state is @ of interest. Thus, the current investigation spatially maps thermoelastic
deformation mechanisms in naomiform states of stress during mediial loading of
superelastic NiTi by recourse to both conventional and recently advanced 3D rasobited

neutron diffraction techniques.

8.2 Methods
The material used for all experiments vilas same commercially available material used

in Chapter 7 andadditional details can be found in Section 7.2 in ChapterAl.
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thermomechanical testing was performedsitu using neutron diffraction at ORNL on the
following instruments.
VULCAN Engineering Diffractometer:

The A VULCAN diffractometer at SNS was wuse
experimentsAdditional details regarding the experimental setupSMARTS and VULCAN
can be found in Section 2.2.1 in ChapterUniaxial tension/compression specimens, with a
gauge diameter of 5.08 and length of 17.8 mm, were loaded using an axial torsion gripping
system designed for an existing MTS load frame with marimaxial and torsional load
capacities of 100kN and 400N-m, respectively. All heating was performed using an induction
heater.

One specimen (designat&d) was subjected theating from 22 to 45°C under +haad.
Neutron spectra were acquired at 22, 26, 3® and 45°CTo insure adequate statistics for
analysis a hold time of 15 min was used to acquire each spectrum. A second specimen
(designateds? was subjected to compressitamsion cyclic loaded betweed.325% and 6.75%
strain at room temperature. ifeon data was acquired by continuous scannifm.insure
adequate statistics a strain rate of 0.2 %/hour was maintained. Each reported neutron spectra
represents statistics averaged over 15 min or 0.05 % strain.

Neutron Residual Stress Mapping FacilityRSIF2):

NRSF2 at HFIR was utilized to provide spatial resolved measurements in hetereogenous
stress states during torsional loadidgiditional details regarding the experimental setups at
SMARTS and VULCAN can be found in Section 2.&h Chapter 2NRSF2utilizes a Stoica

Popavi ci monochromotator and a wavelength of
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Tension/orsion specimens were loaded using a portable axial torsion load frame with maximum
axial and torsional load capacities of 50kN and 12N espectively. Further details regarding

the experimentalketup can be found in Refl]. All of the following experiments were
performed at room temperature.

One pecimen (designatesi3) with a gauge diameter of 7.00 mm and length of 50.8 mm,
was subjected to torsional loading up to 550 MPa. Axial stress was maintained at 5 MPa for the
duration of the experiment. A gauge volume of 2 x 2 x 2’mvas established usjrgadolinium
slits. Figure8.2a shows the crossection of the gauge volume within the speciniEme load
frame was tilted to 43° (about theaxis) to produce reflections from lattice planes near
perpendicular to the directions of maximum (location 1z)@nd minimum (location 2, Q)
normal stressNeutron diffraction spectra were acquired at carefully selected shear stresses (as
shown in the context of the results) at locations 1 and 2. To insure adequate statistics for analysis
a hold time of 30 an@0 min was used to acquire each spectrum at a 2theta angle of 81.5° and
96°, respectively.

A second specimen (designated with a gauge diameter of 5.08 mm and length of 50.8
mm, was subjected to torsional loading up to 500 MPa. Axial stress was meihdi5 MPa for
the duration of the experiment. A gauge volume of 0.5 x 20 x 0.8 (width x height x width)
was established using gadolinium slits. Fig8#a shows the crossection of the gauge volume
within the specimenThe load frame was positiothevertical, with the height of the gauge
volume aligned with the length of the sample, to produce reflections from lattice planes
perpendicular to the radial (locatior51 Qagia) @and hoop (location 6, gy directions of the

specimen.Neutron diffracton spectra were acquired at carefully selected shear stresses (as
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shown in context of the results) at each of the 6 locations. To insure adequate statistics for

analysis a hold time of 10 min was used to acquire each spectrum at a 2theta angle of 81.5°.

8.3 Results and Discussion

Four biomedical grade superelastic NiTi (nominal composition 50.8 at.% Ni) cylindrical
samples were investigated using situ neutron diffraction at stress and temperature. Two
samples (denote81 and S2 were heated from room tgarature to 45°Gnd compression
tension cyclically |l oaded bet weokfnl i NOh.t50% VsuLrCaA
diffractometer at the SNS at ORNL. Two samples (den&&dnd S4 were subject to pure
torsional loading (up to 550 MPa) with yarg diffraction orientations and geometries (in order
to investigate the principal, hoop and radial directions, respectiusiyy the Neutron Residual
Stress Mapping Facility (NRSF2) at the steathte High Flux Isotope Reactor (HFIR) at
ORNL. More deails regarding sample preparation, experimental setups and procedures can be
found in the methods section.

