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Abstract

Dissimilarjoining betweerNickel-Titanium (NiTi) and stainless steel (SSpissignificancen many
areagspecially biomedical applicatisrhowever, achievingeliable NiTFSSjointsis highly challenging
due tothe formation ofbrittle intermetallic compounds (IMGQsn the fusion zong(FZ) or the interface
Two strategies can immarizedo addresghis issue (1) restricting the mixing of molten metadsd
(2) replacing themost harmfulLaves (Fe,Cgli with ductile phases The former oneposes large
processingomplexityandmaylead toNiTi plasticdeformationdegradinghe functionalpropertiesThe
latterstruggles teliminatebrittle IMCs entirelyin the FZand mayintrodue toxic elementsThis research
investigatel both aspects toontrol the microstructurandproperties of NiTiSS joins by leveraging the
flexibility of laser beam and thtaermomechanical process of resistance welding

The combination oflaser beandefocus andiarge offset enabled the laser wetdazingof NiTi and
SS wires. This approaclsuccessfullyeliminatedthe IMCs network irthe FZ, shifting the conventional
andcompkex FZbrittlenessssueto afocus oncontroling thebrazednterface Additionally, laser welding
mode significantly influenakthe macrosegregation and porositythe FZof NiTi-SS joints.Low laser
power density and long welding timatigatedthe macrosegregation apdrosityby weakeninghelaser
keyholeeffect andorolongingthemolten poolduration In NiTi-SSlaser weld FZlarge pores were caused
by the instabilityor collapse othelaserkeyhole while small poresriginatedfrom the Ni vaporization.

Both IMCs controlstrategiesvereinvestigatedn resistance spot welding (RSW) of NiTi and 186
the first time The use of Nb interlayer resulted in@iquesandwichstructuredoint, wheretwo FZswere
separatedby solid-stateNb, suppressinghe mixing of dissimilar molten metalsb-containing eutects
formed atboth interfaces,enhancing thgoint strengthwith a 38% increase in fracture load and a
remarkable 460% increase in energy absorptim@nother approacltncreasing Ni concentration via a
melted Ni interlayeeffectivelyreplaced~exTi with relatively ductile NiTi in the FZ However,high Ni
content also induced large pores and cracks, limiting the effectiveness of this strategySs IRIW.

A novel processing approach leveraging interfacial liquid control was propad@dyinga solid
state joined interface in NiF$S fusion welding (e.g., resistance microwelding) withemyt additional
interlayers. The produced NiTiSS joints showed superior strength, superelasticity awcdrrosion
resistancecompared to NiTi joints or base metal. The ultrathin reaction layer at thessat@ljoined
interface contributed to a strong metallurgical bonding, while Joule heating effects and interfacial

reactions enhanced superelasticity acarosion resistancef the joint. Notably, a face centereecubic

Vi



(FCO) reorientated laygilROL) was foundetween SS and IMC layat thecontrolledultrathin interface
The formation of this ROL was uncovered basedaorepitaxial growth modelThis ROL introducedh
strongcrystallographiamismatch with the textueSS resultingin the fractureat thisinterface These
phenomenafindings offer valuable insights fostudying material interface andontrolling dissimilar

metal welding process.

Keywords: NiTi, stainless steeldissimilar welding, intermetallic compounds, material interface,

microstructure, mechanical properties.
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Chapter 1 Introduction

1.1 Background

Driven by rising diseas@revalenceextendindife expectancy andgingpopulation globalmedical
device manufacturing markistgrowing rapidlyandestimatedo increase frond SD 65.9 billion in 2021
to USD 113.3 billionin 2026 by an annual grow ratef 11.5%[1]. The COVID-19 pandemiavasalso
accelerating the expansion and upgttaxhof the medicatlevice industrySinceits discovery inhe1960s
at theUnited StateNavy Ordnance Laboratory (NOLNickel-Titanium (NiTi, also known as Nitindl
has beerconsidered asne of the mospromisingbiomedical material$or fabrication ofbiomedical
devices, thanks toits excellentfunctional properties ahape memorgffect (SME) and superelasticity
(SE), mechanical properties and biocompatibi[igy 5]. Nowadays, the applications of NiTi as an
implantable material or in medical devices span nearly the entire human body. These include uses such a:
dental arch wires, heart stents, and foot bone fixation, demonstrating its versatility and significance in
modern medicing6]. As a conventional biomedical materighisless steel (S$as already been widely
used especiallyin somecircumstancgrequiring highcorrosionresistanceind goodormability [77 9].

