CHANGESIN THE MECHANICAL BEHAVIOR OF NITINOL
FOLLOWING VARIATIONS OF HEAT TREATMENT

DURATION AND TEMPERATURE

A Thesis
Presented to
The Academic Faculty

By

Heidi F. Khalil

In Partial Fulfillment
Of the Requirements for the Degree
Master of Science in Mechanical Engineering

Georgia Institute of Technology

December, 2009



CHANGESIN THE MECHANICAL BEHAVIOR OF NITINOL
FOLLOWING VARIATIONS OF HEAT TREATMENT

DURATION AND TEMPERATURE

Approved by:

Dr. Kenneth Gall, Advisor
School of Material Science and Engineering
Georgia Institute of Technology

Dr. David McDowell,

The George W. Woodruff School of
Mechanical Engineering

Georgia Institute of Technology

Dr. Naresh Thadhani
School of Material Science and Engineering
Georgia Institute of Technology

Date Approved: October 23, 2009



ACKNOWLEDGEMENTS

| would like to thank Dr. Ken Gall for his suppoencouragement, and continued faith in
my abilities. It has been an honor to work sselp with someone of such high caliber both as
an instructor and a friend. Many thanks go to thembers of my thesis committee, Dr.
McDowell and Dr. Thadhani, for their time and calesation. | would also like to thank my
fellow lab mates for being a continued source oi@and solidarity.

This work would not have been possible without ¢le@erous love and support of my
friends and family. Special thanks to Tamera Schmizassisting with the sand-blasting of over
one hundred samples in an open air machine shtpeimiddle of a Georgia summer. Sample
preparation was exhausting but | am thankful fertime we got to spend together. Thank you
to Rees Culpepper for providing a never ending suppcaffeine, gummy bears, and IT help
while | worked. Thank you for your friendship afat learning more about Nitinol than you
ever wanted.

| would like to thank Michael Sullivan for traveli through this experience with me.
Thank you for accompanying me to the lab for evatg night heat treatment quench. Thank
you for checking up on me during the many hourtesfing and for sitting in the same room as
me to help motivate the writing. Most of all, tkayou for making me laugh through it all.
Special thanks to my Mom for her love, for encourggme to be exceptional, and supporting

me in all | do.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS... .ottt st et sae st ssaesaesaesseeseessessessaeneessessenseessesseaneeneeneeses iii
LIST OF TABLES. ..ottt ettt et e e e bt e e bbb e et e ene et et e nne s %
LIST OF FIGURES ... .ottt ettt ettt se s stesbeese e tesseese et e s seeseeseeneeaaeeneeneenee e Vi
LIST OF ABBREVIATIONS .. .ottt sttt sttt sttt ettt se e st re e e e e iX
S N OSSR X
CHAPTER 1: INTRODUGCTION ..ottt sttt st sttt st nee st sneessensensesneens 1
AN 11T 1.
[ EY o 01V oS 1
Transformation MeChaniSMIS..........cooiiii e 1
Effects of Heat TreatmMent.......oo.u it et e et e e e ettt eeeeeenanes 6
Effects Of Cola-WOIKING.......uu i e e e e e e et e e e snn e e e e aeans 9
CHAPTER 2: EXPERIMENTAL METHODS.......ocoiiiiieieresestie ettt s 12
CHAPTER 3: EXPERIMENTAL RESULTS ..ottt st st 15
HOt-ROHEA NItINOL.....oiiieiiiie et e e e e et e e e 15
(@] o B0 = 1Y o T 11 T 22
CHAPTER 4: DISCUSSION ....coiiiiiiiiesiesiietceie ettt see s e s e seesaesseesaessessesseeseessessesseesessessesssessensenses 28
CHAPTER 5: CONCLUSIONS... ..ottt st vttt sttt st e s et nis 45
REFERENGCES...... .ottt ettt ettt bt s et bt st e e e b e e st et e s beabeeb e e st e beebeeneeseneean 48



LIST OF TABLES

Table 1: Material properties as reported by Frical8with the exception of (*) indicating
temperatures of the material used in thiS STUAYu.c......eviiviiiiiiiiiiiiiirr e 9

Table 2: Definitions of Properties extracted framess-strain results, as defined by ASTM-
F2516. 13



LIST OF FIGURES

Figure 1: Schematic representation of shape-memmangformation..............cc.eeevevvvvees e 3
Figure 2: Simplified schematic of stress-induceattensite transformation. ........................ 4

Figure 3: Schematic of the stress-strain curvindushape-memory, pseudoelastic and plastic

deformation material responses due to an increaesiing temperature. .................. 5
Figure 4: R-phase effect on Nitinol StresS-SraBPONSE. ...........c.cceereereeeeeeeseeesereeseseeeeen, 6
Figure 5: Sketch representation of a typicalssH&rain reSPoNnSse. .........ccoeeeeeeeeeesvcmcecmenn. 14

Figure 6: Upper Plateau Strength (UPS) of hdedoNitinol following heat treatment at 200-
440°C for 10 min, 90 min, and 8 hour dUrationS. ...-.........ccoeeeriiiiiiiiinieeeeee e 15

Figure 7: Lower Plateau Strength (LPS) of hoteaNitinol following heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr dUratioNS. . ...vvveeeeeeer e eeeeeeiiee. 16

Figure 8: Shifted LPS curves of hot-rolled Nitinbhe original 8 hr duration curve is shown
with the 90 min curve shifted to the left by onmpeerature group and the 10 min
curve shifted to the left by six temperature grougisth 10 min and 90 min curves
have been truncated on the left Side. ... e 17

Figure 9: Start of Lower Plateau Strength (SLR)ai-rolled Nitinol following heat treatment
at 200-440°C for 10 min, 90 min, and 8 hr durations..................eevveveeeeeveenennns 18

Figure 10: Ultimate Tensile Strength (UTS) of holled Nitinol following heat treatment at
200-440°C for 10 min, 90 min, and 8 hr durations..............ccccvevvieeeeriiiiiininnn. 19

Figure 11: Residual Elongation (RE) of hot-rolletiimbl following heat treatment at 200-440°C
for 10 min, 90 min, and 8 hr dUrations. ......cccccccooiieeiiiiieiiiiis e e 20

Figure 12: Strain to failure of hot-rolled Nitinfallowing heat treatment at 200-440°C for 10
min, 90 min, and 8 hr dUrations. ... 21

Figure 13: Simple schematics representing theathvteends seen in the hot-rolled data;.....1.. 2

Figure 14: Upper Plateau Strength (UPS) of coldwvdralitinol following heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr dUratioNS. e ...vvveeieeeeeieeiiiieee e eeeeeeainan. 22

Figure 15: Lower Plateau Strength (LPS) of coldadraNitinol following heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr dUratioNS we..eeveeeeeiiiiiiiieiie e 23

Vi



Figure 16: Start of Lower Plateau Strength (SLPyadfl-drawn Nitinol following heat treatment
at 200-440°C for 10 min, 90 min, and 8 hr durations............cccccceeeeveiiiiiivnnennn. 24

Figure 17: Ultimate Tensile Strength (UTS) of cdidwn Nitinol following heat treatment at
200-440°C for 10 min, 90 min, and 8 hr durationS..........cccoeeeeeieereieieneeeeee e, 25

Figure 18: Residual Elongation (RE) of cold-drawitidl following heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr dUratioNS. e ..eeeeeeeeiriiiiiieiie e 26

Figure 19: Strain to failure of cold-drawn Nitinfollowing heat treatment at 200-440°C for 10
min, 90 min, and 8 Nr dUrationsS. ...........cceeeeeieee i 27

Figure 20: Simple schematics representing the tuezads seen in the cold-drawn data; ....... 27

