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ABSTRACT

TiNi shape memory alloy is characterized by shape memory and superelastie effect
which occur due to reversible martensite transformation. It has been recently found that
TiNi alloy has superiodent andwear resistance compared to other conventional
materials. The stresaduced martensite transformation exhibited by this alloy
contributes to itsdent andwear resistanceMuch work is required toestablish the
fundamental principals governintpe superelastic behavior of TiNi under wear and
indentation conditions.Understanding the superelastic behavior helps to employ
superelastic TiNin applications where high impact loading is expected as in gears and
bearings. In this study the superelastic behaviorsiodpe memory alloysinder
reciprocating sliding wear and indentation loading conditions was investigabed.
deformation behavioof superelastidi-Ni alloys wasstudiedand comparetb AISI 304

stainless steeDominant wear and deformation mechanisms were identified.
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1 INTRODUCTION

Overview and Objective

TiNi shape memory alloy was discovered by Buehler and coworkers at the Naval
Ordnance Laboratory while working on heat shielding materials and naased

ANiI Ti NRUnar & Lagoudas, 2008)Shape memory alloys are materials
charcterized by shape memory effect and pseudoelasticity (supermiasiiaNi alloy
exhibits shape memory and superelasticity at different temperatures, i.e., shape memory
is achieved at low temperature while superelasticity at higher tempetaageudas,
2008) Materials exhibiting superelastic effeshow high recoverable strain during
deformation due to stressduced martensitic transformatiorDuring loading, the
austenite phase transforms to detwinned marteasitempanied by large deformation.
The reverse transformation from martensite to austenite occurs upon unloading,
accompared by large recoverable strainuggrelastic TiNi alloy has theapacity to
accommodate high impact loading without permanent deftsmathat is, upon
unloading both elastic and pseudoelastic deformation are recovelralitee case of
conventional materials,upon loading material goes throughrecoverable elastic
deformation, followed by nonrecoverable plastic deformationand only elatic

deformationis recovered during unloadirfti, 1998).

TiNi is widely used inavariety of applications in automotive, aerospace, and biomedical
industries duea their high corrosion resistanagood fatigugroperties, high mechanical
damping and good ductilityRecent studies have @hn that superelastic TiNhas
superior weaand dentesistance compared to other conventional materials. The superior
wear resistance of superelastic TiNi alloy was attribtwats stressnduced martensitic
transformation, i.eJow E/H ratio, highdeformationrecovery and large contact area
(Farhat & Zhang, 2010)

Furthermore, in addition to dent resistance, denting rate (loading ratepasoél
significant importance to applications where denting is expe&elstantial amount of
work has been done towards understanding the effect of strain rate under tensile
properties i.e. uniaxial loading, of superelastic TiBut, only limited work ha& been
done on investigating the dependency of superelasticity on loading rate of TiNi under



indentation loading i.e. under localized compressive load. Understanding the indentation
behavior helps increase the utilizationsbhpe memory alloys in applieaiswhere high
loading rate, high weamland denting are commep®as in gears and bearings. A recent
study has shown a relationship between loading rate and superelasticity under indentation
loading((Amini, He, & Sun, 2011)(Shahirnia, Farhat, & Jarjoura, 20LI)he objective

of the present work is to investigate the dent and wear resistance of supereldstic Ti
alloys. Further, the effect of loading rate (i.e., denting rate) on superelasticity will be
assessedAlso, an attempt will be made to enhantiee current interpretation of
indentaton data for superelasti@alloys through the coupling of deformation and
reversible martensitic transformatitrat takeplace duringndentation loading.

To achieve the objective dhis work the superelastic effect of -Ni alloys under
reciprocating and indentatioconditions wasnvestigated.Wear tests were performed
under differentnormal load, reciprocating frequenciesand time intervals while
indentation testwere performed under various loading conditions using spherical and

sharp indenters.

The organizational outline of this thesis is as follows. A revaéshape memory alloys,
crystal structure, martensitic phase transformation, mechanical behaviotts affec
indentation loading conditions, and wear behavior are provided in Chapter 2. Materials
and experimental methods used to achievedbearch objectives are outlinieddetail in
Chapter 3. Experimental results and relevant discussions are given apteChi.
Conclusions of this research and recommendations for future work are summarized in
Chapter 5.



2 LITERATURE REVIEW
2.1 TiNi Shape Memory Alloy

TiNi shape memory alloys are widely known for shape memory and superelastis effect
which occur due to reversible martensitic transformation. The superelastic effect of TiNi
is characterized by large recoverable deformation associated with reversible stress
induced martensitic transformation. The reversible martensite transformatignptake
as a result of applied heat or mechanical If@dmar & Lagoudas, 2008)TiNi alloy
exhibits shape memory at low temperature and superelastic behavior at higher

temperature

TiNi alloy has been widely used in a variety of applications, such as, automotive,
aerospace, biomedical and mi@iectromechanical systems (MEMS)t has been
recently found that TiNi alloy has superior wear resistance compared to other
conventional matrials such as steels, {ased, andCo-based tribealloys ((Li, 1998),
(Zhang & Farhat, 2009 Buperelastic TiNi alloy has high ability to accommodate large
scale deformation without generating permanent danfagel998) In the case of
conventional materials wear and indentation resistance depend on their mechanical
properties like strength, hardness, toughness, ductility, work hardening and
crystallography texturé(Li, 1998), (Zhang & Farhat, 2009)Li, 2000)). However, for
superelastic TiNstressinduced martensititransformation also contributes to the dent
and wear resistance. Thisehavior makes the understanding of wear and denting

behavior of superelastic TiNi difficult.

Previous studies showed that superelasticity of TiNi alloy is considerably affected by
testing conditios during wear, i.e. tribegystem.The role of reversible martensit
transformation in the wear process ofNTis studied by Farhat et §Farhat & Zhang,

2010) They performed sliding wear tests on Ti, Ni, AlSI 304 stainless steel and TiNi at
sliding speed of 40 m/min and a normal load of 40N at room temperaimmengst all

the materials tested, TiNi exhibited the lowest wear rate whereas Ti showed the highest.
High elastic recovery ratio and low E/H contributed to the superior wear resistance of
TiNi ((Li, 1998) (Farhat & Zhang, 201Q)Lin, et al(Lin, He, Chen, Liao, & Lin, 1997)
investigated the effect of various l@awh the wear characteristics of TiNi shape memory

alloy. Their results showed that during sliding wear, weight loss increases with increasing

3



| oad accor di n g(Archard, 053rThey suggested tha under low loads,

the interface between the martensite and parent austenite phase is fairly mobile and the
strain is within the superelastic strain range. However, under high loads superelasticity is
not completely functional and deformation occurs by. dhprther recentstudies have

shown a relationship between loading rate and superelasticity under indentation
conditions ((Amini & Sun, 2010) (Amini, He, & Sun, 2011) (Shahirnia, Farhat, &
Jarjoura, 2013) However, much work is needed to understand the effect ohlpaate

under indentation loading stiperelastic TiNi alloy.

2.2 Phase Diagram and Crystal Suctures of TiNi

To improve the shape memory and superelastic characteristic3iNi alloys,
understanding thephase diagrans essentia(Otsuka & Ren, 2005)t was Laves and
Wallbaun (Vogel & Wallbaum, 1938)who discovereda single phase TiNi at high
temperaturehaving equiatomic compositiormnd bounded byTi,Ni and TiNi pha®s.
Later he decomposition of TiNi into 7Ni and TiNi at temperature 65@C and 800 C
was firstreportedby Duwez and Taylo(Duwezand & Talor, 1950)Detail examination

of the phase diagram by Poole and HuRwhery (Poole & HumeRothery, 1954)
determined the solubility limétof TiNi alloy at higher temperature abo®@d C and
found very steep boundary on-fich side close to 50Ni, whereas significant decline in
solubility on Ntrich side with lowering temperature. Further investigasidad to
confirmation of eutectoid decomposition of TiNi infi,Ni and TiNk, which was
previously observed by Duwez and Taylor. Purdy and R&urdy & Parr, 1961)
observedeversible transformatione. TiNi phase transforms fo  p hvehigheoccurs at
low temperéure Nishida etal. studied diffusion controlled transfoation on Ti52Ni
alloy at hightemperature and founthat TisNis, TiNiz, and TiNg phases mayexist
depending upn aging temperature and tirfidishida, Wayman, & Honma, 1986A(fter
being controversial for more than threecades, the most reliable TiNi phase diagram
was createdand is shown in Figure 2.1The shape memorynd superelastic
characteristis are exhibited by the alloy havingquiatomic composition in the central

region bounded by Wi and TiNg phases.
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Figure 2.1 Phase diagram of TiNi (Otsuka & Ren, 2005)

2.2.1 Martensite

Martensite is a low temperature phase of TiNi and has different crystal structurdnéom
austenite phase of Ti Ni . Martensiignore( B190d)
stable compared to an intermediate martensite phase (B19, ortlimcha@rystal
structure)as shown in Figures 2.2 and Z@tsuka & Ren, 2005)An intermediateB19

martensite phastorms before B 1 9ntarensite phaseThe martensite phase can have
different crystal structures based on the compositions and alloying elements. This type of
transformation occurs due to shear lattice distoifiammar & Lagoudas, 2008)



Ti: Blue
Ni: Red

Figure23Cr yst al st r uct u(Guwa\shnuBk $Sttacdhann@10t ensi t e

Crystals that are formed during martensitic transformation can have different
orientatiors, which are called variaat Martensitic crystals exist in two forms, twinned
martensite (M) and detwinned martensite (M (Figures 2.4 and 25 Twinned
martensite i s f or medachcyo mmoohbhit pddDi omar b nd
(Kumar & Lagoudas, 200&nd detwinned martensite is reoriented martensitic variants

thatgrow at the expense of other less favoraiientedvariants.