The dcevelopment ofthe medicalindustry promotesthe demand for multifunctiondtiomedical
devicesthat combine various materials to take advantage of their unique functional or mechanical
propertiesDissimilarwelding of NiTi to SSis of significant prospect sincedan expand applicatioof
both materialsand contribute to the successful fabrication of multifunctional devices for medical
diagnosis and therapytor instancejn a NiTi-SS hybrid orthodonticdevice the corrective forcen
abnormal teetls provided bysuperelastidNiTi wires,meanvhile SS wires caibe designed to taildhe
whole structurdy a better formabilitatndmake the device more anticorrosiweoral cavity[10,11] The
joining of NiTi and SS habeen applied for the designs of madvancediomedical devicgrototypes
such aghe multi-functional active cathetevith joined SSandNiTi coils [12] andthe flexible steerable
cannulabased orseveral SS segments connected by NiB]. Besides, NiTisteelwelding isalsowidely
usedin aerospaceautomobile, sensor, rolcd and other industrie$:or instance, Boeing has developed
a variable geometry chevron on the jet engivieich may require the joining between Nidased shape
memory alloy and steel she¢igl]. The advanced automobile designs of active louver, grab handle and
air dam are made of NiTi sheet, which need to be welded tessteetiureg14]. Some robotic prototypes

also call for the joining of NiFES strip415].



Achieving reliable dissimilar joining between NiTi and SS while ensuring the desired joint properties

is a criticalkey in the fabrication of these devicesstructuresVarious welding/joining techniqués.g.,

laser welding[16,17], electron beam weldind18], resistance welding19], ultrasonic welding[20],
friction welding[21], etc) have beemdoptedor this objective howeverNiTi-SS dissimilar welding is

still highly challenging as the weddjoint is usually extremely brittle due tbeformationof many types

of intermetallic compounds (IMCsh theweld zone Some typical dissimilar welding defects exist in
NiTi-SS joint. The degradation of NiTi or SS mechanical/functional properties after welditsp ian
issue. The biocompatibilitsnd corrosiomesistancef NiTi-SS joins also need to meet the requirements
for pradical and specifi@applications. All thes@int properties are related the microstructure of NiT4

SS weld. Therefore, understandiagd controllingthe microstructuren NiTi-SSwelds are crucial to

enhancehe comprehensiveroperties of the joints.

1.2 Objectives

Thegoalof this study isd achieve the reliable dissimilar welding between NiTi andT®3romote
the achievement of this goal and to deepentiterstandingf dissimilarweldingin amultiple-alloying-
element system and material interfabedetailed objectives can be as follows

I.  Understand the metallygftheNi-Ti-Fe-Cr system and contréheformation ofMCs and weld
defects intheNiTi-SSfusion zongFZ) with the flexibility of laser beam.

II.  Investigate the effects of two IMCs control strategies, i.e., mixing restrictiomrttid phase
reduction in resistance spot welding (RSW) of Ni$5, based orthe thermomechanical
processing.

[ll.  Built upon thebetter understandingf the mixing and interface between NiTi and SS, propose
new approach to realize superior comprehensive properties ¥88jdint andexplore the nature

of dissimilarmaterialinterface

1.3 Thesisoutline

Chapter 1 introduces the research backgraunttobjectives

Chapter 2oriefly overviews thematerial sciencef NiTi and SS base materialBundamentalsind
some casstudiesof laser welding and resistance welding @renintroduced. Tie recent progress on
NiTi-SS dissimilar welding is reviewetdhencethe related weldingproblems andhe strategies are

summarized



Chapter 3corresponds$o objective . This chaptefocuses on the influence of different heat input
modes (combinations of laser power densitglding timeand beam offsg¢ton microstructual evolution
andmechanical properties of laser welded N&$joints. The weldbrazing mode ischievedvhere the
FZ IMCs network can be eliminatdeormation mechanisms and mitigation stratefjgnacrosegregation
and porosityarealsodiscussed