Figure 21: Upper Plateau Strength (UPS) of hdedo{H) and cold-drawn (C) Nitinol following
heat treatment at 200-440°C for 10 min, 90 min, &id durations. ..............ccc.eueee. 31

Figure 22: Lower Plateau Strength (LPS) of hoteab(H) and cold-drawn (C) Nitinol following
heat treatment at 200-440°C for 10 min, 90 min, &id durations. ........................ 31

Figure 23: Hysteresis, Upper Plateau Strength juRBus Lower Plateau Strength (LPS) of
hot-rolled Nitinol following heat treatment at 2@@0°C for 10 min, 90 min, and 8 hr
(o[0T r= Ao 1P PO PPPPPPPPPPPPPR 33

Figure 24: Hysteresis, Upper Plateau Strength juiBus Lower Plateau Strength (LPS) of
cold-drawn Nitinol following heat treatment at 2880°C for 10 min, 90 min, and 8
T [0 = U0 1S 34

Figure 25: Upper Plateau Strength (UPS) vs. LdWateau Strength (LPS) of hot-rolled Nitinol
following heat treatment at 200-440°C for 10 mi@i,r@in, and 8 hr durations......... 36

Figure 26: Representative curves from regions 2-H, and 3-H demonstrating the effects of
high, moderate, and low power heat treatments clSpY/. ............cooovvvriiiiiiiiennnnn. 38

Figure 27: Upper Plateau Strength (UPS) vs. LovieeBu Strength (LPS) of cold-drawn
Nitinol following heat treatment at 200-440°C fd¥ fnin, 90 min, and 8 hr durations.

Figure 28: Representative curves from regions h€2aC demonstrating the effects of
moderate and low power heat treatments respectively. ..., 40

Figure 29: Upper Plateau Strength (UPS) vs. LovieeBu Strength (LPS) of hot-rolled and
cold-drawn Nitinol following heat treatment at 2890°C for 10 min, 90 min, and 8
T[0T = U0 o 1 41

Vi



Figure 30: Upper Plateau Strength (UPS) vs. Raslongation (RE) of hot-rolled and cold-
drawn Nitinol following heat treatment at 200-440/R% 10 min, 90 min, and 8 hr
[0 (1] 7> AT PP 42

Figure 31: Upper Plateau Strength (UPS) vs. Stdrower Plateau strength (SLP) of hot-rolled
and cold-drawn Nitinol following heat treatment2&0-440°C for 10 min, 90 min,
aNd 8 NI dUFALIONS. .....cooiiiiiiiii e e eeeneee 43

Figure 32: Ultimate Tensile Strength (UTS) vs. iReal Elongation (RE) of hot-rolled and
cold-drawn Nitinol following heat treatment at 2890°C for 10 min, 90 min, and 8
NE AUFALIONS. .t e e e e e e e e e e e e e e s 44

viii



As
A¢
EF

LPS

Ni
Nitinol
R-phase
RE

SLP

Ti
UPS

UTS

LIST OF ABBREVIATIONS

austenite
austenite start temperature
austenite finish temperature
strain to failure
lower plateau strength
martensite
martensite deformation limit temperature
martensite finish temperature
martensite start temperature
Nickel
Nickel-Titanium
rhobohedral-phase
residual elongation
start of lower plateau strength
temperature
Titanium
upper plateau strength

ultimate tensile strength



SUMMARY

The successful use of Nickel-Titanium (Nitinol) lmomedical applications requires an
accurate control of its unique mechanical properti€he purpose of this study is to analyze the
effects of a wide range of heat treatments on tkehanical behavior of hot-rolled and cold-
drawn Nitinol. Results comprise an understandinthefeffect of heat treatment temperature and
time variation on final material response whichingperative for optimization of material
properties. Thirty-three heat treatment variatians tested by combining three durations, 10
minutes, 90 minutes, and 8 hours, with eleven diffe heat treatment temperatures between
200°C and 440°C. Following heat treatment, thendlitsamples undergo tensile testing with
upper plateau strength, lower plateau strengtlmate tensile strength, strain to failure, and
residual elongation compared for all test groups.

Heat treatment “power” is used to describe tlieafy of different combinations of heat
treatment temperature and duration. When usingdil@d Nitinol, results show a low heat
treatment power does not create significant pretipn hardening or a significant decrease in
martensite transformation stress, resulting ingh hipper plateau strength, high residual strain
values, and evidence of plastic deformation updoading. Moderate power treatments lead to
sufficient hardening of the material and a decreaseartensite transformation stress resulting
in a pseudoelastic response. Increasing to a trigltment power further decreases the
transformation stress and increases the martanaitsformation temperature leading to a shape-
memory response in hot rolled Nitinol. When usiddedrawn Nitinol, low and moderate heat
treatment power levels result in the material eitim@p a pseudoelastic response. Increasing heat
treatment power shows the same effects on maretmaitsformation stress and temperature as
seen with the hot-rolled material resulting in aenal response transition from pseudoelastic to

shape memory.



CHAPTER 1

INTRODUCTION

Nitinol

Discovery
Nitinol is a near-equiatomic nickel titanium alldlyat exhibits the unique properties of

shape-memory and pseudoelasticity. In 1958, &vlliJ. Buehler, a metallurgist at the U.S.
Naval Ordnance Laboratory (NOL), discovered thisyaWwhile working on a project to develop
metallic materials for the nose cone of the U.SvyNRolaris reentry vehicle. He named the
material NITINOL (Nickel Titanium Naval Ordnancel aboratory) but it wasn’t until 1961 that
the exceptional shape memory property was uncovef®dring a laboratory management
meeting a thin strip of Nitinol was used to demaatst the material’s unique fatigue-resistant
properties. The strip was bent into an accordivepe by short longitudinal folds and passed
around the conference table to be repeatedly caspdeand stretched at room temperature
without breaking. Dr. David S. Muzzely, one oétAssociate Technical Directors, used his
pipe lighter to apply heat to the strip and the porased Nitinol stretched out longitudinally.
This marked the discovery of the alloy’'s shape-msmeifect, a characteristic by which the

alloy can change its shape reversibly and repeateith heating and coolirid'

Transformation Mechanisms
The shape-memory and pseudo-elastic capabilitisitinol are attributed to a reversible

phase change from an austenitic to a martensitirostructurd Each atom of nickel is
surrounded by four atoms of titanium, creating r@e¢hdimensional symmetric grid. The unique
crystal structure formed by the atomic forces bigdihese atoms has the ability to exhibit a

solid-state transition between the two phasedhe first requisite is the parent phase, an



atomically ordered, cubic B2 austenite phase. &#coestructuring occurs into a complex,
monoclinic B19’ martensite phase. This transfororagllows for the recovery of large strains (8
-10% compared to 1% in traditional metals) eitimeotigh an increase in material temperature or
a decrease in applied mechanical stress

A schematic of the shape-memory transformatiashawn in Figure 1. Cooling Nitinol
below the martensite start and finish temperatukdsand M respectively, restructures the
material into the low-temperature, unstable, maitenphase, which enables easy deformation.
At this phase the material is composed entirelya afvinned lattice structure characterized by
needle-like crystals arranged in a herringboneidashWith the application of stress at this state,
reorientation and detwinning occurs as twin bouledamove to produce a shape that better
accommodates the applied load. Reheating theriadatierough the austenite start and finish
temperatures, fand A respectively, results in a return to the origiteain in the stronger, high-
temperature, austenitic phase. This reversiblega® describes the shape-memory effect of

Nitinol*34
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Figure 1: Schematic representation of shape-memory tramsfton.