Figure 2.4 Twinned MartensitéKumar & Lagoudas, 2008)

Figure 2.5 Detwinned Martensit@Kumar & Lagoudas, 2008)

2.2.2 Austenite

Austenite is a high temperature phase of TiNi as compared to martensite phase and has
cubic aystal structure, B2 (Figure 2.6B2 has a lattice constant of 0.30d% at room
temperature. Being a parent phase, austenite (B2) plays an important role in martensitic

transformation and also associated with shape memory behavior.



e __.ﬁ? Ti: Blue

Ni: Red

Figure 2.6 Austenite, parent phase of Tilbuda Vishnu & Strachan, 2010)

2.2.3 R-Phase

R-phaseforms b e f o r emarigni®ephaseduring martensitic phasgansformation

under specific conditions arhsa trigonal crystal structure. Thephase transformation
phenomenon is linketb shape memorgnd superelastic effexdf shape memory lalys.
R-phase transformation is characterized by a sudden increase in electrical resistivity of
TiNi.

2.3 Martensite Phase Tansformation in TiNi

Martensitic transformation is defined as a transformation from one structamnetber by
diffusionless shear displacement, i.e. shear lattice distorAsrstated above, TiNi shape
memory alloy exhibg shape memory and superelastic effectdue to revesible
martensite phase transformatiofihe phase transformatior ®iNi can be induced either

by heaing or mechanical loadg.

Temperature induced martensitic phase transformationis associated with four
characteristic temperaturedls (martensitestart) My (martensite finish)As (austenite

start) and A (austenite finish). During phase transformation, TiNi alloy is cooled from
the parent austenite phase a temperature beloM; without applying any mechanical
load,to form twinned martensité\s stated above, martensite is a low temperature phase
with a low geometrical symmetry, while austenite is a high temperature phase with a high
geometrical symmetry. Hence, twinned martensite is formed by combination -of self
accommodated martensite vat®mThis transformation from the austenite phase to the
martensite phase is called forward transformation. Upon heating to a temperature above

A, martensite transforsnback to austenitehence thetransition is called reverse
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transformation During phasdransformation, macroscopic shape changes are negligible
because each variant of a group of variants accommodate the sfrthie other variants.
The phase transformation froaustenite to martensisnd martensite to austenite occurs
upon cooling and dating, respectiMg. The diagram representing temperature induced

phase transformation without mechanical load is shown in Fijidre

<
Twinned Mf M, Austenite
Martensite
>
oY Yo
k2222,
Twinned A, Af Austenite

Martensite

Figure 2.7 Temperature induced phase transformatiohildf without mechanical load
(Kumar & Lagoudas, 2008)

When external stress is applied to twinned martensite, it transforms to detwinned
martensite due to reorientation of variants. The detwinning process results in macroscopic
shape changewhich remaimafter unloading. The detwinning process of TiNi with an
applied stress is shown is Figl2e3. Upon heating to a temperature abdue a reverse
transformationoccurs and detwinned mantte transforms back to austenite with

complete shapeecovery (Figure 2.9).



Detwinned Martensite

Stress, o

>

M, M A A;  Temperature, T

¥ ¥

Figure 2.8 Detwinning process of TiNi under an applied stress

Detwinned Martensite

Stress, o

Austenite

>

M, M, A A;  Temperature, T

Figure 2.9 Reverse transformation upon heating of TiNi
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2.4 Mechanical Behavior of TiNi

Shape memorgnd superelasticity argnique characteristic of TiNi shape memory alloy
which occur due to revetde martensite transformatiolhese characteristics are

discussed below.

2.4.1 Shape Memory Effect

The shape memory effect was disemd by Buehler and coworkers in an equiatomic

TiNi alloy, i.e. 5@t%TiNi, in early 1960gKumar & Lagoudas, 2008 5hape memory

effect is the ability of a material to recover macroscopic strain and return to its original
shapeupon heatingUpon cooling the TiNi from the parent austenite phase (poiimt A

Figure 2.10 in the absence of external stregsransforms to twinned martensite (point

B). When the twinned martensite is subjected to a mechanical load, the martensite
varients reorienandtransforminto detwinned mdensite(point C) The minimum stress

required to initiate the detwinning processtied et wi nni ng ¢sandthet str e
reorientation processndsat t he det wi n i Theg detivinnedstrsidiures t r e s S
remains after unloading from point C to Dpon heating in the absence of load, the

reverse transformation initiates as the temperature re@ch@mint E) and ends &

(point F). The detwinned martensite transforms back to austenite phaise £&) with a

large strain recovery, i.e. the original shape is regained.

Furthermore, whenooling the austenite phase (point &),the presence of external load
above detwinning stadtress,it transforns to detwinned martensitéPoint C)directly.
Upon heating above ;Athe reverse transformatioe. detwinned martensite to austenite,

occurs with full strain recovery.

11
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Figure 2.10 Schematic diagram representsigessstraintemperature data exhibiting the

shape memory effe¢(Kumar & Lagoudas, 2008)

2.4.2 SuperelasticEffect

The superelastic or pseudoeladbehavioris defined as the ability of a material to
recover large strain upon umlding. The superelastic behavior of TiNi is assodiatéh

the stress induced martensiticansformation. During loading, the austenite phase
transforns to detwinned martensite accompanied by large deformation. The reverse
transformation from martensite to austenite occurs upon unloading, accompanied by large
recoverable strain. The stress levels at which the martesnite transformation starts and
ends are a meMda nid", réspectively. Similarly, the stress levels at which the reverse
transformation starts and endsr e t éSrameffl ré&spectively Furthermore, upon
unloading full strain recovery occurs if the temperature is abqvand partial strai
recovey occurs if the temperature is betweegyaMl A. A schematic of a loading path

demanstrating superelastiosehavior ofTiNi is shown in Figure 2.11.
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Figure 2.11 Schematic diagram representing sebestic effect in TIN(Kumar &
Lagoudas, 2008)

2.4.3 StressStrain Curve of Superelastic TiNi Alloy

A stressstrain curve for superelastic TiNi alloy is illustrated in FigurE22The stress

strain curve represents a typicformation behavior of supsasticalloys. The first

initial rise in stresstrain curve of superelastic TiNis due to elastideformation of
austenite (A to B). This ifollowed by a stress plateauJaage recoverable deformation
and phaséransitionfrom austenite to martensite as a result of stirehsced martensi
transformation(B to C). At the end of the plateau region, the material enters into an
eleastic/plastic deformation mode and behaves like conventional r{étedsD) Upan
unloading, nartensite transforms back to the austenite phase and the large deformation i
recovered during the proce&#pon unloading, martensite to austenite phase transition (D
to A) occurs withlarge recoverable strairifhe transformation from martensite to
austen t e s t"ai.e. startstreds fother ever se transfoffimeati on
finish stress forthe reverse transformatiorMaterials exhibiting superelastic behavior
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have large elongation during deformation due to suppression of necking andigiave

strain rate sensitivityDieter, 1976)

700

] D
600 -

Stress (MPa)

I I I

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain

Figure 2.12 A typical stressstrain curve of superelastic TiNi all¢iumar & Lagoudas,

2008)

Both shape memory effect and superelastic behavior can occur in the same ayNi all
depending on thetesting temperatureAs mentioned above, shape memory and
superelastic behavior aas due to reversible martensitransformation which could be
induced thanally or mechanically. However, the martensite transformation cannot occur
at a temperature above the sigbesic temperature limitMy (Figure 2.13). AbovéVy,

the austenite deforms plastically by slip, as the stress required for slip is lower than that
for austeniteo-martensite transformation stress. Hence, at tempesaibmeMg, TiNi

behaves like conventional material and no superelasticity is observed.
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Figure 2.13 Schematic diagrarehowingshape memoryand superelasticityegions (A)
and (B) represents high and low critical stress, respecii@uka & Ren, 2005)
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2.5 Indentation Behavior of SuperelasticTiNi Alloy

Instrumented indentatiomethods have been extensively used in recent years to assess
mechanical properties of materials. Hardness and elastic modulus are frequently
calculated from loadlepth data obtained from mierand nandndentation tests. Much
work has been undertaken tapdit indentation techniques to study materials and
coatings at small indentation sca{®ian, Sun, & Xiao, 2006)Yan, Sun, Feng, & Qian,
2007) (He & Sun, 201Q)(Tabor, 1996) (Cheng & Cheng, 2004)Oliver & Phatrr,

1992) (Xu & Agren, 2004) (Cheng & Cheng, 2005)Ebenstein & Pruitt, @06)). The

study of hdentation behawur of conventional materials complex and involves elastic,
elastoplastic and plastic deformations underneath an indenter. For superelastic materials
such as TiNi, the above deformations are coupled with a rbleersiressnduced
martensitic transformation, which adds to the complexity of the prob{@uamrent
indentation theories and modd€[€€heng & Cheng, 2004]Nix & Gao, 1998) (Hertz,

1896) (Oliver & Pharr, 2004) deal mainly with the deformation of single phase
materials with no phase transition and fail to explain behaviour when extended to
materials that undergo phasgansformation duringindentation. More recently,
researchers attempted to extendadent theorieso study the mechanical properties of
multi-phase functional material§Qian, Xiao, Sun, & Yu, 2004)(Ni, Cheng, &
Grummon, 2003)Feng, Qian, Yan, & Sun, 2008)

The most commonly employed method in determining hardness and elastic modulus from
load-displacement curves, generated from indentation experimeatsdeveloped by
Oliver and Pharr (Oliver & Pharr, 1992) This method is developed for singlbase
materials and produces excellent results. However, when applied tephmage materials

that undergo phase change during indentation, such as superelastic TiNi, it fails to
produceproperties that describe the material. Kang and (Kamg & Yan, 2010have

shown thaindentation hardness of superelastic alloys cannot be used directly to measure
the phase transition stress or the yield stress. QdinérPharr method only considers the
upper 25% of the unloading curve in calculating hardness and elastic modulus, which
works fine for singlephase homogeneous materials. However, in the case of superelastic
TiNi, regions of martensite, austenite and sfanmation zones coexist and their volumes

vary with load and deptiThis behaviorgives rise to hardness and elastic modulus depth
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dependency. The dependence of mechanical properties on depth, obtained by indentation
techniques for TiNi, habeen reported in the open literatu(Ean, Yan, Kang, & Sun,
20013) (Zhang, Cheng, & Grummon, 20Q0TAmini, Yan, & Sun, 2011)

Hardness and elastic modulus depth dependency for gghgke bmogeneous materials
have been studied extensivé(ia, Long, Pan, & Zhou, 2008)De Guzman, Neubauer,
Flinn, & Nix, 1993) (Xue, Hwang, Li, & Huang, 2002)Nix and Gao(Nix & Gao,
1998)explained thelrop in hardness with depth by strain gradient plasticity theory and
the density of geometrically necessary dislocati@feck & Hutchinson, 1997)Gao,
Huang, Nix, & Hutchinson, 1999JHuang, Gao, Nix, & Hutchinson, 20Q0Nix and

Gao Theory predicted that hardness is inversely proportionahéosquare root of
indentation depth anthat the dependency for most materials is only significant for
depthsbelow 500 nm. However, the depth dependency in superelastic TiNi extends to
higher depth below the surface than predicted by the strain gradient plasticity theory.
The dependency in superelastic TiNi is mostly due to reversible martensitic
transformatiorand the associated changes in the effective elastic modulus of the system
that takes place during loading.