Figure 8.1a shows a section of normalized neutron diffraction spectra acquired from
crystallographic planes perpendicular to the length of the sadopieg cooling from 45°C to
22°C in sampleéS1 under no applied load. The austenite tpHlase transformation occurs by
elongating the B2 austenite cubattice along a (111) triad axj44, 69, 71], resulting in the
formation of a total of four possible variants during this transformation. One varianefbthc
designated variant A) corresponds to the elongated triad of the cube. The other three variants
(henceforth designated variant B, C or D) correspond to the three contracted triads. This was
observed experimentally in Figu8la by the splitting oftte (111) austenite peak into (1)
and (1113 R-phase peaks during cooling from 45°Bt room temperature the system was
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determined by Rietveld refinemef#8] to be primarily Rphase with up to approximately 20
volume % austenite. Rietveld refinements were performed with phase evoftantions
constrained to be equal between both spectra acquired from lattice planes perpendicular (with

diffraction vector Q, parallel to the loading axis) and parallel (with diffraction vector

Q. perpendiclar to the loading axis) to the length of the sample. The relative intensities (ratio of

peak intensities from normalized spectra) of the 1)z and (111} peaks were found to be 0.28

and 0.19 corresponding ©Q and Q. , respectively, whiclhvas comparable to that of sam@@2
(found to be 0.29 and 0.20 corresponding@nd Q. , respectively following heat treatment

prior to loading. In both cases thepRase wa formed by cooling from austenite underload
and was thus considered to be thef-accommodated microstructu®]. Note the self
accommodated fRhase micrasucture in this system was not random and had fiber texture
along the length of the samples (as indicated by unequal intensities beQyeand Q. ,
respectively) The intrinsic texture in this system wasnf@d during processing and has been
observed in comparable NiTi systs following similar processiny9].

The experimentally measured st+m0ai8lH=—-datde Um
0.4%, as seen in Figu&la) correlated well with the single crystal Bain strains calculated (as
done previously in Ref699 usi ng a di stortion angle U-deterr

phasehkl peak positions measured in this work) from crystallographic theory for this alloy. The
Bain strain associated with-phase variant A and either B, C, or D w.r.t. (11&])82 direction

was found to bef}, =0.96%and &>, = 0.32%, respectivelyand allowed for the identification

of these specific hase variants. By comparing crystallographic theory to experiment it was
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apparent that theLt {1k and (111)r peaks correspond to-phase variant A and either B, C or D,

respectively. In the following discussion, variants A and B, C or D refer-phdRe variants

w.r.t. the <11]>B2 direction and by evoking symmetry, variants@por D will be referred to as

variant B unless otherwise stated (e.g.Cimapter J. Details of the Bain strain calculations for
the (111) to R-phase transformation (as shown in Fig8rka) as well as for the (110jo R-
phase transformation (not showere) can be found iBection 7.3.1 ilChapter 7.

Figure 8.1b shows a section of normalized neutron diffraction spectra acquired during
isothermal uniaxial tensiecoompression (betweer).325% and 0.675% macroscopic strain)
reverse cyclic loading of fghase at room temperature in sampl2 At zero macroscopic strain,

the relative diffracted peak intensities corresponding to variaahd\ variant B,Y, /Y, , was
found to be 0.32 and 0.23 correspondingt@nd Q. , respectively, which was indicative of a

selfaccommodated {fRhase (as arrived at in Figu®la, by cooling through the phase

transformation under nlmad). The relative peak intensities at approximately 0% strain were

arbitrarily chosen as the references (i.&; /Y., =1and Y© /Y2 =1at 0% strain)for the

Gero
normalization of relative peak intensities discussed in the following discussion. Thus the relative
R-phase peak intensites arermalized w.r.tto the seHaccommodated microstructure and zero
macroscopic strain. Wing loading in compression (from zero 4®375% macroscopic strain)

the peak intensity corresponding to variant A decreases at the expense of the peak intensity
corresponding to vand B indicating reorientation and/or detwinning ofpRase variants. Note,
increases in Bphase relative peak intensities may also be attributed to the formaphade

from austenite under stress. However, the amount of austenite at room temperaturetechs

126



to at most 20% volume fraction. Thus the major contribution to relative peak intesnity changes in
the Rphase was attributed to reorientation and/or detwinningtfide variants.