Formation of martensite can also be stress-indbgddading the austenitic phase above
the A temperature (Figure 2). With initial loading, theaterial behaves in a linear elastic
manner (Stage I) until the initiation of martengdemation at a strain of ~ 1%. A plateau region
(Stage 1) characterizes the transformation proeess usually continues to a strain of ~6% at
which point the material is nearly fully martensit€he lattice structure responds elastically with
continued deformation (Stage Ill) until a criticstress is reached where yielding occurs and

plastic deformation continues until failure (Stdyg *".
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Figure 2: Simplified schematic of stress-induced martensgadformation.

Stress-induced phase transformation that occuveslea the Atemperature and the
martensite deformation limit temperaturey, N4 reversible as the local interatomic bonds iama
intact. Strain induced before the onset of plad#iformation is recovered during unloading, a
phenomenon known as ‘pseudoelasticity’. The psdadbe response, obtained in the
temperature range:&X T < My, follows a hysteresis, with the upper plateauesponding to the
forward transformation from austenite to martenartd the lower plateau corresponding to the
reverse transformation from martensite back tg#iment austenite phase. Above the M
temperature, which is greater than théefperature, stress-induced martensite will nahfor
Instead, plastic deformation occurs as the crist@ss required to form martensite is greater
than that required to drive dislocations, resulimg loss of pseudoelasticity and a behavior
similar to a traditional metal Figure 3 is a simple schematic representatich@btress-strain
response during shape-memory, pseudoelastic, astigtieformation material behavior due to

different testing temperatures®
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In near-equiatomic Nitinol the austenite to mastentransformation may occur directly,
(A—M) or proceed through an intermediate phase knahe R-phase (rhobohedral-phase).
During transformation the cubic lattice of the amstie phase elongates along one of its diagonals
reducing the cube angle and producing a rhombohestracture. When the R-phase
reorientation has accommodated its maximum stthm,elastic energy increases until the R-
phase transforms to martensite; capable of accoratimgdmore strain and further reducing
strain energf This intermediate phase is characterized mechtyiby a slope change in the
stress-strain curve prior to the martensite tramsébion plateau. As seen in Figure 4, the
material is composed of both austenite and R-pbasstituents when testing occurs within the
range M< T < R.. As described earlier, the initial slope of theve is the elastic deformation

of the austenite phase. A sufficient increase liesstleads to a slight change in slope, marking



the onset of the R-phase component. The R-phagenref the curve links the austenite
component to the transformation plateau where msitee formation begins. Increasing the
testing temperature increases the austinite regfitime curve until it is increased aboveviich

typically removes the R-phase component resulting direct transformation from austinite to

martensité
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Figure4: R-phase effect on Nitinol stress-strain respanse

Effects of Heat Treatment
Heat treatment or aging is one of the simplest amakt economical methods for

manipulating the transformation properties of shaygenory alloyS Heat treatment effect is
dependent on time, temperature, processing hisamy,the amount of prior cold wdfk Thus,
variations in heat treatment temperature and ciratan be used to identify optimal aging
treatments to produce desired shape-memory or petagiic effects for specific applications.
It has been established that aging treatments npeefib on slightly nickel-rich Nitinol lead to the
formation of TiNis precipitateS’. The formation of coherent or semi-coherent ipittes
leads to the development of strong local stredddien the Nitinol matrix. These local stress

fields result in local resolved shear stressestiog@referential nucleation sites for martensitic



transformatioh’. The critical stress level required for martensigmsformation is thus lowered
and M increases as predicted by a shift in the ClauSiapeyron line in stress-temperature
space*®

Effect of aging on transformation temperaturdrikéd to precipitate size and coherency.
As previous studies report precipitates are pdyfectherent at about 10 nm and lose coherency
completely at about 300 rifn As this incoherent critical particle size is egached, dislocations
are generated around the precipitates and localr steess magnitudes decrease. In contrast,
more coherent precipitates increase local sheassstind consequently increase transformation
temperatures, decreasing the critical transformagtees§°*? It has also been noted that larger
but still coherent precipitates create a largeaistfield when compared to smaller coherent
precipitates, and thus have a more dramatic effiedtansformation temperaturesFrick et al.
reports the effects of 1.5 hour heat treatmentsrenipitate size and transformation temperatures
for similar compositions of Nitinol to the ones dsa this study. Select results are provided in
Table 1 along with the transformation temperatafefe as received material used in this study.
Yan et al. reports the effect of precipitate sizefatigue properti¢s. With precipitate size of
~10 nm following heat treatment of 400°C and ~300 following a treatment at 500°C, the
smaller coherent precipitates improved fatiguestasce. Supporting literature describes a
decrease in fatigue resistance as precipitated@d fam begin to lose coherefity

Aging also results in a decrease of Ni conceioimeds precipitates change the Ni content
of the surrounding matrix. This depletion of Nish&lso been shown to increase transformation
temperatures*® More complex, multi-stage transformation behaviimsluding the existence
of an R-phase, are also the result of aging. s limportant to note that as increasing heat

treatment temperature results in the formation amdwth of TgNis precipitates, high



temperatures of ~600°C solutionizes nearly equiatdiitinol>. Mahesh et al. reports increasing
transformation temperatures with increasing heefttment temperatures up to 500°C
Similarly, Frick et al. presents a minimum trangfiation stress with increasing heat treatment
temperature up to 450°C followed by a progressiveregase following 550°C and 600°C
treatments.

Along with increasing M studies show that the formation of small coherEnNi,
precipitates also increases the stress neededafsticpflow’. This precipitate strengthening or
hardening effect is attributed to suppression sfodation motion and the resulting preference
for the stress-induced martensitic transformati@all et al. provides evidence for this effect by
reporting a higher value of Mor materials with increased 3Ni, precipitates due to a higher Ni
concentratioh Precipitation hardening is also evident inshape of the stress-strain curve. |t
is important here to note that when the materigides in the self-accommodated martensitic
state, stage Il and stage Il deformation continu@smartensite reorientation and martensite
deformatiod™® It is believed that precipitates suppress maite deformation resulting in a
shortened stage Il plateau as martensite reorient& favored. Similarly, the effect on the
slopes of stage | and stage Il shows evidencettier activation of inelastic deformation

mechanisms in addition to elastic deformation efalistenite and martensite phases



Table 1: Material properties as reported by Frick etwith the exception of (*) indicating
temperatures of the material used in this study.

Material

Precipitate size

Transformation tempeegur

Hot-rolled (as received)

<1nm

A -15°Cto -8°C

Hot-rolled (aged at 300°C for 1.5 h)

not measured

R-to-M = -50°C

Hot-rolled (aged at 350°C for 1.5 h)

~10 nm

R-te=Above 25°C
A-to-R = below 25°C
Estimated M= -20°C to -35C

Hot-rolled (aged at 400°C for 1.5 h)

not measured

M-to-R = 0°C

R-to-M = -15°C
Estimated M= -35°C
Hot-rolled (aged at 450°C for 1.5 h) ~50 nm M-ta=R14°C
R-to-A = above 25°C
Estimated M= 5°C to -10C
Hot-rolled (aged at 550°C for 1.5 h) ~300 nm Rvte= -35°C
Hot-rolled (aged at 600°C for 1.5 h) ~1 nm notfoomed
Cold-drawn (as received) not confirmed SA-16°C
Cold-drawn (aged at 350°C for 1.5 h) not confirmed | not confirmed
Cold-drawn (aged at 450°C for 1.5 h) not confirmed | M-to-R = 15°C

Estimated M= 0°C

Cold-drawn (aged at 550°C for 1.5 h)

not confirmed

not confirmed

Cold-drawn (aged at 600°C for 1.5 h)