Chapterd correspond$o objective . This chaptemvestigatedor the first time thefeasibility of the
two IMCs control strategein NiTi-SS RSW The joiring and failuremechanismef RSWed jointsare
uncoveredSome new insightare provided whenombhning the RSW thermomechanical processing and
the IMCs control strategider NiTi-SS joining

Chapter5 corresponddo objective . This chapter presents a nowagproachduring resistance
microwelding integraing the advantage®f both fusion and soliestate welding methods. The process
window, microstructureandcomprehensivpropertieof welded joints are studied. The ultrathin NiTi/SS
interfacewith some newphenomenés investigated

Chapter 6 summarizes tlikey conclusions of this thesis araffers recommendation$or future
researcldirectionsin thisfield.



Chapter 2 Literature review

2.1Introduction of NiTi and SS

In this sectionthe base material®r welding, namely NiTi and S&re introducegwith a focus on
their chemicalcompositiors, crystal structurg® microstructurs, phase transformationmechanicabnd
functional properties and weldability Special emphasis is placed on NiTi, as its performance is often
more critical, and many welding challenges in NbB joints typically arise from the NiTi sidé should
be notedthat the introduction of these twoaterialsin this section idrief, always with grimaryfocus

on weldingrelated aspects.

2.1.1Physical metallurgy ofNiTi

NiTi shape memory allg{SMAS) areagroup ofequiatomicor nearequiatomidNi-Ti binaryalloys
known for their uniquefunctionalproperties, including shape memory eff@8ME) and superelasticity
(SE). Although SME was first discovered in Aod and IATI alloys in the 1990s [22,23], it gained
widespread attentioafter NiTi was identified by Buehler et al. in NOL in 1963 (Ni+Ti+NOL=Nitinol)
[24], thanksto its better mechanical propertieffering enhancegbotential forpracticalapplicatiors. Fig.
2.1aexhibits the development history of NiTi SMAg. Nowadays, NiTis commercially used in various
industries particularly inbiomedical devicdabrication[25] (Fig. 2.1b) As the demand for specialized
applications grows, further processing of NiTi, including weldisgylaying a critical role in meeting

specificindustrialrequirements.
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Fig. 2.1The development histogndbiomedicalapplicationsof NiTi SMAs [6,25].

Fig. 2.2 presents the Nii binary phase diagraf2]. The NiTi regionis located around 50 at.% Ni
Within this region NiTi has mainlywo stable or metastable phases, i.e., austamitenartensite. The
crystal structures of thes@o phases are shown in Fig. 32%5]. Like the concein steel, austenite is
the hightemperature phase of NiTi with a B2 Ca§jbe ordered structur@vhich can be considered as

two interpenetratingimplecubes), and the lattice parametera® 0.3015 nmNiTi martensite is the low

temperature phase withBt1 9 6 mo n o c | .iTheilattice parameters apd0£2889, 30.4120,
cd0.4622(nm), ba96.8[2].1't i s necessary to mention that the
and sefaccommodated 24 variant$he twinned martensite can undergo a detwinning process by

externallyapplied stressR-phase is the intermediate phase that sometimes forms in the cagethat

5



maximum strain cannot accommodate the-BHB2 9 6 t r ansf o rnmmerdascopiaplastiwi t h o
deformationR-phasas influencedy dislocation, secondaihase precipitation and nanostructlreas
atrigonalcrystalstructure asit usuallyoriginatesrom theB2 {111} plane stretchingR].
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Fig. 2.3Crystal structures of austendad martensite of NiTR6].

Fig. 2.4 shows the experimentally observed NiTi austenite and martensite in different scales.
Annealed austenite usually exhibited a morphology of equiaxed g@brmuslytwinnedmicrostructure
could be observed in NiTi martensite tognsmission electron microscope (TEMhd the corresponding
selected arediffraction (SAD) in Fig. 2.4d indicated a <001> type Il twins.