Unfortunately, the loadepth behaviour of superelastic TiNi is not well understood. In
order to understand the mechanical properties of supecel@sti generated in
indentation experiments, the leddpth curve needs to be studied by taking into account
phase transitionHowever, more work is required develop an understanding of the
behaviour of superelastic TiNi under indentation

2.5.1 Effect of Loading Rate on Siperelastic TiNi

Recent studies have shown a relationship between loading rate and superealastesity
indentation conditions Many results show thaliNi behavior is loading rate and
temperature dependefAmini, He, & Sun, 2011)(Farhat, Jarjoura, & Shahirnia, 2013)
(Shahirnia, Farhat, & Jarjoura, 201¢Amini & Sun, 2010). For example, Amini et al.
(Amini, He, & Sun, 20113%tudied the effect of loading rate on maximum nanoindentation
depth for nanayrained superelastic TiNi shape memory alloy during sireksced phase
transformationHere, TiNi alloy (Ni-56.4% Tt43.6%) with grain size in themge of 50

100 nm was used. Theeportedload versus depth curvelsat showhigh recoverable
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deformation with a negligible amount of plastic deformatibimey generatethdentation

curves of superelastic TiNi at different loading rateith sphericaltipadi us 5. 23 e&en
room temperaturéFigure 2.14) According to Figure2.14 the maximum indentation

depth decreases with increasing loading rate. They attributed this behavior to the release

of latent heat of phase transition, and the strong temperaturenddnre of
transformation stress of TiNi.

Loading rates:

10000 - . 200 p Nsecl

1000 p Nsec-l
8000 - |
. 3000 p Nsec'l
6000 - = 5000 p Nsec'l
= 7000 n Nsec'l

4000 - .
« 9000 p Nsec-l

Indentation load (uN)

2000 - « 15000 p Nsec-!

» 20000 p Nsec-l

0 50 100 150 200
Indentation depth (nm)
Figure 2.14 Indentation curve of superelastic TiNi at different loading rate at room

temperaturéAmini, He, & Sun, 2011)

Shahirnia et alstudied he effects of temperature and loading rate on the deformation
characteristics of superelastic TiNi shape memory alloydeutocalized compressive
loads(Shahirnia, Farhat, & Jarjoura, 201They perbrmed the indentation tests using

the loading rates of 1, 10, and 20N/min and four different temperatures, 25, 60, 100, and
150° C. The loaedepth curves showed full deformation recovery during unloading as a
result of ehstic and superelastic behavior.eJhshowed that the maximum depth of
indentation decreases with increase in the loading rate from 1 to 20 N/min i.e. at high
loading rate, superelasticity diminishes and austenite to martensite transformation stress

rises.
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Some studies have shown that under uniaxial loading the dependency of superelasticity
on loading rate is a result of the increasaustenite to marteite transition stresgue to
heating of the deformation zone during the deformation pro@&gang, Lei, Zhou,
Wang, & Zhang, 2011)Lin, Tobushi, Tanaka, Hattori, & Makita, 1994}.iu, Li, &
Ramesh, 2002)(Tobushi, Yoshirou, Takashi, & Kikuaki, 1998)Dayananda & Rao,
2008). However, asimple heat modeproposed by Farhat et gFarhat, Jarjoura, &
Shahirnia, 2013%howedthat thetemperature rise during indentation is insignificant

that thedrop in the superelastic effeginder indentationyvith increasing loading rate is

not due to temperature accumulation in the transformation Zidmey attributed the
degradation of superelasticity as a resultnafeasing loading rat® the retardatiorof

phase transformatiare. the retardadin of twin boundary mobilityHowever, more work

is required to understand the dependency of superelasticity on loading rate of TiNi under
indentation loading conditions.

2.6 Wear

Wea is defined as damade a surface or material removal from a solid surface, due to
relative motion between a $ace and contacting substan®éear is usually referred as

the materials loss, but it also involves displacement of materials as a result of plastic
deformation ahough no material removal occurreburing plastic deformation, the
shape of the materials is changed due to relative motion between the two surfaces without
material lossMaterial loss, material displacement, changetopologyand changes in
surfacechemistry occur during wegdin & Wei, 2009) In this section, different wear

mechanisms and the wear behavior of superelastic TiNi alloy are discussed.

2.6.1 Wear Mechanism

Sliding wear isa continuous unidirectional or reciprocagimelative motion between two
moving bodies in contact under load. Sliding wear mechanisms are identified based on
the type of material removal process. Many different mechanisms of sliding wear are
proposed in the literatu€Bhushan, 2002)Jin & Wei, 2009) (Stachowiak & Batchelor,

2005) (Gohar & Homer, 2008) However, the most commonly named mechanisms of
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wear in the literature include abrasion, adhesion, fatigue wear and delamination. These

sliding wear mechanisms are discussed in det#lilasections below.
2.6.1.1 Abrasive Wear

Abrasive wear is defined as damage to a surface when placed in contact véath eith
particles or surfacevith greater or equal hardnegdin & Wei, 2009) It is the most
common wear mechanismhich occus by ploughing action on a soft surface by hard
material The rate of abrasion depends on the charatiesiof each surface, the presence
of abrasives between theo surface, thar relative speed and other environmental
conditions(ASM Handbook: Volume 18, 1992Abrasive wear can be divided into two
body and thredody abraion. Hard material slidingn a softer surfag results in twe

body abrasionThreebody abrasive wear is caused by loose particlesviear debris,
trappedbetween the sliding surfaceShreebody abrasive wear normalkgsults ina
lower material removal rate than tWandy abrasive wear for a given load and sliding
distancg(Stachowiak & Batchelor, 2005)ASM Handbook: Volume 18, 199R)Several
mechanisms have been proposed to explain how material is removed from a surface
during abra®mn. Because of the complexity of abrasion, no one mechanism entirely
accounts for allobservedmaterial loss.The abrasive wear process occurs the
combined effect of ploughing, wedge formation, microcuttimgicrofatigue, and
microcracking((Stachowiak& Batchelor, 2005)(ASM Handbook: Volume 18, 199R)

The process of displacing material sideways the formation ofrooves andridges is
referredto as ploughing. Pughing does nodirectly result in any real material 48 as

this occurs under light load. In this case, material loss can occur through microcracking
of ridgesas a result of repeated slidind\ wedge formation on the front of an abrasive

tip results in a fairly mild form of abrasive wear. During wedgendion, the amount of
material asplaced from the groove is greater than the material displaced to the side.

Cutting mechanism is consideredtas most severe form of wear for ductile matesial
(ASM Handbook: Volume 18, 1992fhe cutting mechanism occurs when hard asperity
or sharp grit cuts the softer surface and removes a chip, i.e. wear debribef#nNsor
results ina high amount of material remal and low displaced materialhe degree of
penetrations crucial to thdransition from ploughing and wedge formation to cutting in

ductile materials. Due to repeated slidirsgibstantial surface and subsurfgaastic
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deformation occurgStachowiak & Batchelor, 20057 his subsurface deformation leads
to strain hardening whiclresuls in lower abrasive weamMicrofracture occurs when
forcesexertedby abrasive grains exceed the fracture toughness of the materials which is

commonfor brittle materials such asramic.

Materid properties such ashardness, elastic modulus, vyield strength, melting
temperature, crystal structure, microstructure, and compositicaffect abrasive wear
((Stachowiak & Batchelor, 2005jGohar & Homer, 2008)(ASM Handbook: Volume

18, 1992). The relative hardness (the ratio of the abrasive hardngesstHe test piece
hardness H) significantly influence abrasive wear characteristics as shown inFigure
Not only material propertie®ut environmental factors such as, the type of abrasive and
its characteristics, tempéuae, speedload and humidity affect the wear ratelThe
hardness of the abrasive particles is important to the rate of abrasion of the subject
material(ASM Handbook: Volume 18, 1992The shpe of the abrasive particles is also
important it influences the contadtress the transition from elastic to plasticontact,

and the shape of the groove produced in the material. Materials abradeudiroly
particles results in low wear asrapared to sharp particles. Tinerease in the toughness
of abrasive patrticles lela to increased material logshrasive wear increasevith rise in
temperatureas a result oflecrease in hardness and yield stterg the meteriallt has
alsobeen found that the rate of abrasion increésesome extent with increasing speed
(range from 0 to 2.5 m/$ASM Handbook: Volume 18, 1992)
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Figure 2.15 Relative hardness effect on w€#en & Huang, 2012)

2.6.1.2 AdhesiveWear

Adhesive weartakes placewhen two surfaces are placed in sliding contact under a
normal load((Jin & Wei, 2009) (Stachowiak & Batchelor, 2005§Gohar & Homer,
2008) (ASM Handbook: Volume 18, 1992Bowden & Tabor, 1950) Adhesion occurs
when asperities of the twaurfaces make physical contact and these contact regions form
asperity junctiong(Bhushan, 2002)(Jin & Wei, 2009). Continued sliding causdbe
junction to be sheare@ndresults in the detachment of a fragment from oné&asarand
attachment to the other surface. The number of juretiependon surface roughness,
the applied normal loadnd the chemical compatibility of materials in contadh the
case of significantly weak asperity junction, shearing will occur at ititatface and
resuls in zero wear. However, fdrigh strength asperity junction, fragments may come
off the soft surface and attacb the harder matetiaor else detaclas debris.The
formation of wear debris depends on the mechanical properties obi@ct materials

and the geometry of the asperities on the conigsurfaces.
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Adhesive wear can wel |l be (Arehard,1953) ed by Arc

®w 0L'O¥0 Equation2.1

where W is the volume worn per unit sliding distanég, is the applied load is the
hardnes of the softermaterialin contact andK is the wear coefficient. Moreover,
Bowden and Tabof (Bowden & Tabor, 1950)YBowden & Tabor, 19643uggested that

the adhesion component of friction is due to the formation and rupture of interfacial
bonds. These bonds are the result of interfacial interatomic forces developing between
two surfaces in contactt $liding is to take place, a friction force is needed to shear the
weakest tangential planes at the area of contact.