~1nm

M-te=A5°C
A-to-M = 20°C

Effects of Cold-Working

Cold-working (drawing or rolling) is a typical press utilized to generate the appropriate

material shape for specific applications as wellpasduce shape-memory or pseudoelastic

propertie$®. This type of deformation processing imparts dappstic deformations creating a

high density of dislocations within the alf§y'*® These dislocations generate an internal stress
state that inhibits interface mobility, suppresding martensite phase, and resulting in an overall

decrease of the transformation temperatures. €aslto an increase in the critical stress needed

to induce martensite transformation. This ‘pinnedsidual martensite remains until the

dislocations are removed. An increase in tramsétion hardening in the stress-strain curve is

also found. With increasing percentages of coldkimgy, Msdecreases and the stress level for

the onset of plastic strain increaséd Cold-working also results in the appearancehef R-




phase during transformation, attributed to theaased dislocation density creating locations for
the R-phase to nucleafe

Following a fixed percentage of cold-working, thiect of heat treatment is dependent
on heat treatment temperature. With increasing treatment temperature the cold worked
material undergoes an increase in dislocation @atidn as well as precipitate growth. It is
important to note that the large dislocation dgnsit cold-worked Nitinol affects precipitate
growth. Precipitates tend to form on isolatedatiations, hindering the dislocation movement
and thus annihilation. Also, dense dislocationysations inhibit precipitate formation, causing
precipitates to be smaller and lose coherencyrfagien compared to non-deformed matérial
This leads to an “interaction” effect of precipgagrowth and dislocations that combine to create
the microstructure result of heat treatment. Desphese combined effects, Frick et al.
demonstrates that heat treatment of cold-drawmadlitias a similar influence on the stress-strain
properties when compared to the effects of heatrtrent on hot-rolled materfal Therefore, the
authors conclude that precipitates have a strofigeimce even in light of the presence of
residual martensite and a high dislocation density

Nitinol of near-equiatomic composition is one bktmost technologically significant
shape-memory alloys currently available with insieg importance in the medical device
industry. Along with the capability to exhibit shape-memand pseudoelastic effects, Nitinol
also shows excellent biocompatibifityThe successful use of Nitinol for biomedical anttler
industry applications is linked to the ability tortrol its unique transformational and mechanical
properties. The thermomechanical response is depéndn alloy composition, material
processing, heat treatment, and prior thermomechknjcling®*”. Although prior work has

studied heat treatment effects in both cold dranah faot rolled Nitinol, this previous work has

10



focused on isolated heat treatment parameters andmthe range of temperatures and times
that could be possibly used in practice. Thisystmmpares the effects of various heat treatment
temperatures and durations on the mechanical baha¥i both cold-drawn and hot-rolled
Nitinol. The objective of the present work is tecover the trends in material responses due to
changes in heat treatment temperature and durtiabow for proper optimization of material

properties for specific applications.

11



CHAPTER 2

EXPERIMENTAL METHOD

Two forms of commercial polycrystalline Nitinol veeused in this study; referred to here
as “hot-rolled” material (55.9 wt.% Ni) and “coldadvn” material (56.0 wt.% Ni). Hot-rolled
samples were cut from 12.7 mm diameter cylindi@ak available from Saes Smart Metals Inc.
The bars were hot-rolled, straightened, and cesgeryjround. Electro-discharge machining was
used to cut dog bone tensile samples with a 10.6gange length and a 1.5 x 0.5 mm gauge
cross section. A light sand-blasting was perfatroe all samples to remove surface oxidation
produced by machining. Cold-drawn test samples wetérom cold-drawn wire with a nominal
diameter or 0.508 mm available from Fort Wayne Nieliac.

Samples were heat treated at the specified temoperan an Isotemp Muffle Furnace,
Fisher Scientific Model 550-126. A Fluke digitalulimeter was used simultaneously to
monitor heat treatment temperature. At the commtusf the specified heat treatment duration
all samples were immediately water quenched. oatlg heat treatment, testing was performed
at 37°C on a universal testing machine (MTS Insightusing a 2kN load cell, a laser
extensometer to record strain, and an air therrhainber to maintain testing temperature.
Tensile testing was executed per ASTM-F25%&ndard Test Method for Tension Testing of
Nickel-Titanium Superelastic MaterialBrior to testing, critical dimensions were meastfioed
each sample using digital calipers. Samples weaddd into the thermal chamber and heated to
37°C. A thermocouple reading was used to ensig@ntetemperature was reached by the
chamber as well as the individual samplé&s specified by ASTM-F2516, testing protocol

involved pulling the specimen to 6% strain and rewve the motion to unload the specimen to
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less than 7 MPa (Cycle 1), followed by pulling gmecimen to failure (Cycle 2). Cycle 1 was
completed at a rate of 0.42 mm/min and Cycle 2 deteg at a rate of 4.2 mm/min.

Thirty-three heat treatment variations were testedoth the hot-rolled and cold-drawn
Nitinol. Sample groups were formed by combiningeéhdurations, 10 minutes, 90 minutes, and
8 hours, with eleven different heat treatment tenajpees ranging from 200°C to 440°C in 30
degree increments with additional groups at 385%€395°C. Tensile testing was performed on
a minimum of n=3 from each sample group. Stréssrsbehavior was analyzed along with the
following properties from each stress-strain curygper plateau strength, lower plateau strength,
start of lower plateau strength, ultimate tenditergyth, strain to failure, and residual elongation
Definitions of all properties extracted can be fdun Table 2. A sketch representation of a

typical stress-strain response is provided in FEdur

Table 2: Definitions of Properties extracted from stressiatresults, as defined by ASTM-

F2516.
Property Definition
Upper Plateau Strength (UPS) Stress at 3% straingithe initial loading of the
sample.
Lower Plateau Strength (LPS) Stress at 2.5%nsthaiing unloading of the sample

after loading to 6% strain.

Start of Lower Plateau Strength (SLP) StressS#o4strain during unloading of the sampl
after loading to 6% strain.

(1%

Ultimate Tensile Strength (UTS) Maximum resistataecéacture.
Strain to Failure (EF) Maximum strain reached.
Residual Elongation (RE) Difference between thaistat a stress of 7.0 MPa

during unloading of the sample and the strainsites
of 7.0 MPa during initial loading of the sample.
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Figure5: Sketch representation of a typical stress-stesponse.
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CHAPTER 3

EXPERIMENTAL RESULTS

Hot-Rolled Nitinol

Figure 6 shows the Upper Plateau Strength (UP®)eohot-rolled Nitinol for each heat
treatment temperature, grouped by heat treatmeatido. Results for the 90 minute and 8 hour
durations show an approximately linear decreasedJRS with increasing heat treatment
temperature. The 10 minute duration curve exhibits same decrease following heat treatment

at 290°C. A schematic showing the overall trerchiat-rolled UPS is shown in Figure 13(a).
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Figure 6: Upper Plateau Strength (UPS) of hot-rolled Nitifadlowing heat treatment at 200-
440°C for 10 min, 90 min, and 8 hour durations.

Figure 7 shows the Lower Plateau Strength (LPShefhot-rolled Nitinol for each heat
treatment temperature, grouped by heat treatmerdtido. The 90 minute and 8 hour heat

treatment durations exhibit a bell-curve responsh \mcreasing heat treatment temperature.

15



Both durations exhibit an increase in LPS to a maxn value found at 290°C followed by a

continued decrease for the remaining temperatuoepgt The 10 minute duration sample
groups exhibit low LPS values for the 220-350°Cthezatment temperatures due to a partially
pseudoelastic response. The 10min/380°C samplg grhibits an average LPS value (199.3
MPa) similar to the 90min/230°C group and 8hr/2008@up (178.1 and 178.6 MPa

respectively). The remaining 10 minute durationugio from 385-440°C demonstrate a very
similar bell-curve response to those seen in tie3D°C temperature range for the 90 minute
and 8 hour groups. This trend can be seen in & guwhich displays the 8 hour LPS data
plotted with the 90 minute curve (shifted to thi by one temperature group) and the 10 minute
curve (shifted to the left by six temperature g®u@ schematic showing the overall trend for

hot-rolled LPS is shown in Figure 13(b).