As deformation was continued t0.325% strain, the relative diffcted peak intensity

corresponding to variant BYE .../ Y2 ) increased to 1.286, while the relative peak intensity

Zero

corresponding to variant AY(; .../ Y., ) decreased to 0.452. This provided direct evidence of the

preferred skection of Rphase B variants under compressive tensile loadingse B variants are

preferentially selected in compression and susequnetly reorient to a near random self
accommodated distributiorag indicated byY;'/Y: =1.012and Y?/Y2 =1.011) when the

deformation was reversed (frorl.325% to 0% strain) and the macroscopic strain approached
0%, pointing to the reversibility of the variant reorientation and detwinning procé¥ses
deformation was continued in tension to G® strain, preferred selection ofgRase variants
was observed as an increase and decrease in relative peak intensities corresponding to variants A
and B to 2.261 and 0.296, respectively. This provided direct evidence that variant A was the
preferred Rphase variant under uniaxial tensile loading. These variants are preferentially
selected in tension and reorient to a near randomasetimmodated distribution when the
deformation was reversed and the macroscopic strain appro@éhedgain, validating the
reversibility of variant reorientation and detwinning procesgewmlogous preferred variant
selection[36] under tension and compression and the isothermal reversibility of variant selection
[65)by wvariant reorientation and/ or detwinning
NiTi.

The aforementioned -Rha® variants tracked during uniaxial loading and heating at

VULCAN were investigated in the principal stress directions during pure torsional loading at
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NRSF2. FigureB.2a shows the crossectionof cylindrical specimerg3and the two diffraction

gauge voluras with the load frame tilted to 43° (about thaxts).Note the load frame was titled

to 43° during the experiment and was assumed to be tilted near to the ideal 45° when referring to
the planes of maximum and minimum normal stress in the following ssmu This
configuration produced reflections representative of the principal, hoop and radial stress
directions under negative (locationwvtith plane normals along the direction of minimum normal
stress, or diffraction vect@.q ;) and positive (locabin 2,with plane normals along the direction

of maximum normal stress or diffraction vectr q4),Shear stresse$o facilitate the following
discussion, the directions corresponding to maximum tensile and compressive stress will
henceforth be referred s t he fAtensile directionodo and fAcc
Shear stresses shown in Fig@&2b and c represent the maximum applied shear stress at the
surface of the cylindrical NiTi sample. Figu8e2b shows sections of normalized spectra from
lattice planes perpendicular to the compressive direction (location 1) under pure torsional loading
up to 500 MPa. From 0 to 300MPa, the intensity of the diffraction peak corresponding to variant
B increased with shear stress and there was no detectadodgectin the diffraction peak
corresponding to variant Asigure8.2c shows sections of normalized spectra from lattice planes
perpendicular to the tensile direction (location 2) under pure torsional shear loading up to 550
MPa. The intensity of the diffrion peak corresponding to variant A increased with shear stress
while that of variant B decreasedhus, variant reorientation and detwinning was directly
observed under torsional loading with preferred selection of variant A and variants B in the

tensileand compressive directions, respectively.
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Generally, the tensieobompression asymmetry observed in the preferred selection of
specific Rphase variants was consistent between uniaxial and torsional loading when the
principal directions of the stress statvere considered (for the crystallographic directions
investigated here). At the maximum shear stress under torsional loading (as indicated by the red
lines, in FigureéB2bandc),thep hase peak intensitiesd had decrt
ast he complete transformation to B19qg martensi
the diffraction volumes used (at location 1 and 2 in Fi@/2a) covered a large portion of the
radius of the sample and thus represented reflections averagyea loeterogeneous stress state.

Figure8.3a shows a section of normalized spectra from lattice planes perpendicular to the
tensile direction (at location 2 in Figuge€a). On loading froma110 MPa to 100 MPa, the (2@0)
peak shifted to the right (inditag lattice strain) with negligible change in peak intensity
(indicating minimal detwinning and variant reorientation). This result is consistent expected from

crystallographic theory. The (2Q0peak forms by an invariant transformation from the (200)
peak along the(lOO)Bzdirection and variant conversion is not possible in this crystallographic

direction (as described in detail@hapter J. At a maximum shear stress of 550 MPa the ((30)
martensite peak was observed (as depictedthiey red line). The (03Q) martensite was
undetectable in the compressive direction (at location 1 in Figda at a maximum shear

stress of 550 MPa. The formation of (Q@Gpartensite in the tensile direction and not in the
compressive directionunderor si onal | oading is indicative of
in martensitic NiTi. Furthermore, (03@)nartensite has previously been observed as a preferred
variant famed under uniaxial tensidi36, 63, 65]. This result suggests that martensite variant

selection, like Rohase variant selection, is castent between uniaxial and torsional loading
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when the principal directions of the stress state were considered. However, this result cannot be
deemed conclusive as onyn@ o f 12 correspondent vari ant
considered here.