If the stear strength at the interfacetiswhich is assumed to be the bulk shear strength
of the weaker material, the force requiredbteak a junction b&een two asperities in
contactwill be given byt;A,, that is k. Using the relationship, ARy/H, the adhesion

component of frictionry) becomes,

— - Equation2.2
where, H ighe hardness of the softer material.

2.6.1.3 Fatigue Wear

Fatigue wear i®bserved when a material undergoes cyclic loading i.e. slidinmgol
and impact wear processds.this mechanism, shear é@s duringthe sliding process
causesstrain near the surfaceAs plastic strain accumulates, the movement of
dislocatiors lead b the formation ofsurface cracksUnder repeated loading and
unloading cycles, cracks grow and propagate through the materialimgsult the
breakupof large fragments (wear debris)id brminglarge pis on the surfacgBhushan,
2002) (Jin & Wei, 2009). Fatigue wear can occur eventife coefficient of friction is
low and lubricant is present. &lsematic illustration of fatigue wear behavior is shown in
Figure2.16.
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Figure 2.16 Schematic diagram of fatigue wear behayin & Wei, 2009)
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2.6.1.4 Delamination Wear

Delamination occurs when two sliding surfaces come into contact, and normal and
tangential loads are transmitted through the contact regions by adhesive and plowing
actions((Suh, 1977)(Hirth & Rigney, 1976) (Wen & Huang, 2013) The asperities of

the softer surface are easily deformed &adtured by repeated loading. relatively
smooth surface is generatedher when these asperities are deformed or removed. Once
the surface becomes smoothe contact is not just an aspetibyasperity contact, but
become an asperiylane contact and each point along tloéies surfaceexperiences
repeated loadingThe surface traction exerted by the harder aspertie the softer
surface inducegplastic shear deformation which accumulatesder the surfacéAs the
subsurface deformation continues, crackgleate below the surfacé\s the cyclic
loading continuescracks propagatparallel to the surfacand finally shear at certain
weak positions and thin shdéte wear particle delaminate.

2.7 Wear Behavior of Superelastic TiNi Alloy

Recent studies have shotrat TiNi alloy has superior wear resistance compared to other
conventional materials such as ste®&based, and CGbased tribealloys ((Li, 1998),
(Zzhang & Farhat, 2009) Wear resistance of conventional materials depend on their
mechanical properties like strength, hardness, toughness, ductility, work hardening, and
crydallography texturg(Li, 1998), (Zhang & Farhat, 2009)Li, 2000)). However, for
superelastic TiNi, stresaduced martensite transformatialso contributes to the wear
resistance. Thibehaior makes the understanding of wear behavior of superelastic TiNi
difficult. Superelastic TiNi alloy has high ability to accommodate large scale deformation
without permanent damaggi, 1998) In the case of conventionalearresistance
material, it does not havile ability to accommodate large scale deformation without
generating permanent damage.

Liang et al.(Liang, Li, Jin, Jin, & Li, 1996)studied wear behavior of superelastic TiNi
alloy during sliding wear, impact abias and sandblasting erosionThey compared

TiNi samples with high and low superelastic behavior obtained by varying the heat
treatment. Thie resuls showed that samples with high superelasticity had higher wear

resistance than those with low superelasticity.
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Furthermore, sliding wear behavior of superelastic TiNi alagstudied by Zhang et al.
(Zzhang & Farhat, 2009pn superelasitc TiNi, pure Ti and Nising pinon-disc
configuration.In their work, superelastic TiNi alloy showed about 30 and 10 times higher
wear resistance than pure Ti and Ni, respectively. The dominant wear mechanisms
observed for TiNi were abrasiomé delamination of subsurface cracks as a result of
cyclic loading((Zhang & Farhat, 2009)Farhat & Zhang, 201) Sliding wear tests on
Ti-50.3 at %Ni alloy and 2Cr13 steel were performed by Li étia& Liu, 1999). They

found that TiNi alloy has much higher wear resistance than stdeugh it has a lower
hardnessThe superior wear resistance of superelastic TiNi alloy was attributed to low
E/H ratio, high elastic recovery ratio aratde contact arg@hang & Farhat, 2009)

Previous studies showed that superelasticity of TiNi all@pissiderably affected by test
conditiors during wear, i.e., wear load, sliding distance, sliding speed, temperature, etc.
Lin, et al (Lin, He, Chen, Liao, & Lin, 1997)nvestigated the effect of various wear
loads, sliding speed, and sliding distance on the wear characteristics of TiNi shape
memory alloy. Two TiNi alloys (EbNiso and TkgNis;) were tested and compared against
Cr-steel. The results showed that during sliding wear, weight loss increases with
increasing | oad ac@ehad,il958) Theysuggestedhttaatrudders | a w
low loads, the interface bgeen the martensite and parent austenite phase is fairly mobile
and the strain is within the superelastic strain range. However, under high loads
superelasticity is not completely functional and deformation occurs by slip. They found
that, during slidingvear test, weight loss increases with the increasing sliding distance,
especially for higher sliding distance. They attributed lielsaviorto interaction among

wear mechanismsyhich accelerate the wear ratan et al.(Yan, Liu, & Liu, 2013)

studied the wear behavior of martensitic TiNi shape memory alloy undeorbdisc

sliding testswith varying applied loads and sliding cycle§hree surface degradation
stages were identified, a nesero wear stage (characterizieg very low coefficient of

friction (COF) and formation of crowaike structure on the wear tracks), a transition
wear stage (characterized by increase in COF after a certain number of sliding cycles, and
steady COF thereafter), and an abrasive wear $thgeacterized yosudden increase in

COF anddebris formation within 100 sliding cycles).
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Lin et al. (Lin, He, Chen, Liao, & Lin, 1997jound thatweight loss decreases with
increasing sliding speedhich they attributed to stin rate hardeningThis behavior
showsthatat a given load high strain rate will reduce the deformation strain due to the
hardening effect and, hence, reduce wear rate. SEM examination of worn surfaces
showed dense and short fatigue cracks under hidinglspeed, whereas deep and long
fatigue cracks under low sliding speed. These deep and long fatigilks anarease the

wear ratehence more weight loss.

In addition, during sliding wear of TiNi, in the parent austenite phase, the applied strain is
mostly transformed to elastic strain due to the formation of sinelssed martensite
transformation. This elastic strain does podmotewear damagenral, upon unloading,

the stressinduced martensite transforms backthe parent austenite phase. Two eth
important factors have been reported that contribute to the superior wear resistance of
superelastic TiNi alloy (Lin, He, Chen, Liao, & Lin, 1997)Liu & Li, 2000)). First,the
contact area diween the asperity and the surface in@eatue to superelasticity. This
phenomenon reduces the stress concentration in the contact region, anddurroes

wear damage. Seconahicro-crack nucleation and propagation can be stabilized due to
superelast behavior. In the case of conventional materials, the strain energy of crack
tips is released by plastic deformation or crack propagatibareasn superelastic TiNi

strain energy is partially absorbed atwred in thestressinduced martensiteariants
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3 EXPERIMENTAL METHODS

The various methods used in sample analysis and data collection are highlighted in this

chapter.

3.1 Materials

Equiatomic siperdastic TiNi alloy sheets witldimensios of 450 mm x 95 mm x 1 mm

and an austenite finish temperati(ifg) of 15° C were obtained from Johnsdvatthey

Inc. TheTiNi alloy plates were flahnnealed and pickled at sour@ée TiNi sheets were
oxide free and in semi polished conditiofifie superehstic TiNi plates werecut into
couponsof 15 mm x 15 mm x 1 mm andounted in BakeliteMounted specimens were
ground using 240, 320, 400 and 600 grit SiC abrasive paper followed by polishing with 1,
0.3 and 0. 05 & m a lTohexhemigaiompositiowsdweighb %)afsthev e .
asreceived superelastic TiNi allag given in Table 3.1The polished specimens were

used in indentatioand reciprocating wear tests.

Table 3.1 Chemical composition of superelastic TiMit %)

Elements| Ni Ti Fe C O H Others

Wt% 55.99 43.68 0.05 <0.05 |0.0216 |<0.005 |<0.20

60NITi aged, annealed, and solution treabdacks havingdimensios of 45 mm x 45
mm x 5mm were obtained from NASA, Glenn Research Cerifee blocks of 60NiTi
were cut into squares of 14 mm x 14 mrd xam, mounted in Bakelite and polished as
described abov& he chemical compositiorwgight %) of the aseceived 60NiT under

aged, annealed, asdlution treated conditions are given in Tabl2
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Table 3.2 Chemical composition of aged, annealed, and solution treated 60NiTi (wt %)

Elements Ni Ti Fe Al Cu Ca Others
Aged 57.22 | 40.07 | 0.009 | 0.017 | 0.017 | 0.012 | <0.10
60NITi wt%
Annealed | 60.23 | 41.79 | 0.007 | 0.019 | 0.014 | 0.009 | <O0.10
60NITi wt%
Solution
treated 61.52 | 43.16 | 0.009 | 0.021 | 0.011 | 0.015 | <O0.10
60NITi wt%

AISI 304 stainless steel platavith dimensios of 50 mm x 50 mm x 2 mm wer@so
tested for comparison. Tisteel plate werecut into squares of 20 mm x 20 mm x 2 mm,
mounted in Bakelite, polished as mentioned above and tested. AISI 304 stainless steel

was used for comparis@s it exhibits similar hardnessgaperelastic TiNi.