700

Hot-Rolled Nitinol

600 — —
*Lower Plateau Strength (LPS) —

stress at 2.5% strain during unloading

of the sample, after loading to 6% strain.

500 — —

400 - —
10 min

300 [~

LPS (MPa)

200 -

100

0

| | | | | | L1 \ |

) ) © S IS IS OH» o Q S Q
Q P P o g L & P W W w
Heat Treatment Temperature (°C)

Figure 7: Lower Plateau Strength (LPS) of hot-rolled Nitirfiollowing heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr durations.
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Figure 8: Shifted LPS curves of hot-rolled Nitinol. The girial 8 hr duration curve is shown
with the 90 min curve shifted to the left by onenpeerature group and the 10 min curve shifted
to the left by six temperature groups. Both 10 and 90 min curves have been truncated on the
left side.

Figure 9 shows the Start of Lower Plateau StretigttP) of the hot-rolled Nitinol for
each heat treatment temperature, grouped by legdirtent duration. All durations show a slight
increase in SLP value as heat treatment temperatareases from 200°C to approximately
290°C. Increasing heat treatment temperature wk280°C causes a decrease in SLP value for
the 90 minute and 8 hour duration groups. A schiensktowing the overall trend for these
groups is shown in Figure 13(c). The 10 minuteation groups do not show a significant
decrease in SLP values, presenting a similar sua@s®e at 4.5% strain during unloading for all

heat treatment temperatures.
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Figure9: Start of Lower Plateau Strength (SLP) of hotedINitinol following heat treatment at
200-440°C for 10 min, 90 min, and 8 hr durations.

Figure 10 shows the Ultimate Tensile Strength (WdtSthe hot-rolled Nitinol for each
heat treatment temperature, grouped by heat treatdueation. Values were not recorded for
the 385°C/8hr or 395°C/8hr and 90 min groups dusamples slipping from the tensile grips
near the end of testing. A nearly linear increaeUdS with increasing heat treatment
temperature is seen for all three heat treatmerdtidns. UTS values are similar for all three
durations at 200°C and 230°C. After 230°C UTS ealincrease; the 8 hour and 90 minute
curves exhibit a slightly steeper slope in compmeriso the 10 minute curve. Also, at all
temperatures from 260°C to 440°C with recorded Wafbies, the 8 hour group exhibits the
highest UTS followed by the 90 minute group, whisHollowed by the 10 minute group. A
schematic showing the overall trend of the UTStfar hot-rolled Nitinol is shown in Figure

13(d).
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Figure 10: Ultimate Tensile Strength (UTS) of hot-rolled Mo following heat treatment at
200-440°C for 10 min, 90 min, and 8 hr durations.

Figure 11 shows the Residual Elongation (RE) ef tiot-rolled Nitinol for each heat
treatment temperature, grouped by heat treatmemtiidn. The 90 minute and 8 hour curves
show a decrease in residual elongation with inangakeat treatment temperature from 200-
260°C. The 90 minute curve exhibits a nearly steR# result for the 290-410°C temperature
range followed by an increase at 440°C. The 8 bawre exhibits a similar steady RE response
ending with a significant increase from 385°C t&3® followed by a continued rise to a max at
440°C. In contrast, the 10 minute curve showslamRE at heat treatment temperatures from
200-350°C followed by a decrease at 380°C. Rebrloagation values for the 10 minute curve
at temperatures 395-440°C closely match the these by the 90 minute and 8 hour curves at
the 290-385°C temperatures. A schematic showiegoverall trend of RE for the hot-rolled

Nitinol is shown in Figure 13(e).
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Figure 11: Residual Elongation (RE) of hot-rolled Nitinol fl@lving heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr durations.

Figure 12 shows the strain to failure results o tiot-rolled Nitinol for each heat
treatment temperature, grouped by heat treatmeratido. Heat treatment temperature and
duration do not show a significant influence omaistito failure. Strain to failure varies between
10 and 40% for all heat treatment durations athatit treatment temperatures tested. A
schematic showing the overall trend of strain titufa for the hot-rolled Nitinol is shown in

Figure 13(f).
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Figure 12: Strain to failure of hot-rolled Nitinol followingeat treatment at 200-440°C for 10
min, 90 min, and 8 hr durations.
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Figure 13: Simple schematics representing the overall treada # the hot-rolled data;
a) UPS, b) LPS, c) SLP, d) UTS, e) RE, f) Straifeiture.
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Cold-Drawn Nitinol

Figure 14 shows the Upper Plateau Strength (URP®)eocold-drawn Nitinol for each
heat treatment temperature, grouped by heat tre@atcheation. Results for all three durations
(10 minutes, 90 minutes, and 8 hours) show an appetely linear decrease in UPS with
increasing heat treatment temperature. A schershtwing the overall trend for cold-drawn

UPS is shown in Figure 20(a).
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Figure 14: Upper Plateau Strength (UPS) of cold-drawn Nitfietlbwing heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr durations.

Figure 15 shows the Lower Plateau Strength ofcdbld-drawn Nitinol for each heat
treatment temperature, grouped by heat treatmematido. Results for all three durations show
an approximately linear decrease in LPS with ingirepheat treatment temperature. The 8 hour
curve exhibits a steeper decrease of LPS with astng temperature, followed by the 90 minute
curve and 10 minute curve respectively. A scheamrglibwing the overall trend for cold-drawn

LPS is shown in Figure 20(b).
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Figure 15: Lower Plateau Strength (LPS) of cold-drawn Nitifmlowing heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr durations

Figure 16 shows the Start of Lower Plateau Stref§LP) of the cold-drawn Nitinol for
each heat treatment temperature, grouped by heartent duration. The cold-drawn SLP
results demonstrate the same trend as that sedghdarold-drawn UPS and LPS. All three
durations show an approximately linear decreaseSlf® with increasing heat treatment
temperature. Again, the 8 hour curve exhibits eemer decrease of SLP with increasing
temperature, followed by the 90 minute curve andrifute curve respectively. A schematic

showing the overall trend for cold-drawn SLP iswhan Figure 20(c).
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Figure 16: Start of Lower Plateau Strength (SLP) of coldveaNitinol following heat treatment
at 200-440°C for 10 min, 90 min, and 8 hr durations

Figure 17 shows the Ultimate Tensile Strength (JJdiShe cold-drawn Nitinol for each
heat treatment temperature, grouped by heat treatioeation. The 90 minute and 8 hour curves
show a slight increase in UTS with increasing liesttment temperatures from 200-350°C
followed by a dip at the 380°C heat treatment. Wakies for the 90 minute duration group
increase at the 385 and 395°C temperatures folldweldecrease in UTS with increasing
temperatures from 410-440°C. The 8 hour curve stt®ws an increase of UTS at the 385°C
temperature. This is followed by a significantgase of UTS with increasing temperature from
395-440°C. The 10 minute duration groups exhilsitesdy to slight increase of UTS with
increasing heat treatment temperatures. A schersiadwing the overall trend of the UTS for

the cold-drawn Nitinol is shown in Figure 20(d).
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Figure 17: Ultimate Tensile Strength (UTS) of cold-drawn Ndirfollowing heat treatment at
200-440°C for 10 min, 90 min, and 8 hr durations.