Figure83b showsst r ai ns (i ndicated by V) and Full
indicated by0) determined from changes inspacing and peak breadth, respectively, of the
(200%k peaks shown in Figurg.3a. Results shown in Figu&3b summarize and facilitate the
above discussion regarding the (20@eaks shown in Figur®.3a. An increasing linear
relationship between shear stress and lattice strain for the; (208§ was obseed indicative of
tensile strain. The relationship remains linear above 100 MPa when the (&3 begins to
decrease as shown in Fig88a. Thus, the (20Q)decreased due to the phase transformation
from R-phase to martensite with no contributionsniravariant and reorientation of-phase
variants. An increasing linear relationship between the FWHM and shear stress was observed
and partly attributed to peak broadening caused by the averaging of strain over a heterogeneous
stress state and strasslucel martensite.

In order to further investigate the heterogeneity of the stress state under torsional loading,
diffraction peak intensities corresponding to variant B were spatially resolved (using a refined
gauge volume) in theadial and hoop directions dng pure torsional loading at NRSF2. Figure
8.4a shows the crossectionof cylindrical specimers4with thesix diffraction gauge volumes.

The load frame was positioned vertical to produce reflections from lattice planes perpendicular
to the radial (locton 1-5, Qadia) and hoop (location 6, ¥y directions of the specimehlote,
strains in these directions are negligible under pure torsional loading, however phase fraction and

texture evolution can still be observed as changes in peak intensitye Bigb shows the
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normalized peak intensity (arbitrary units) corresponding to variant B as a function of the radial
(mm) distance from the center of the sample to the center of the spatially resolved diffraction
volumes (1 through 5) shown in Figugada The shear stresses for which neutron data are
presented in Figur8.4b and labeled-YIII are shown in FigureB.4c. Figure8.4c shows the
macroscopic stresstrain response under pure torsional loading (up to 500 MPa) of s&die

room temperatureAll stresses shown represent the applied shear stress at the surface of the

specimen.
The peak intensity at spatial locationss denoted asy'is shown in Figure8.4b (as

indicated by the black dashed lin@)d depicts the absorption profile in the initial condition
(under no applied load). The data was corrected for absorption, normalized to point (1,1) and is

defined as follows:

=58 @

Y'Y
where subscriptincrements through spatial location$ 1superscripf increments through shear
stress values-VIII, | is the uncorrected integrated intensity aNtlis the normalized intensity
shown in FigureB.4b. The increase in peak intensity from points | to Il corresponds to the
preferred selection of variant B in the radial direction byHase detwinning and variant
reorientation. Furthermore, the intensity incrsageéth radius (points -5) corresponding to
increasing stress. From Points -Ml the peak intensity decreases with stress due to
transformation of detwinned/reorientegppRrn ase t o B19qg. At a maxi mum
(shown as Point VI) the peak imisty varies from 1 to O from the center of the cylinder to near

the surface of cylinder corresponding to near zero stress at the center to maximum stress near the
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surface. This is consistent with torsional loading, however the distribution of stress banno
assumed to be linear with radius. From Points\VWlIthe peak intensity remains unchanged
indicating mostly elastic unloading of martensite.

Locations 5 and 6 are the same radial distance from the center of the sample. Location 5
corresponds to reftéions from lattice planes perpendicular to the radial direction, while location
6 corresponds to reflections from lattice planes perpendicular to the hoop direction. During
loading from 0 to 150 MPa (shown as poinBI) the intensity at locations 5 an@l evolves
differently with increasing shear stress. Following the onset of the phase transformation from R
t o B1l9 g -\V)pheipeak itendityvat locations 5 and 6 evolves similarly with shear stress.
This result suggests that preferred varianec@n in the Rohase is different between the radial
and hoop directions during torsional loading. This result is not expected during uniaxial loading
in which lattice planes in both the radial and hoop are parallel to the loading direction (i.e., have

plane normal in th@, direction) and are under a homogenous compressive stress state governed

by a reduction due to Poisson's ratio.