3.2 Materials Characterizations

3.2.1 Optical Microscopy

In order to investigate the microstructure, optical microscopy was performed on
superelasticequiatomic TNi, aged60NiTi, annealed @QiTi, andsolution treateONiTi
samplesThe polished specimengere etched using a solution consisting @fml HF, 25

ml HNOs; and 150 ml HO. Metallographic images were captured using a Unitron Optical
Microscope equipped with a Micro Metrics digital camera and images were examined

using Micrometrics SE Premium imagealysis software.

3.2.2 Optical Profilometer

Following reciprocatingwear and indentation testaear tracks and indentations were
scanned usin@ non-contact white lightoptical profilometer.The optical profilometer
wasbuilt, assembled and programmedreg Advance Tribology Laboratorgt Dalhousie
University. Theoptical profilometer uses a high resolution Chromatic Confocasdgen
optical pen attached t8TIL Initial contrdler (STIL, France) and two stppr motors
with 3.175 &m si ze 3.1) .

step (Figure
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with working distance of 16.4 mm and maximum slope amgle-/- 21°. Software

integration for optical pen and sfBgr motorsvasperformeadusing VisualBasic.

Figure 3.1 Optical profilometer

3.2.3 SEM/EDS

Hitachi S4700 cold field Scanning electron microscopy was used to examine worn
surfaces of superelastic TiMiloy samples, wear debris collected during wear tests and
indentation samples. The samples wereumted toan aluminum sample stuband a
copper tape was employed fgood conductivity. Wear debris were secured by ultra
smoothcarbonadhesive tabs on 15mdiameter aluminum samples stubs. The Skhg
operated at an accelerating voltage 6f KV, beam current of 1QA, and working
distance of 12 mmAn Oxford® X-Sight 7200 Energy Dispersive-bdy Spectroscopy
was used for chemical analysis of wear tracks \aear debris. INCA software wassed

for evaluating the acquired spectra.

3.2.4 X-ray Diffraction

The X-ray diffraction tests werperformed to identify phases and crystal structures of
superelastic TiNi aged 60NiTi, annealed 60NiTi, and solution treg@®iliTi sample.
The XRD tsts werecarried outusing a high speed Bruk&8 Advance XRD system as
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shown in Figure8.2. The XRD system uses a high speed LynXFyeetector andC u K U
radiationwith awavelength of 1.54 Atube current of 40 mAand tube vokige of 40 kV.
Samples were scanned tofldaCowith a ste@ dize afr0OP49e o f
Diffraction patteris wereanalyzedu si ng Br uker ds EVA software
diffraction patterns present in the International Center for Diffraction Di&®D)
powderdiffraction files (PDF) database.

Figure 3.2 D8 Advance XRD system
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3.3 Nanoand Microindentation Properties

3.3.1 Nanoindentation

Nanoindentation experiments were performed usingult-function nanemechanical

system developed bBruker, USA with a nanohardness head and a controller. The
instrument ses a Berkovich diamongyramid indenter with an angle of 65 Between

the tip axis and the faces of the triangular pyramid. Thplatement of indentation and

the | oad are measured independently with r
and elastic modulus of TiNand 60NiTiwere calculated from depth versus load curves

using Oliver and Pharr metho@liver & Pharr, 1992) The hardness is calculated

according to,

( 3 Equation 3.1
where, Ryis the contact depth of penetration and can be calculated from,

E E —— — Equation 3.2

where,E is the total penetration depth, is the maimum load and dP/dh is the slope

of the unloading curve. The elastic modulus of the system is given by,

% ——;'—_ Equation 3.3
where,
- — Equation 3.4
wher e, E ansd isc amoed utlhues ealnad Poi ssomdg Batic

are the same parameters for the Berkovich indenter. In this stady El were taken as
1141 GPa and 0.07, respectively. The loading rate and maximum load combinations were
varied according to Table3, i.e., a total of 108estsfor equiatomic TiNi,and 189 tests
for 60NITi (aged, annealed and solution treatedre performedand each test was

repeated twice.
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Table 3.3 Nanoindentation test conditions

Loading rate 300, 600, 1800, 3000, 84, 6000, 18000, 24000, 30000,
(mN/min) 36000, 42000, 48000

40, 70, 100, 20@50, 300, 350, 400, 450

Max load (mN)

3.3.2 Microindentation Tests

In order to understand the denting baba of superelatic TiNi alloy at high load
microindentation tests were performed with various ingdratesusing spherical and
sharp indentersindentation tests @re conducted using a Universal Micfabometer
(UMT) system developedybBruker, USA. A tungsten carbide ball indenter with a
diameter of 3.18 mm and a hardness of HRA 92 was assedpherical indenter, while a
pyramidal diamond indenter was used aharp indenterThe indenter holder is directly
attached to a 1000 N load sensor amblished sample was secured directly underneath.
The load was applied ugj a motor attached tol@ad sensor that can measure the normal
load with an accuracy of 0.01. NDepth sensing capacitive sensor with an accuracy of
0. 01 <aimo attached to the systeirhe calibrated normal load (Fz) and indentation
depth (C) were measured awdntinuously recorded using data acquisition system
every 0.5 seconds during thest. Each indentation test was performed twice to insure
repeatability of results arttie overall variation was found to be less the 10%. Indentation
tests were performeon AISI 304 steel for comparisomsing amaximum lad of 700N

and varioudoadingrates. Testconditions forsuperelastic TiNi and AISI 304 steel are
given in Table3 4.

Table 3.4 Microindentationtest conditions using maximum load 700N (spherical and
sharp indentes)

Sphi‘;rc'i‘ﬁgharp Loading rate | 23, 35, 38, 46, 53, 70, 87, 140, 175, 233, 3¢
TN (N/min) 700, 1400, 2800
Spherical/Sharp :
indenter LO?S}&?nr)ate 23, 46, 70, 140, 350, 1400
(304 steel)
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Furthermore, indentations were made usiisgherical indenter (3.18mm diameter) and
sharp pyramidal diamond indenter under bafl 60, 100, and 150 kg (588, 980, and
1470N) using Leco R600 Rockwell hardness tester. Prior to tesing, specimens were

ground and polished as above.

3.4 Tribological Characterization

3.4.1 Reciprocating Wear Test

To investigate the tribological properties of superelastic BNl 60NIT| reciprocating

wear tests were conducted. Dry reciprocating wear tests were performed using a
Universal MicreTribometer (UMT) system This testmethod involves a ball upper
counteffacethat slides against a flat lower specimen in a linear back and forth sliding
motion, haing stroke length of 5.03 mniThe load on the flat specimen is applied
vertically downward with a motor driven carriage tbaes a load sensor for feedback to
maintain a constant load. The specimens were securely fastened inside the wear chamber.
The setup for reciprocating wear test is shown in FiguBeAll tests were conducted at

room temperature with relative humidity 48-55%.

A 6.3 mm diameter tungsten carbide ball having a hardness of HRA 92 was used as a
counterface materialA WC ball was selected because it has much higher hardness than
superelastic TiNi alloy. This minimizes wear of the counterface and preveape s
change, which can lead to change in the contact geometry of thesystwm, hence,
change in mean pressure during testifige tungstenarbide ball was mounted inside a

ball holder whichis attachd directly to a suspension system andoad sensor that
controls and records forces during the td$te instantaneous values of tbalibrated

normal load (Fz), tangential load (Fx), and depth of wear track (Z) were measured and
continuously recorded using a data acquisition system. Theadématically computes

the variation of the coefficient of friction (u = Fx/Fz) with time.

Wear tests for superelastic TiNi were performed under ndoadk of 20, 40, 60, 80 and
100N with varying reciprocating frequeiss rangingfrom 5 to 20 Hz and arying time
from 30 to 180 minutes. Wear tests for aged, amdesid solution treate@0NITi were
performed under normal loads of 20, 40, and 60N with varying reciprocating fréegienc
rangingfrom 5 to 20 Hz and varying time from 30 to 180 minufBise weight of the
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specimen was measured before and after each test to deterdmdual weightloss at

30 minutes time interval The test method is based on ASTM standard GIE{2010)

(ASTM Standard G1385(2010)) i.e. sandard test method for reciprocating sliding
wear. The test method simulates motion and vibration that are encountered by bearings in
service(Pike & ConwayJones, 1992)Experiments were designed to cover a range of

parameterdased on expected load, frequency and stroke length that bearings may be
subjected to.

a o m~ »
ol I

@

CETR

Load sensor

Ball Holder

Tungsten carbide ball

TiNi sample

Sample holder

Stage

Figure 3.3 Reciprocating wear tester
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4 RESULTS AND DISCUSSION
4.1 Materials Assessment

Optical micrographs oéquiatomicTiNi, aged 60NiTi, annealed6ONiTi, and solution
treated60ONITi areshown in Figure 4.:4.4. Superlastic TiNi alloy (Figure 4.1) shows
grain structure consisting of regular equiaxed grains. The grain size appears to be uniform
with an average size @ & m. On rthénd, aged, &neealed, and solution treated
60NITi showsomewhat irregular and less uniform grain structure (Figures448and

4. 4). The average grain size appears to be

100 nm

Figure 4.1 Optical micrograph o$uperelastic TiNi
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Figure 4.2 Optical micrograph o&aged60NiTi

Figure 4.3 Optical micrograph ofrenealedONiTi
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Figure 4.4 Optical micrograph of@ution treatedONi Ti

60NITi microstructure can be very complex dading on the thermal treatmg@tsuka

& Ren, 2005) Depending upon aging temperature and time, metastable intermetallic
phases (precipitates) such asNij TiNis, Ti>Niz and TgNig may form. TgNig is the
stable phase at lower aging temperature (8P and shorter time which changes to
Ti,Niz upon increasing aging temperature (7680 and extended time. TipNequilibrium
phasepn the other hand, appears at higher aging temperaturd@$@md longer aging
time. Whether the precipitates are obseneednot by optical metallography would

depend on their size and coherency.