Figure 18 shows the Residual Elongation (RE) tesaflthe cold-drawn Nitinol for each
heat treatment temperature, grouped by heat treatheation. All three durations show steady,
similar results for the 200-290°C heat treatmentse 8 hour duration group shows an increase
in RE at 320°C followed by a slight decrease in WiEh increasing temperatures from 350-
410°C. At 440°C the 8 hour duration shows a lgogep in RE from ~0.3% at 410°C to ~2.3%
at 440°C. The 90 minute curve shows an increastEofvith increasing temperature from 290-
350°C followed by a decrease of RE at 380°C. AadeRE (~0.15%) is then seen for the
remaining heat treatment temperatures. The 10teishuration groups show a similar RE result
(~0.16%) for all temperature groups. A schemdtimngng the overall trend of RE for the cold-

drawn Nitinol is shown in FigurgQ(e).
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Figure 18: Residual Elongation (RE) of cold-drawn Nitinol fmVing heat treatment at 200-
440°C for 10 min, 90 min, and 8 hr durations.

Figure 19 shows the strain to failure results e told-drawn Nitinol for each heat
treatment temperature, grouped by heat treatmerdtidn. Heat treatment temperature and
duration do not show an influence on strain toufal Results show a steady strain to failure,
between 9% and 11%, for all samples tested. A satiemhowing the overall trend of strain to

failure for the cold-drawn Nitinol is shown in Figu20(f).
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Figure 19: Strain to failure of cold-drawn Nitinol followingeat treatment at 200-440°C for 10
min, 90 min, and 8 hr durations.
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Figure 20: Simple schematics representing the overall treada & the cold-drawn data;
a) UPS, b) LPS, c) SLP, d) UTS, e) RE, f) Straifeiture.
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CHAPTER 4

DISCUSSION

This study investigates the effects of varioust lkemtments on the mechanical behavior
of both hot-rolled and cold-drawn Nitinol. Whilenmmber of heat treatment temperatures have
been investigated by previous authors, variationsheat treatment duration along with the
eleven temperature groups investigated here hawverawiously been reported. Tensile testing
was performed to compare the stress-strain behavieach sample group with the following
data extracted from each stress-strain curve: uplaéeau strength, lower plateau strength, start
of lower plateau strength, ultimate tensile strangtrain to failure, and residual elongation. The
results provide insight into the effect of heatatment on processing-structure-property
relationships in Nitinol and also reveal some ie$ting trends in various transformation
properties.

It has previously been established that increasesy treatment temperature results in an
increase in precipitates in hot-rolled NitinolThe size and coherency ofsli, precipitates
influences the transformation temperatures and esuetly the stress-strain response of the
material. Increasing coherent precipitates in@gasternal stress which leads to a decrease of
the isothermal martensite transformation streskast also been reported that the yield strength
and recoverable strain increase following cohepeatipitate formatiolf. Thus, heat treatment
increases Mand introduces precipitation hardening. As rembtig Frick et al. heat treatment
temperatures above 450°C lead to incoherent ptatagiin hot-rolled Nitinol with the eventual
result of a solutionized material following a h&aatment of 600°C or higher. Previous studies

performed on the same composition and processimgtefolled material used here have shown
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that the as-received hot-rolled material contailnsoat no precipitates. Heat treated material
exhibited a low dislocation density, indicating @patation formation as the dominant factor
controlling aging effects in the hot-rolled matéia

When working with cold-drawn material, previousdiais have shown increasing heat
treatment temperature results in a decrease inadisbn density and an increase in precipitate
growth on the dislocations. Therefore, heat treatneffect becomes a function of these two
interacting processes. The decrease in dislocatiensity decreases the martensite
transformation stress while the precipitate growtbcks dislocation annihilation, decreases
martensite transformation stress, and helps bldagtip flow. This interaction continues until
both processes are overcome by recrystallizatiaimeimaterial at high temperatures. Previous
studies report a relative minimum martensite tramsétion stress in cold-drawn material
following a heat treatment of 550°C

When considering the effect of heat treatment txatpre on martensite transformation
stress, hot-rolled and cold-drawn results showe berrespond well with the expected outcome.
As seen in Figure 6, upper plateau strength (UP#)eohot-rolled Nitinol is shown to decrease
with increasing heat treatment temperature. Téhiatiributed to the increase in internal stress
fields as the size of the coherent precipitateseeses in the hot-rolled material, leading to an
increase in Mand a lower martensite transformation stressetaiad here to the UPS result.
The maximum heat treatment temperature tested t8°C) does not exhibit signs of
solutionizing the material which would be indicategla rise in UPS at this temperature. Cold-
drawn results (Figurel4) also demonstrate a deergad®JPS with increasing heat treatment

temperature for all durations tested. This carekglained by the interaction effect of both
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precipitate growth and decrease in dislocation ithefesading to an increase indMnd decrease
in the stress needed to induce martensite tranatam

Figure 21 shows the combined results of UPS fertbt-rolled and cold-drawn samples.
Cold-drawn UPS values at all heat treatment tentpess are higher for all heat treatment
durations when compared to those of the hot-rathederial treated for the same duration. It is
known that deformation processing of the cold-dramaterial induces a high density of
dislocation&®. Previous studies show that this high dislocatlensity inhibits interface mobility
during the reorientation process, subsequenthpitihg martensite transformatibh Therefore,
martensite and austenite transformation tempemaanedecreased resulting in an increase in the
stress needed to induce martensite transforntatDeformation of the material during cold-
drawing also increases the stress level requinethéoonset of plastic strain

In contrast, the hot-rolling process occurs ahhiemperatures, between 845°C and
955°C, which is above the solutionizing temperdfureHeat treatment of either material
decreases the martensite transformation stressrdwgipgate formation and decreasing the
dislocation density. Based on these observatiorsveould expect, as seen here, cold-drawn
UPS (corresponding to the martensite transformagioess) would be higher in comparison to
the hot-rolled material UPS treated at the samepéeature for the same duration. In other
words, the cold-drawn material begins as a strong@erial requiring a higher stress to induce
martensite transformation and plastic deformatidthile increasing heat treatment temperature
has the same effect as it does on hot-rolled naht¢he UPS of cold-drawn material remains
higher for each temperature and duration testechgaoison of LPS for the hot-rolled and cold-
drawn samples (Figure 22) shows cold-drawn valigtsein than those for the hot-rolled material

treated at the same temperature for the same durati
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Figure 21: Upper Plateau Strength (UPS) of hot-rolled (H) amadd-drawn (C) Nitinol
following heat treatment at 200-440°C for 10 mifd,rAin, and 8 hr durations.
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Figure 22: Lower Plateau Strength (LPS) of hot-rolled (H) aocold-drawn (C) Nitinol
following heat treatment at 200-440°C for 10 mifd,rin, and 8 hr durations.

31



Examining the difference between UPS and LPS alléeov a hysteresis trend to be
explored. As seen in Figure 23, the hot-rolled@0ute and 8 hour duration curves show a wide
hysteresis at the 200°C heat treatment, (496MPa3&7d//IPa respectively). This hysteresis
trend demonstrates a narrowing with increasing hesdtment temperature up to ~320°C
followed by a slow widening in hysteresis as heaatinent temperature continues to increase.
This tendency is attributed to the overall hotedltrend of UPS decreasing with increasing heat
treatment temperature combined with the bell-curead of the LPS. This hysteresis pattern
predicts plastic deformation of the material at evitlysteresis points corresponding with high
stress values, a partially pseudoelastic to mdhe figseudoelastic effect for the narrow hysteresis
regions, and a shape-memory effect for the widgiors corresponding to low stress values. For
the hot-rolled 10 minute duration the trend showswide hysteresis for heat treatment
temperatures from 200-320°C (~520MPa) followed byarowing of the hysteresis with
continued increase of heat treatment temperatums. again predicts plasticity of the material at
high stress values, followed by a partial to fullgeudoelastic effect with narrowing of the
hysteresis at a lower stress values. A secondatuati for the prediction of hot-rolled material
response can also be found by examining trendgdidual elongation (Figure 11). A larger
residual strain indicates a plastic or shape-memm@sgponse while low values indicate
pseudoelasticity.