NiTi austenite

%
T (000)N(111);_>
. (020) N

D
<011> Type II [101];/[110];

NiTi martensite

/.Z- 7 g‘n:\ i

Fig. 2.4(a, b) NiTi austenite observedapticalmicroscopy(OM) image[27] and TEMimage[28], respectively;
(c,d) NiTi martensite observed @M image[29] and TEMimage[30], respectively.

NiTi martensitic transformatiaare a series ofdiffusionlessphasetransformatios betweenNiTi
austenite and martensitecluding B2B 1 9 6-R-B B 2 0. Here&theanost significanbne namely the
B2-B1 9 6 t r a rnisdétaledasatis theanain driving forcéor several welknownNiTi functional
properties.NiTi martensitic transformatiogan be induced by either temperature change or external
appliedstress, and it is setecoverable in some cases. Fich ilustrates the schematdiagram ofNiTi
martensitic transformatiofinom austenite to martensite byffdrent routeg31]. By cooling NiTi down to
Ms, austenite starts to transform into twinned martensite, and the NiTi consistgirely twinned
martensite when the temperature is lower thanTkle twinned martensite variamgn sefaccommodate,
resulting in negligible macroscopic deformatidaring this temperaturecontrolled AM (austenite to
martensite conversely MA) transformation.Further apptation of external stress on ightwinned
martensiteenableghedetwinningprocesandcausesnacroscopic deformation of tieaterial In another
casethe external stress appliethe austenite can leaddoecttransformationnto detwinned martensite
with macroscopic deformation. Heating either twinned martensite or detwinned martersit@sigan
initiate the reverse transformation to austendad this M-A transformation iscompletedwhen the

temperature is higher than.
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Fig. 25 Schematic martensitic transformatsdsy different route$31].

2.1.2 Superelasticity andshape memory effect of NiTi

Superelasticity(SE) and shape memory effeCBME) are the mostwell-known NiTi functional
properties, and they are both based on the NiTi martensitic transform#tign26 presents théiTi
loadng-unloadng and heatingcooling curvesin which SE and SMEare describef32]. Superelasticity
is realized with the original state NfTi austeniteAfter thelinear elasticstage otheaustenite, continued
external stress results astressinduced transformation of NiTi austenite to detwinned martensith
an almost constant stress levéhe strain can be fully recoveratghen unloadedwithin this A-M
transformation periodbecausehe detwinned martensitanspontaneouslyransformbackto austenite
Thereversiblecurve is nonlinear and exhibaslifferent routecomparedo that inthe loadingstage with
an extremely large recoverable strain (cesach upto 10%). Therefore, this property is named
superelastity or pseudoelasticity The shapememory effect occursvhen NiTi is in the twinned
martensite phase during a loadimgloadingheatingcooling cycle. Applying external stresso the
twinned martensitéeads to detwinningvith nearlyconstant stressesulting insignificantmacroscopic
deformation This strainfleformation igetainedafter unloading. Heating this detwinned martensite up to
As completesthe M-A transformationand the resultant shape recoverySubsequently, theA-M
transformation occurs by cooling the austenite downstodgtoring the originadhape of the NiTi twinned

martensite.
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Fig. 26 NiTi loading-unloading and heatingooling curves showing SE and SNE].

The original phase determinegetherthe NiTi is superelastic or shapgemory, and it is very
susceptibléo temperaturechemical compositigrandmicrostructure As shown in Fig. Za[33], Ni:Ti
ratio affects the Mtemperature significantly even with a 0.1 at.% chaktigher Ni content decreases
the Mstemperature and thus contributes to the stability of austamit&Eatroom temperaturén contrast
Ti-rich NiTi is usually used for its SM& room temperatur&imply puttherer s a fAcompet i ti c
martensitic transformation and slipig. 2.7b describeshe occurrence of SME and SE under different
temperatures and stres$d4]. It is generally believethattransformatiofbased SE and SME are both
limited by slips (line A and line B)Some experimental resuliemonstratethei ¢ o mp e beiweeno n 0
phasetransformationand dislocatiorslip, as seen in Fig. 2c [35]. Microstructural factorsincluding
dislocatiors, secondaryparticlegphases, grain sizejgnificantly influencethe SME or SE behavior of
NiTi. The loadingunloading curves of coltblled (CR), gradienstructured (GS) and coargeained (CG,
usually through complete annealing to obtain the coarse equiaxed) dgidirsare shown in Fig. Zd
[36]. CR and GS samples, especidliye CR sample were not typically superelastizecause othe
formation of deformation texturgefined grainsand high-density defectqas revealed in th&EM
observation). These coldvorked structures might promote the slip instead tlié martensitic
transformationTherefore theinfluenceof any material processing.g, welding) onthe modification of
composition and microstructud NiTi should be takeinto accountto preserve oeven enhancée