Crystal structure and phases efuiatomicTiNi, aged 60NiTi, annealed 60NiTnd
solution treated 60NiTwere determined from-kay diffraction patternsThe strongest
peaksin all alloysare austenite peaks which indicatatthll alloys areusteniticat room
temperaturghence exhibiting superelastic behavior. And the diffraction patdeeveal
cubic (austenite)structure.The XRD pattera for the supezlastic TiNi, aged 60NiTi,

annealed 60NiTi and solution treated 60N&Areshown in Figures 4-8.8.
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Figure 4.5 EquiatomicTiNi XRD pattern
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Figure 4.6 Aged 60NiTi XRD pattern
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Figure 4.7 Annealed 60NiTi XRD pattern
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Figure 4.8 Solution treated 60NiTi XRD pattern
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4.2 Indentation Tests

4.2.1 Nanoindentation Testsusing Berkovich Indenter

To evaluate the effect ofoading rate on the deformation characteristics of superelastic
TiNi, nanoindentabn tests were performed @olished surface employing increments

of loading rats (300 to 48000mN/min) anchaximum load (40mN to 450mN). Similar
experiments were perfomed on the polished susfaée60ONiTi (aged, annealed and
solution treated) under 300 to 18000mN/min loading rates and maximusréraging

from 40 to 450mNEach indentation test involves 12 separate indentations on different
locations on the specimen surface to compensate for any variations in surface
characteristics such as, surface defects, surface pores, grairtatmies; grain
boundaries, etcFurther, each testing condition waspeated twice on two identical
samples. Indatation tests showed excellent repeatability of not more than 5% variation.
Loadingunloading (load versus depth) curves were generated as a functraxiofium

load and loading rateat room temperature. A representativeoréedisplacement
(penetration dep of indenter) curves shamg loadng-unloading generated under
3000mN/minloading rate andlifferent maximum loads using Berkovicimdenterare
given in Figure4.9 (a)(d). The curves in Figure 4.9eveal typical load versus
displacement patterns. THat part of the curve at the max load and at the botiarhof

the unloading curvareallowed to compensate for creep and thernifi effects.All the
curves generated using different maximum loadsrlapas expected. The curves show
high recoverabledeformation and relatively small permambedeformation upon
unloading. An average of over 60% recovery observed as a result of elastic and
superelastic behavior dhe alloys It is also evident that even the indentation gest
performed under the lowewad of 40mN heae shown residual plastic deformatiomhich

is expected for sharp indentefhe curvesshow the variation irhysteresis size as a

function of maximum load.e. increases with maximuroad.
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Figure 4.9 Indentation curves performed using 3000mN/min loadatg with varying

maximum loads(a) equiatomic TiNi, (b) age@ONiTi, (c) annealed 60NiT{d) solution
treated 60NITi
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A representativeequiatomic TiNi loading and unloading cydegenerated under
maximum loadof 300mN with loading ratesranging from 300 to 48000mN/mirare
shown in Figure4.1Q@). Also, representative6ONiTi (aged, annealed and solution
treated) force-displacement curvegienerated under maximum load of 300mN with
varying loading rates from 300 to 18000mN/raire shown in Figure 4.10@l). These
curves allow the evaluation of loading rate dependeafcuperelasticityAll curves in
Figure4.10reveal typicaload-displa@ment patterns. The loading rate does not seem to
have a significant effect on the trend dahdshape ofoad versus depth curves excémt

some experimental scatter in over two orders of magnitude variation in the loading rate.

Furthermore, hysteresigs is essentially unaffected to any significant extent.
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Figure 4.10 Indentation curves performed using 300mN maximum load with varying
loading rates(a) equiatomic TiNi, (b) age@ONiTi, (c) annealed 60NiT{d) solution
treated 60NITi

Maximum load andnaximum deptlof all data were plottedFigure 4.11) to assess the
effect of loading rate on the deformation characteristics of superelasti@i@NGONITi
(aged, annealed and solution treatédjcording toFigure 4.11 the maximum depth of
penetration seems to increase linearly wahd for all loading ratesData generated
using different loading rates overlap with some scatter at high maxiloads. This
behavior indicates that the superelastic behavior of Tiéhid 60NiITi, under the
indentation conditions used in the present work is independent of loadingodtether
confirm this b&avior, anelastic recovery ratiovas calculatedfor all loadingunloading
curves The elastic recovery ratio is calculatedtss totalarea under the unloading curve
over thetotal area under the loading curve. The average elastic recovery ratio is plotted as
a function of loading rateas shown in Figure 4.12Zhe recovery ratio indicates the
extent of elastic recovery during deformatidine error bars indicate the scattérthe
elastic recovery ratio calculated for various maximum loads at different loading rates.

The elastic recovery ratio represents ddsgechnique in assessing the effect of loading
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rate on the superelastic behaviortioé alloys as this method takes the whole loading
unloading curve into consideration, as opposed to Figure 4.11 where only the maximum
load and maximum depth were coresield. The average elastic recovery rafar the
equiatomicsuperelasticTiNi obtained from nanoindentatias about (63. Here, elastic
recovery ratio is over 7 times that of AISI 304 stainless steel (QF&fhat & Zhang,
2010),although the hardness of both materaissimilar. The high elastic recovery ratio

of TiNi constitutes a high dent resistance compared to conventional materials. That is, the
superelastic TiNi has the capacity to accommodate high denting loads without
permanently deformingThe average elastic recovery ratior 60NiTi (aged, annealed,

and solution treatedjreabout 0.53, 0.46 and 0.53, respectivélycloser examination of
Figure 4.12 revels that the elastic recovery saticehigh at low loading ras and dropo
steadystate as the loadingate increasesAn approximag 10-15% dropis observed in

the elastic recovery rias. This indictes a mild drop in superelasticity as the loading rate

is increased. Thidehavior might be attributed to retardati of the stressnduced
martensitic transformation, i.e., the retardation of twin boundary mobion loading at

high loading ratesTherefore, mor@lastic deformation takes place untlee indenter tip,

which leads to less recovery upon unloadinge $hght dependency of superelasticity on
loading rate (Figure 4.12) is nolearly evident from Figures 4.10 and 4.11, as the elastic

recovery ratio represents a better measure of the amount of elastic recovery.

According to Figire 4.12(b) annealed 60NiThaslower elastic recovery ratio compared

to aged and solution treated 60NiTi. The lower elastic recayetye annealed 60NiTs
attributed to its higher E/H ratio (Table 4.Tpble 4.1 summarizes the mechanical
properties of equiatomic TiNi, 60NiTiaged, annealed and solution treatad)l steel

The elastic recovery ratio given in Table 4.1 is the average value calcfdataiti the
loading ratesilt is interesting to note thalhe average elastic recovery for the equiatomic
TiNi and 60NiTi under dferent treatments are similar (except for annealed 60NITi).
Aged and solution treate@DNiTi exhibit a hardness value$ aboutthree times that of
equiatomic TiNi, while their E/H values are lower than that of equiatomic TiNi. It can be
concluded that agl and solution treated 60NiTi show enhanced superelastic behavior

and superior hardness over equiatomic TiNi.
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Figure 4.11 Max depth versus max load as a function of various loading (a)es
equiatomic TiNi, (b) age@0NiTi, (c) annealed 60NiT{d) solution treated 60NITi
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Table 4.1 Mechanical properties of equiatomiidNi, 60NiTi (aged, annealed and
soluton treatedand AISI 304 stainless steel

Properties Hardness| Yo un g 60 s | Elastic Recovery E/H
P (H) (GPa)|  (E) (GPa) Ratio
EquiatomicTiNi 3.2 49.8 0.53 15
60NITi (aged) 9.7 121.6 0.53 12
G6ONITI 5.3 92.7 0.46 17
(annealed)
GONITi 9.3 113.3 0.53 12
(solution treated)
AISI 304 2.7 229 0.07 85
stainless steel

* Farhat, Z., & Zhang, C. (2010).

The average hardness and the average Young
of loading rateas shown in Figures 4.13 and 4.1dspectively. Therror bars indicate

the <atter in average hardness andoXa n g 6 s modul us data <calc
maximum loads at different loading ratéss the loading rate is increased, there is no
significant change i n t hAccordiagriaFigures 4.13@)nd Yol
and 4.14(b), anneal ed 6O0Ni Ti showed | ower
aged and solution treated 60NITi.

51



N
o
1

Hardness (GPa)
RN
o o

=
o
1

0.5

0.0

=
N
]

vas
-
p—

(@)

0.E+00 8.E+03 2.E+04 2.E+04 3.E+04 4.E+04 5.E+04
Loading rate (mN/min)

o
1

Hardness (GPa)
' .
g
|—§§—|
8
i
e

4 _
) - Aged
| -£+-Annealed
—A— Solution treated
O T T T 1
0.E+00 5.E+03 1.E+04 2.E+04 2.E+04

Loading rate (mN/min)

(b)

Figure 4.13 Hardness as a function of loadimate (a) equiatomic TiNi (b) 60NiTi

(aged, annealed and solution treated)

52



w N (o) (o) ~
o o o o o
1 1 1 1 ]

Young's modulus (GPa)
N
o

0.E+00 8.E+03 2.E+04 2.E+04 3.E+04 4.E+04 5.E+04
Loading rate (mN/min)

(@)

§120 =g g Q=== -------o- - $
5 ;
%) %'_ ______
= - - o= msssSsssssssssT"
: Pod-t
o
S
_g 60 -
c
>
S 40 -
- Aged
20 - -£+-Annealed
0 —A— Solution treated
0.E+00 5.E+03 1.E+04 2.E+04 2.E+04
Loading rate (mN/min)
(b)
Figure 414Youngb6s modul us ang rata (a)f equmatmriéc TNi,(b)o f | o a

60NITi (aged, annealed amdlution treated)

53



4.2.2 Indentation using Spherical and Sharp hdenters

Superelastic behaviomf TiNi is furtherinvestigated under high normal Isand high
loading ratesusing sphericaland sharpindenters Indentation testconditions for
superelastic TiNi with spherical and sharp indehtaregiven in Table3.4. Identical
experiments werperformed on AISI 304 steel for comparisdmwading and unloading
curves (load vs. depth) were plotted at various loading rateh test was repeated two

times to ensure accuracy and reproducibdityesults

Load-depthcurvesas a function ofoading rateunder700N maximum loadgenerated

using aspherical indenter arghown n Figure 4.15The curves in Figuréd.15represent
typical load \ersus displacement patterndt is clear from the figure thamost
deformations haveecoveredduring unloading as a result of superelastic behavior. And,
the change in loadingtedoes not seem to hagenificanteffect onthe trend and shape

of load versuglepth curves. These tests seem to exhibit more scatter compared to those

generated using Berkovich indenter.