The cold-drawn material exhibits a hysteresis ketwUPS and LPS of approximately
200-400MPa. The difference between UPS and LP&u(&i24) shows a moderately narrow
hysteresis that widens slightly with increasingthezatment temperature for all durations tested.
Examining Figurel8 shows a similar low residual elongation for alingdes with the exception

of the group heat treated for 8 hours at 440°Cis Pphedicts a pseudoelastic response for all
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groups with the exception of a plastic or shape-orgmesponse predicted for the outlier.
Reexamining Figure4, we see that group 8hr/440°C group presents a raed®PS value
which would indicate a shape-memory response ass@gpto the plastic response high stress

values commonly produce.
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Figure 23: Hysteresis, Upper Plateau Strength (UPS) minus td®leteau Strength (LPS) of
hot-rolled Nitinol following heat treatment at 2@@0°C for 10 min, 90 min, and 8 hr durations.
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Figure 24: Hysteresis, Upper Plateau Strength (UPS) minus Ld®leteau Strength (LPS) of
cold-drawn Nitinol following heat treatment at 2800°C for 10 min, 90 min, and 8 hr
durations.

As described above, heat treatment effects omdiled and cold-drawn material increase
coherent precipitates leading to an increase ermad stress and subsequently a decrease in the
stress needed to induce martensite transformalios.occurs until solutionizing of the material
at approximately 600°C. Increasing heat treatmentperature also shows an increase in
martensite transformation temperatures until sohiting temperatures are reached, followed by
a decrease in the transformation temperatifesTherefore, if testing temperature is held
constant, it is expected that the material williBkipseudoelasticity when thes f&emperature is
below testing temperature, and exhibit increasiadig pseudoelasticity to full shape-memory
as the martensite transition temperatures apprtechesting temperature with increasing heat
treatment. The critical stress value for slip @sfic deformation must also be considered when

predicting material behavior. Cold-drawn mategahibits an initial high critical stress value
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due to deformation processing, and increasing tneatment temperature is expected to increase
the critical flow stress in hot-rolled material.

For discussion purposes here, the term ‘heatnesatt power’ will be used to describe the
efficacy of different heat treatment temperaturel aturation combinations — high power
indicates high temperature and longer time while pmwer indicates low temperature and short
time. Low heat treatment power corresponds to demah response exhibiting plastic
deformation, moderate heat treatment power correggpto a fully pseudoelastic response, and
high heat treatment power corresponds to a matendlibiting shape-memory. When
considering the hot-rolled material, as heat treatnmpower increases the effects include an
increase in M a decrease in martensite transformation stregb.aa increase in critical flow
stress, all attributed to the increase of cohepeatipitates. When considering the cold-drawn
material, as power increases the expected effactade an increase in ind a decrease in
martensite transformation stress, both attributegrecipitation and a decrease in dislocation
density. Figure 25 shows the UPS values versusvaRfs for the hot-rolled material following
all heat treatment variations tested. The hokdblliata shows a triangular shaped trend. LPS
increases with increasing UPS from ~200-400MPadsté&JPS and LPS values are seen within
the UPS range of ~400-530 MPa, followed by decnggkPS values at the higher UPS range
of ~530-610MPa. For discussion, three stress nsgior the hot-rolled material are defined as
follows: region 1-H (UPS < 300MPa), region 2-H (UikShe range of 300-530MPa) and region

3-H (UPS > 530MPa).
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Figure 25: Upper Plateau Strength (UPS) vs. Lower Plateaungtine(LPS) of hot-rolled
Nitinol following heat treatment at 200-440°C fd¥ nin, 90 min, and 8 hr durations.

For the hot-rolled material, low power heat treatts reside in region 3-H, with the
material exhibiting plastic deformation to partyafiseudoelastic responses. Low power heat
treatments of the hot-rolled material do not appeareate significant precipitation hardening or
a significant decrease in the martensite transfoomatress. Thus, a higher stress is needed to
induce transformation resulting in the combinedcpeses of martensite reorientation and
martensite deformation.

A shift from plastic deformation to more of a pdeelastic response is seen by an
increase of heat treatment power and its expectistt® Increasing to a moderate heat
treatment power, hot-rolled material resides iniaeg2-H, as partial to fully-pseudoelastic
responses are created. Based on these obsesvatioderate power heat treatments appear to
result in a sufficient hardening of the materiabtock plastic flow, combined with a decrease in

transformation stress and an increase gad$/evident by a decrease in UPS. Whilgndreases,
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it remains far enough below the testing temperatarprevent a shape-memory effect. Thus,
plastic deformation is prevented and the mateei@vers with a pseudoelastic response.

A progression from pseudoelastic to shape-menespanse is seen by a further increase
in heat treatment power. Following a high poweatheeatment, the hot-rolled material resides
in region 1-H, exhibiting a partially-pseudoelagticfull shape-memory effect. High power heat
treatments appear to cause the same effects (dechearansformation stress and sufficient
hardening) as moderate power treatments with tiereince of the transformation temperature’s
proximity to the testing temperature.  As transfation temperatures are increased and
approach the testing temperature the deformed nsiige becomes more stable at this
temperature. This stability causes the martetsitemain deformed following the release of the
external stress, exhibiting the shape-memory effect

Representative hot-rolled curves from each stregon (1H-3H) are shown in Figure
26. The shape of the stress-strain curves prowedetence for the effects of different heat
treatment powers. Pseudoelasticity is evidentheyextent of the return of the lower plateau
corresponding to the reverse transformation fromtengite back to the parent austenite phase.
With increasing heat treatment power we see a glamlansition towards a shorter stage |l
transformation plateau and a higher stage Il sldenilarly, it is known that precipitates
suppress martensite deformation and martensitéergation is favored, resulting in a shortened
stage Il plateau and a higher stage Il slope.rdfbee, this provides evidence for the increase in
precipitation hardening with increasing heat treatmpower. In summary, for the hot-rolled
material the transition from low to moderate tohhigeat treatment powers corresponds to a
gradual shift to shorter stage Il plateaus, higtiage IIl slopes and an evolution from plasticity

to pseudoelastic to shape-memory responses asnsesgions 3, 2, and 1 respectively.
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Figure 26: Representative curves from regions 1-H, 2-H, 24ttldemonstrating the effects of
high, moderate, and low power heat treatments otispéy.

Figure 27 shows the UPS versus LPS for the coldairenaterial following all heat
treatment variations tested. The cold-drawn datavsha linear progression of increasing LPS
with increasing UPS. As predicted, one point iatks a different material response as seen by a
much lower UPS/LPS result. For discussion, twesstregions are defined for the cold-drawn

material as follows: region 1-C (UPS < 410 MPa) eeglon 2-C (UPS > 480MPa).
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Figure 27: Upper Plateau Strength (UPS) vs. Lower Plateaang§th (LPS) of cold-drawn
Nitinol following heat treatment at 200-440°C fd¥ nin, 90 min, and 8 hr durations.

While high stress values seen by the cold-drawiS/UPS results may predict plastic
deformation, low residual elongation values angétsion of the stress-strain curves indicate
good pseudoelastic responses for all samples widgion 2-C. Due to the high initial critical
flow stress values of the cold-drawn material amel precipitation formation blocking plastic
flow, all heat treatment variations tested exhthi# expected results of the moderate or high
power designation as defined earlier. All testug® found within region 2-C exhibit a
pseudoelastic response corresponding to a coldrdnamderate heat treatment power. The linear
trend within this region confirms that as heat timeant power is increased, precipitate formation
and dislocation annihilation lead to a decreasmantensite transformation stress. Also, for all
groups within region 2-C, Memains far enough away from the testing tempegatuproduce a
pseudoelastic response upon unloading.