The aforementioned deformation mechanisms (i.e., elastic deformation, variant
reorientation and detwiming in the Rphase and phase transformation frorpHRse to
martensite) investigated by recourseimositu neutron diffraction are typically observed as
changes in moduli in the macroscopic response. Figdeprovides a connection between the
diffraction results presented and the macroscopic behavior. Note extensometry could not be used
due the large deformations associated with the experiment. Therefore, the shear strain shown in
Figure8.4c was calculated at the surface from the angle of twist meshsutirthe grips and the

effective gauge length of the cylindrical specimen. Deformation caused by loading from 0 to 200
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MPa (points | to 1V) is attributed to elastic deformation and detwinning and variant reorientation
of R-phase. Point IV represents theiset of the phase transformation frompRase to
martensite. Deformation caused by loading from 200 to 500 MPa (points IV to VI) is attributed
to the phase transformation frompgRase to martensite with additional but limited contributions
from variant reaentation and detwinning and elastic deformation of martensite. Deformation
caused by unloading from 500 MPa to 0 MPa (points V to VIII) is attributed to the reverse phase
transformation from martensite toghase with additional but limited contributiofiem variant
reorientation and detwinning and elastic recovery of martensite quichge. Loading/unloading

up to 500 MPa was shown to be mostly recoverable here, however other irrecoverable
mechanisms, e.g., dislocation based plasticity and deformatimmihg maybe active to a

limited degree.

8.4 Conclusions

Superelastic NiTi was investigated by recourseintcsitu neutron diffraction during
uniaxial and torsional loading. The experimentally measured strains correlated well with the
single crystal Bairstrains calculated from crystallographic theory for this alloy and allowed for
the identification of specific fphase variants. The identified variants were tracked in the
principal stress, radial and hoop directions and spatially resolved measurementsaderin a
heterogeneous stress state observed during torsional loading. The aforementioned experiments
are considered here togethand the following conclusions were made with regards to the
multiaxial loading of superelastic NiTi.

1. The preferred selecin of Rphase variants formed by variant reorientation and

detwinning processes were equivalent for the corresponding strain (in tension and
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compression) and the selection of such variant structures was reversible by

isothermal loading

2. R-phase variant settion was consistent between uniaxial and torsional loading
when the principal stress directions of the stress state were considered (for the

crystallographic directions considered here).

3. Variant reorientation and detwinning and phase fractions correla¢ddwith
shear stress, which varied from zero at the center of the cylinder to a maximum

near the surface under torsional loading.

Conclusion (1) has pr evi ouwmarlensiticlsllmpermerdoeymo n s t
NiTi [65]. Limit e d resul ts presented here suggest th
conclusions (2) and (3),0wever, these results cannot be deemed conclusive as only one of 12
correspondent wvariant pairs of B19qa entack ensi t
for the first time Rphase variants in a spatially resolved mode in NiTi during raxlial
loading. The similarity in behavior between uniaxial and torsional loading, in spite of the
implicit heterogeneous stress state associated with torsioading points to ability of the
reversible thermoelastic transformation in NiTi to accommodate both stress and strain mismatch
associated with deformation. This accommodation is necessary to ensure reversibility of the
transformation (whether thermal otressinduced) and the observed results thus validate the

fundamental nature of thermoelastic martensitic transformations.
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8.5 Figures
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Figure 81: Section of normalized neutron diffraction spectra acquired during (aingombm

cubic austenite (B2) to trigonal-phase in the absence of an applied external load and (b)
isothermal uniaxial tensiecompression reverse cyclic loading of trigonaplase at room
temperature, in NiTi. Red corresponds to cubic austenite aokl faldhe trigonal Fpbhase in (a).

Black corresponds to seaiiccommodated (0%), blue to maximum compressie825%) and

red to maximum tensile (0.675%) strains in (b). Reflections are from crystallographic planes
perpendicular to the length of the sampgRephase variants A and B in (b) were identified by
correl ating pemndnu@d) ® Banstransa(iortte BAtophase transformation

in NiTi) determined from crystallographic theory.
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Figure 82: Neutra diffraction spectra from planes in the principle stress directions under pure
torsional loading at room temperature: ¢a)sssection of cylindricalspecimen withthe two

diffraction gauge volumesThe load frame was tiltetb 43° (about the saxis) to produce
reflectionsfrom lattice planes near perpendicularthe directions of maximum (location 1,.£

and minimum (location 2, Qy).normal stress. Also, shown are the corresponding sections of
normalized neutron diffraction spectra acquired from (b) location 1 and (c) location 2. All
stresses shown represent the applied shear stress at the s@fsgecimen. Variants A and B

(as identified in Figure3.1) are shown to preferentially select intheg @ it ensi L£0) an
(Acompressiveo) directions as demonstrated in
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Figure 83: (a) Section of normalized neutron diffraction spectra acquired at location 1 (shown in
Figure 2a) for reflections from lattice planes perpendicular to the direction of maximum normal
stress (; At ensi | underdpure wrsional doing at room temperature. (b) Strains
(indicated by y) and Full Wi dt h at Hal f Ma x i
changes in @pacing and peak breadth, respectively, of the Rp8aks shown in (a). All

stresses shown represent the appliedrssieess at the surface the specimen.
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