800 -+
700 -
600 -
= 23N/min
— 500 A = 35N/min
= 38N/min
< 400 - =A46N/min
S ———53N/min
1 e 70N/min
300 - = 87N/min
e 140N/min
e 175N/min
200 - 233N/min
e 350N/min
100 - 700N/min
e 1400N/min
e 2800N/min
0 T T T 1
0 50 100 150 200 250
Depth (em)

Figure 4.15 Loadingunloading curves of superelastic TiNEng spherical indenter

under various loading rates
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Furthermore,dadingunloading curves generated using a sharp indenter as a function of
loading rate are given in Figures 4.16. The curves showypical load versus depth
patternslt is also evident fronfFigure 4.16 thatindentationperformedusingthe sharp
indenter show residual strain as a result of plastic deformatmost unloading In
contrast strairs generatedising thespheri@l indenterwererecovered after unloadirtg
higher extent (Figure 4.15)

800 -
700 -
—23N/min
600 - 35N/min
=—38N/min
_.500 - ——46N/min
Z ——53N/min
< 400 - ~—70N/min
s —87N/min
= 175N/min
=233N/min
200 - = 350N/min
=700N/min
100 - ——1400N/min

= 2800N/min

0 50 100 150 200 250 300 350

Depth (em)

Figure 4.16 Loadingunloading curves of superelastic TiSingsharp indenter under

various loading rates

On the other hand, the deformation behavior of AISI 304 staistess isfound to be
different from supeelasticTiNi. Loadingunloading curvesinderspherical indenter are
shown in Figures 47, while the curvesundersharpindenterare shown in Figre 4.18
The curvesgenerated usingpherical indenter sk small recoverable deformation as
comparedo sharp indenterAn average recovemyf about 20%s observed for AISI 304

stainless steel as compared @84 recovery for superelastic TiNi.
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Figure 4.17 Loadingunloadirg curves of 304 stainless steel ussygherical indenter
under various loading rates
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Figure 4.18 Loadingunloading cures of 304 stainless steel ussitarp indenter under
various loading r@s
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The elastic recovery ratioalculatedfrom forcedisplacement curves arplotted as a
function ofloading rats is given inFigure 4.19 The average elastic recovery ratfor
superelastic TiNusingspherical and sharp indergere0.73 and 0.51, respectivel@n

the other handthe average elastic recovery ratior AISI 304 steelusingspherical and
sharp indenterare0.28 and 0.23, respectively. The erbars indicate the scatter of the
elastic recovery ratios calculated farwus loading ratesndentationusing a spherical
indenterexhibitshigher elastic recoveryatio thanthe sharp indenter, whicts attributed

to largeunrecoverabl@lastic deformation at the tip of tiskarpindenter. It is interesting

to note that elstic recovery ratis computed using Berkovich indenter atite sharp
pyramidal diamond indenteurfderwide range ofloading rate) are similar, i.e., 0.53
using Berkovich and 0.51 usimyramidalindenter.The average elastic recovery ratio for
superelast TiNi is higher than that of AISI 304 stainless steel, which has similar
hardness. Thibehavioris to be expected as the AISI 304 stainless steel undergoes a non
recoverable plastic deformation Wi superelastic TiNi undergoes recoverable
deformation.The present experimental results show thgierelastic TiNhas superior
recoveryduring indentation loading conditions and can accommodate high localized

compressive loads without permanently deforming.

1.2 - —&— Spherical TiNi
-++4¢-+ Sharp TiNi
--0==-Spherical 304 steel
=G~ Sharp 304 steel
je
= q
Py
[<H)
>
(@)
SRUGIED ' I oS ey SR u
8 A& e B A
0
©
Ll
O T T ! ! I I
0 500 1000 1500 2000 2500 3000

Loading rate (N/min)

Figure 4.19 Elastic recovery ratio as a funstion of loading remgspherical and sharp

indentes
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4.2.3 Prediction of Indentation Behavior of Superelastic TiNi

During indentation loading of superelastic TiNi, it initially undergoes puestie
deformation of the austenite phase. In this stage the contact mechanics and stress
distribution under the indenter follow Hertzian type contact. This behaviour is similar to
that of ductile single phase materials with no phase transformation. Howéwen the

load applied to the indenter reaches some critical value, a transformation from austenite
to martensite and detwinning of martensite take place. The transformation involves a
drop in the elastic modulus, which in turn, affects the stress ldison below the
indenter. Upon further loadingnartensitedefams elastically andalters theelastic
modulus of the system, which again modifies subsurface stresses. As the load increases
further, the stress level reaches the yield stress of martenpibe, which plastic
deformation takes effect. It should kenphasizedhat the volume and distribution of
austenite and martensitnd subsequently the elastic moduli under the indecit@nge

with applied load in accordance with the stress distributemehath the surfac®ue to

the evolutionof regions of all austenite, all martensite and regions where both austenite
and martensite exigtvhere the transformation takes plgaeis difficult to determine the

size and exact location of these regioRgithermore, giverthat both deformation and
transformation occur simultaneously in different regions under the indenter and as each
region has different elastic modulus, it is difficultpedictthe overall deformation from
current single phagadentation model§Amini, Yan, & Sun, 2011)

In indentation experiments, the elastic modulus and hardness of the materials are
normally determined from the upper 25% of the unloading curve. Therefore, based on the
above argment, the elastic modulus of superelastic material determined from indentation
tests employing Oliver and Phd®liver & Pharr, 1992)nethod takes into account only

the interaction between deformation and phase transfiomen the upper 25% of the
unloading curve. This is because the elastic modulus of TiNi determined from indentation
is afunction of load (i.e., and depthit every load value in the load versus depth curve
obtained from indentation experiments, thesetamodulugs controlled bythe individual

elastic deformation contributions from austenite, martensite and elasticity that

accompanies transformatiamd detwinning of martensite
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In order to enhance our understanding of the indentation behaviouresEmgic TiNi,
contactarea mean contact pressure, max subsurface shear stress and depth are calculated
using an effective modulubatvaries with load. For simplicifyHertzian contact analysis

is employed (assuming a rigid spherical indenter). Inpifesent analysis, an effective

elastic modulus is defined as follows:

(o] O - O - O -— Equation 4.1
where,
— Equation 4.2

The parameters in Eqtion 4.1 are determined from the strestsain diagram for
superelastic TiNi given in Figu€20 E6s g@rmsd afr e t he sl opes of
corresponding strains associ at edistheitdtah r egi
strain. Tabk 4.2 gives the parameters useddquation4.1 The effective modulus @& )

is the weighted average of contributions from the initial elastic austenite regjonhg
superelastic (plateau) regionyJEand the elastic martensite region)(E e spec4 i vel y.

f3a n daregstress dependent and are calculated as follows:

regionl,mm , , h T Equation 4.3(a)
region 2,, , . ht 7 T hORITQ — Equation 4.3(b)
region 3, , . . h 7 7T §hOITQ ——  Equation 4.3(c)

where Ui a n dr aré theforwmards t art and f i ni sh  isthayeki ti on
strength of martensite (see Figut0). The effective elastic modulus (&) represerg

an aveage value fothe system. In other wordd is assumed that the elastic modulus at

any point below the surface is constant for a given load and indenter depth and is equal to

*

Eeﬁ .
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Figure 4.20 Room temperature strestrain curve for superelastic TiNi

Table 4.2 Parameters for Equation 4.1

E1 E> Es Uts Ose Urs Clrf Fis | Fr | Frs | Fif
(MPa) | (MPa) | (MPa)| (MPa) | (MPa)| (MPa)| (MPa)| (N) | (N) | (N) | (N)

Loading | 44000 | 330 | 18000 410 | 426 - - 9 |205| - -
Unloading| 44000 | 2000 | 18000 - - 180 60 - - 63 | 0.7

Note: J is 9 x 10’ for loading and 2 x 16 for unloading,3 and (3 are calculated at
increment of 50MPa from stresgrain diagram (region 2 and 3 in Figure20.

During unloading, the reverse process takes place, i.e., elastic recovery of martensite,
martensite to austenite transformation and elastic recovery of austenite. All these
mechanisms, simultaneously, occur at different deptiter the indenter. Sinaitly, the

effective elastic modulufor the unloading cycle can be calculated using Equation 4.1.
Herer egi ons 1, 2 and 3 ar e andcapdssociatedwiththe r e gi ¢
unloading path in Figuré.2Q 11, ¥> andfs are replaced b6 1,6 ds0d r es frect i ve
is calculated from Equation 488y s ub sgantduviiitndg ndd, Gwheance 0

O are the reverse transformation start and finish stresses. Parameters used for the

calculations of B for the unbading pathare given in Table 2.
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Now, i n order to determine the i ndent ati ol
Figure4.2Q, the following equation is usd€&ischerCripps A. C., 2007)

o ., - Equation 4.4

wher e, R is the indenter r adinbsdeteriniheel fromoad c
Equation 4.by substituting & for E . The dependence of the effective elastic modulus

(Eert ) of superelastic TiNi on indentation load is shown in Figugd Theloading curve

in the figure shows thatthe value ofifEi s constant i n tshwherd oad r
Fis is the load at which the forward austenite to martensite transformation starts (see
insert in Figure4.21). In this range, the value of£ is the elastic modulus of austenite

which correspond to the first term in Equatin. In the load rangedfO  F g (forwérd

finish transition load) the effective elastic modulus drops sharply due to the austenite to
martensite transformation and datwing of martensitéhat is accompanied by large

strain. The value of & in this range is calculated from the first and second terms in
Equation4.1. Here, thecontribution from both austenite elasticity and strain associated

with transformation are cobined as both process take place simultaneously at different
depths in the specimeWith increasing loadEe; continues to drop athe contribution

of the superelastic transformation increases. When the load is raised apmatEnsite

undergoes lastic deformatiorup to its yield load The effective elastic modulus in this

load range is determined by adding the contributions associated with austenite, austenite

to martensite transformation, and elasteformation of martensitEquation4.1). The

reason for adding all three contributions in this load range is that all effects are taking
place simultaneously at different deptmder the indenter. In this region, the value of