As heat treatment power is increased, a cold-draigh power treatment (region 1-C)
results in a continued decrease of the transfoomatiress and approximation of transformation
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temperatures to the testing temperature. Thigligtee a shape-memory response which is
confirmed by inspecting the stress-strain curveghis sample group (33W). It is important to

note that no heat treatments tested resulted & \d#hin the stress range between region 1-C
and 2-C. Therefore it is difficult to predict preely where a pseudoelastic response would end
and a shape-memory response would begin. It isonedle to assume that with other heat
treatment variations a transition from pseudoaddstishape-memory can be produced within the
two regions defined here. In summary, for the abawn material, moderate to high heat

treatment powers exhibit pseudoelastic and shapeemeresponses as seen in regions 2-C and
1-C respectively. Representative cold-drawn cufv@s each stress region (1-C and 2-C) are

shown in Figure 28.
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Figure 28: Representative curves from regions 1-C and 2-C detrating the effects of high
and moderate power heat treatments respectively.

Figure 29 shows the UPS vs. LPS values for therdied and cold-drawn material

plotted together for reference. It is importanhtge that heat treatment powers (low, moderate,
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and high) do not span the same stress ranges tfoolled and cold-drawn material. Therefore, it

is imperative to consider this difference whenizitilg these two processes.
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Figure 29: Upper Plateau Strength (UPS) vs. Lower Plateaen§th (LPS) of hot-rolled and
cold-drawn Nitinol following heat treatment at 2080°C for 10 min, 90 min, and 8 hr
durations.

UPS vs. RE for all samples tested from the hdedoand cold-drawn material are shown
in Figure 30. As evident by the change in residl@ahgation, regions 3-H, 2-H, and 1-H display
the transition from plasticity to pseudoelasti¢ilyshape-memory for the hot-rolled material and
regions 2-C and 1-C display the transition fromyoeelasticity to shape memory for the cold-
drawn material. As described previously, this geim material response is attributed to the

variation in heat treatment power.
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Figure 30: Upper Plateau Strength (UPS) vs. Residual Elong4fE) of hot-rolled and cold-
drawn Nitinol following heat treatment at 200-440f€ 10 min, 90 min, and 8 hr durations.

By examining UPS vs. SLP for all hot-rolled sansp(€igure31) there is a horizontal
linear trend within regions 1-H and 3-H and an @asing sloped linear trend within region 2-H.
This is indicative of the widening hysteresis (H&S increases SLP remains fairly constant) due
to a shape-memory and plastic response in cortvastsimilar hysteresis (SLP increases with
increasing UPS) for samples within the pseudoelastion, 2-H. Similarly, Figure 31 also
shows a linear increase of SLP with UPS within osagl-C, as expected by the good

pseudoelastic response.
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Figure 31: Upper Plateau Strength (UPS) vs. Start of Lowetelastrength (SLP) of hot-rolled
and cold-drawn Nitinol following heat treatment 200-440°C for 10 min, 90 min, and 8 hr
durations.

For the hot-rolled material, UTS increases witbréasing heat temperature for all heat
treatment durations (Figure 10). This correlateart increase in heat treatment effect, or power,
as precipitation hardening raises the criticalsstrequired for plastic deformation. As described
previously, increasing heat treatment power resulta transition of the hot-rolled material
response from plastic, to pseudoelastic, to shapmoary. Figure 32 shows the UTS vs. RE for
the hot-rolled and cold-drawn material. For the -toded material, as UTS increases,
corresponding to an increase in heat treatment p¢fn@n left to right), residual elongation
follows a high to low to high trend, indicative tife material response shift from plastic, to
pseudoelastic, to shape-memory. In contrast, asong heat treatment power in the cold-drawn
material does not have a great effect on UTS (Eidut). Deformation processing of the cold-
drawn material increases the critical stress fasfit deformation resulting in high UTS values

for all samples tested. The effect of increasirgpthtreatment power is only seen as
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transformation temperatures approach testing testyoer resulting in a shape-memory response.
Thus for the cold-drawn material, Figure 32 repnés@an increase of heat treatment power from
right to left, characterized by a shift from lowsidual elongation values to a high residual

elongation for the sample group exhibiting shaperory.
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Figure 32: Ultimate Tensile Strength (UTS) vs. Residual Eldigya (RE) of hot-rolled and
cold-drawn Nitinol following heat treatment at 2800°C for 10 min, 90 min, and 8 hr
durations.
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CHAPTER 5

CONCLUSION

“All heat treatments are not created equal”

The successful use of Nitinol for biomedical anldeo industry applications depends on
an accurate control of its unique transformaticarad mechanical properties. Heat treatment or
aging is often used as an economical method foripukating these properties for specific
engineering purposes. Heat treatment effect is ribp® on time, temperature, processing
history, and the amount of prior cold work. Thtsdy compares the effects of various heat
treatment temperatures and durations on the mezdiamehavior of both cold-drawn and hot-
rolled Nitinol. Different heat treatment combirais can be used to identify optimal aging
treatments that produce a desired plastic, shapeenyeor pseudoelastic effect. By altering
heat treatment temperature and duration it is pdssible to create heat treatment combinations
that produce similar effects on the material propsr

For discussion purposes here, different combinatiof heat treatment temperature and
duration lead to a change in heat treatment “powffien using hot-rolled Nitinol, low heat
treatment powers do not create significant preafijgih hardening, or a significant decrease in
martensite transformation stress. This resultshigh upper plateau strength, high residual strain
values, and evidence of plastic deformation updoading.

Increasing heat treatment power to moderate pdéavets results in a decrease in upper
plateau strength and a decrease in residual elongais seen by the transition from a partial to
fully pseudoelastic response. Moderate powet tieatments result in sufficient hardening of

the material by increasing the critical stress meglifor plastic deformation, a decrease in
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martensite transformation stress and an increasendrtensite transformation temperature.
Although transformation temperatures are increasemtjerate power heat treatments result in
Mg remaining far enough below the testing temperatorallow the material to recover with a

pseudoelastic response.

Increasing heat treatment power beyond the maelégael results in a progression from
a pseudoelastic to a shape-memory response ch&eadtby a further decrease in upper plateau
strength and an increase residual elongation. Reg@ high heat treatment power continues to
increase the transformation temperature, decrelsetransformation stress, and provides
sufficient precipitation hardening. The deformedtmasite becomes stable ag &pproaches the
testing temperature, resulting in the shape-memesponse.

When considering Nitinol in the cold-drawn fornmetsame heat treatment variations
tested here on the hot-rolled material fall intdyamo designations, moderate and high power.
Critical stress values for plastic deformation améally high in the cold-drawn material as a
result of the deformation process. Even the lowester heat treatments tested here result in the
material exhibiting a pseudoelastic response, huod ¢liminating the “low power” category for
the cold-drawn material. Within the moderate heattment power level, the cold-drawn
material exhibits a decrease in upper plateau gineand a fairly constant small residual
elongation resulting in a good pseudoelastic resporThis is attributed to precipitate formation
and dislocation annihilation leading to a decre@msenartensite transformation stress and an
increase in Mthat remains far enough away from the testing teatpee to produce a
pseudoelastic response upon unloading.

Further increasing heat treatment power resulthencold-drawn high power treatment.

This power level is characterized by the contindedrease in martensite transformation stress,
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and the approach of Mo the testing temperature. Consistent with tberblled high power
treatment, this results in a decrease in uppeeg@lastrength, an increase in residual elongation,
and the shape-memory material response.

By examining the data presented here it is passthkelect an appropriate heat treatment
combination to produce the desired transformati@ral mechanical properties for both hot-

rolled and cold-drawn Nitinol.
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