Ee rises gradually with logdas the contribution of the elastic defmtion of martensite

increasegsee insert in Figuré.21).
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Figure 4.21 Effective elastic modulus of superelastic TiNi as a function of indentation

load

Upon unloading, the contribution of the elastcovery of martensite is dominant and

decreases slowly as the load is reduced downstomAich is the start of the reverse

transformation from martensite to austenite. Reducing the load beloredaces the

effective elastic modulusas a result of thereverse transformation. When the

transformation is complete ag,Fonly austenite elastic recovery takes place Ef rises

sharply It should be emphasized, here, that similar to the loading ,cytleng

unloading, in region where F >sFelastic reovery of martensiteaeverse transformation

and recovery of austenite all occur simultaneously at different depths and their individual

contributions vary with load. For the load range#O F O Fs, recovery is due only to

the reverse transformation and elasticity of austenite. Wioitef: < R+, only austenite

contributes to elastic recovery. As expected, the valuess@nB K for the unloading

curve are lower thaRy and ks of the loading arve, respectively.
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Employing the Hertzian theory, the contact rad{a) can be determindécbm (Fischer
Cripps A. C., 2007)

) - Equation 4.5

where, F is the applied indentatimad and R is the effective radius, which is related to

the radius of the individual components by

- Equation 4.6

In this study, specimens are flat, which makgsdfer P a n goendRTheintdRSIity

of the contact field can be determined from the mean contact presgure (P
Equation 4.7

Whi | e,
below the surface, can lealculated from,

t he ma x iqnlocatedsaloegahe contact axis @ a depth of 0.5a

T mP Equation 4.8

Table 43 summarizes the data fdre tungsten carbide (WC) balygerelastic TiNiand
AISI 304 stainless ste@fFarhat & Zhang, 201Q)sed in the Hertan analysis.

Table 4.3 Data for Hertzian analysis

Elastic Modulus, Poi s s o Radius, R Yield Stress
E (GPa) Rati o, (mm) (MPa)
TiNi (Table4.2) 0.33 - 872
AlSI 304 229 0.30 - 900
stainless stee
WC ball 600 0.26 3.18 -

The variation of maxnum shear stress and its depth beneath the surface ofanidNi
AISI 304 steel are given in Figu4.22a,b). It 5 apparenfrom the figure that the
superelasticTiNi behaves in amannerthat is different fromconventional elastic
materials. The loading curve Figure4.22a) shows that TiNi mamum shear stress

increases rapidlyith applied load. This rapid rise ig, is associated wittthe pure
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austenite phasé}, continues to rise upto the austenitentartensite transformation load
(Fss). At transformation load the memum shear stress remains steady with increasing
applied load as a result of the martensite transformation and detwinning of martensite.
This plateau at}, is accompanied by drop in thefedtive elastic modulus (&) upto the
load corresponding to the end of the transformatigy) (Figure4.21). This behaviour
can be explained as follows. N&h the transition loadF:) is reached the volume of
material where the transformation occurspands rapidly as a result of superelastic
behaviour, aalogous to the rapid increasesdtrain when the transition steess reached

in uniaxial tensileloading. That is, the contact area increases at a rate that gives no
significant increase in(s. Above the load where martensite transformation and
detwinning occurs (@, martensite starts to deform elastically and consniwedeform
until it reaches the yield load of martensite this load range, the value G increases
gradually with load.The uroading curve in Figuret.22a) show a drop in maximum
shear stress as theatl drog down to K, where thereversetransformation begm
Below this load the maximum shear stress dra@d@wer rate down to k below which
only austenite exists and rapid drop in maximum shear stress docgeseral, he depth
where maknum shear gists increaseswith load (Figure 4.22b)). However, adrop in
depth of maximum shear occurs as the load is raised alogedFmartensite bets to
deform elastically. Thaunloading curve show similar trende., a drop in depth of
maximum shear stress with load down tg whereslight rise in depth as the reverse
transformation begins, followed by rapid drop in depthUpfas the contributin of

austenite increases.

The general trenabf AISI 304 follows an expected pattern for conventional elastic
material, where the max shear stress and its depth increase with applied load. The steel
shows a very rapid increase and high max shear stregzaced to TiNi, although both

TiNi and 304 stainless steel have similar hardness, as evident from the insert in Figure
4.22a). The variation is attributed to lower effective elastic modulus associated with
TiNi as a result of superelastic effect. The tlepitthe max shear stressngich highein

TiNi compared to AISI 304 stainless steel (see insert in F@ZDb)).
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Figure 4.22 (a) Maximum shear stress as a function of applied indentation load,

(b) Depthat maximum shear stress as a function of applied indentation load
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The mean contact pressyf,) and contact area &snctiors of applied indentation load

are plottel in Figure 423(a,b). It is evident from the figure that the mean contact pressure
increase sharply at low loads (in the austenite range) until a plateau is reached, where
austenite to martensite transformation takes effect. This plateau is accompasieaty
increase in contact area as a result of a drop in the effective elastic modulus associated
with the transformation. In this region, as the load is increased the contact area is
increased accordingly to maintain constant mean pressure. As this plakesthe
transformation zone under the indenter increases. Post transformation the contact area
initially drops slightly as martensite begins to contribute to the effective elastic modulus
of the system. Thibehavioris followed by gradual increase aonta¢ area and mean
contact pressure with applied load as the contribution of the elastic deformation of
martensite to the effective elastic modulus rises. The plots for the steel follow the
expected increase in the mean pressure with load and smaih restact area (see
inserts in Figre4.23(a,b). It is notel that plastic deformation in AISI 304 stainless steel
starts at about 4N load, which correspotal a mean pressurd about 900 MPa (i.e.

yield strength in tension). Here, plastic deformai®mitiated 18 um below the surface

as the maxmum shear stress reaches abd60 MPa. On the other hand, superelastic
TiNi begin to deformplastically when the indentatiolobad reaches/70 N, which
correspond to a nean pressure of about 872 MRa.(yield strength of martensite).
Plastic deformation in superelastic TiNi starts at immaxn shear stress of 435 MPa at

250 um below the surface. This argument reflebe large size of the transformation
zonefor TiNi. That is, the transformation begins whbe maximum shear stress reaches
about 200 MPa at a load of about 6 N and depthboiit 30 um below the surface. And

as the load is increased the transformation zone extends to aboutn2%@lpw the
surface at the onset of martensite yielding at BIFa. While the depth of the plastic

zone at the onset ofielding for 304 steel is onl\i8 pm. The large size of the
transformation zone for superelastic TiNi explains the large elastic recovery observed in

indentation tests.

Based on the above analysise tuperior dent resistance of superelabilii over steel,

which has similar hardness, is evident. The load (applied through a given spherical
indenter) that nduces plastic deformation in superelastibli is over two orders of
magnitude higher than that AlSI 304 steel.
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Figure 4.23 (a) Mean contact pressure as a funtion of applied indentation load,

(b) Contact area versus load
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Furthermore, lte residual indentation of superelastic TiNi and AISI 304 stainless steel
wereexaminedusing SEMand optical profiler. Figurd.24a,b)shows SEM images of
indentatios performed usingibout 600 N load for AISI 304teel and superelés TiNi

using 3.18 mm spherical indenterlt is apparent thafliNi residual impressionis
significantly unnoticeablecompared to that for steeThis behaviour is attributed to
higher contact area, lower mean pressure and larger recovery associated with superelastic
TiNi as compared to AlISI 304 steeDptical profiler scan post indentati@bso reveals

the superior depth recovery for superelastic T{Rigure4.25 (a,b). It is interesting to

note that although the applied load is below the martensite yield load for Tilgratie

scan shows residual depth of aboatn® (Figure4.26). Thisbehaviormight be due to the

fact that the material surrounding indentation is constrained, which hinders full reversible

transformation and recovery.
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Figure 4.24 SEM micrograph of indentations performed using 600 N load for: (a) AlSI
304 steel, and (b) superelastic TiNi
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Figure 4.25 Optical profiler image of indentations performed using 600 N load for: (a)
AISI 304 steel, and (b) superelastic TiNi
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Figure 4.26 Steel and TiNi indentation depth under 600 N load and spherical indenter
(section is through the miée of indentation in Figure 4.25

Next, the effect of the effective elastic modulus on the load versus depth aurve
superelastic TiNi iexamined and # predicted curves validated against exgpimental
data. According toHertzian contact theory, the loaepth relationshigfor spherical
indentens given by(FischerCripps A. C., 2007)

O -OY'Q Equation 4.9

where, h is the depth of indentation. In this study, this Bubstituted with the effective
modulus of elasticity developeabove and given bydtiation4.1. Figure 4.2(&) gives

the loading cycle of the predicted and experitabtoaddepth curves. The predicted
curve is in good agreement with the experimentally obthourve, in partialar, in the
load range upto 250. In this load range, the depth of penetration increase with applied
load upto the end of the austenite tort@asite transformation load ¢Fof about 229N.
Elastic deformation of austenitillowed by martensitictransformation accompanied by
large increase in deptfdue to drop in B ) dominate this load range. As the load is
raised over F, a drop indepth occurs as edert from the insert in Figure 4.25). Here,

the drop in depth is attributed to the onset of elastic deformation of maetansitthe
associated increase B . Raising the load further increases the contribution of
martensite elaist deformation to the overall £ and depth continues to increase
accordingly. It is interesting to note that the experimental loading @lsgeshows a
drop in deptharound F, in good agreement with the predicted results. BoghaRd its

correspondig depth agree well with the experimental vall&swyever, he drop in depth
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in theexperimentatesults is less pronouncéuan the predicted orend could be missed

if the test is not done carefully, i.e., the transition from one region to the iother
experimental loaedepth datds gradual and sometimes difficult to observe. PasthE

depth continue to increase and deviaftmm the experimentalurve increases with load.

At the maxmum load, the difference is about 30%, which represent the maximum
possible error. This deviation might be due to the added elastic deformation from
detwinning of less favorably orientedartensitegrainsat loads past # This behavior

can result in higher depth than predicted results.

In the unloading cyel of he loaddepth curve (Figure 4.23)), the reverse process
occurs. Here, an increase in the depth is evident as the lgaceriters the reverse
transformation region and the elastic deformatibmartensite ends. #Aseen irihe insert

in Figure 4.27b), thee is a good agreement between the predicted and the experimental

reverse transition load @rand corresponding depth.
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