functional properties.



Criti
( b) itical srre‘ss for Slip (A) (d )
1000
2 =
t SME ! -l
2 g <
2 2 600
2] H
B = _ E anof
Stess for Sip (g) E
z
200
0 L L L 1 1 L I i R
0.48 0.49 0.50 051 0.52 M M. A A 0
Mole-fraction Ni Temperature —~ 9
(c) 77.0K
2 1550k 164.1K
171.2K
/-7 Martensite-stable:
Twinned martensite to E
200 1827K — detwinned martensite i
193.3K 203.0K (3]
m r‘ﬁ { 7.
[
400 251.0K
= 241.0K
o 300 232.5K
= 200] | 227K — ustenite-stable
8 SE
oy | SE
k7]
2 o
2 276.5K o
& 600 2732K E
263.4K g
3]
400| s
Austenite is too stable to
achieve onefold SE;
200| Slip occurs
1000 nm
o 2 4 R R S . e T

Strain (%)

Fig. 2.7 (a) Schematiadiagramrepresenng the influence of Ni content on Ms temperature (conclddau [33]);
(b) Schematiaiagramrepreserihg theinfluence of stress and temperature on SE, SME anécslilude from
[34]); (c) loadingunloading curves of the Mich NiTi tested at different temperatui88]; (d) influence of

microstructure on NiTi SIE36].

2.1.3Metallurgy and weldability of austenitic SS

Steel isessentiallyaniron-basedalloy with some other elemengctingast h e i SNowadayse 0 .
stainless ste€ES)is one of the moshdispensablenaterials.SS is a traditiondbiomedicalmaterial; he
application of SS as a bone implant was repaatedarly ashe 1920s[9]. The term "stainless" refers to
the material's ability to resist staining, rusting, and corrosion. To achieve this "stainlessness," at least 11
wt.% chromium (Crshouldbe added to the iron matri€r forms a compact, selfealing oxide layer on
the surface of the steel, which prevents harmful reactions between iras amdounding environment
[37]. In addition to Crmodern stainless stagdually consists ofarious trace alloying elements to enhance
specific propertieg9,37i 39]. Ni, asan austenitestabilizing element, is added to SS émhance the
corrosionresistanceand obtainnon-magneticausteniic steelat room temperature with goddughness,

formability and wearesistanceUnlikei n  Ni Ti , t he c onc erpférs tathe highha u s t ¢
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temperature phase with a facentered cubic (FCC) crystal structuaéssoknownasa-Fe Various grades

of austenitic stainless steel are classified based on their compositmenalted applications, with 316L,

304, 302, and 321 SS being widely used in biomedical device manufa¢88jn8ddinga smallamount

of molybdenum (Motypically ~2 wt.% as in316L S can help improve corrosigasistanceo chlorides,

which arecommonly found in seawater and the human baddherefore mainly Fe, NiandCr (over 10

wt.%) fromthe SS side caractively contribute to théormationof the metallurgical systemuringNiTi-

SS weldingFig. 2.8 presents the typicahnealednicrostructures of 316L and 304 8®,41] two of the

most commonly used mediegiade stainless steelBoth materials primarily consist of equiaxed
austenitic grains with some annealing twins. Additionally, a small amount of residual ferrite is observed
in 304 SSA typical X-ray diffraction (XRD) pattern of austenite is presented in Fig. 2.8c, in which FCC

o-Fewasdetected.
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Fig. 2.8Microstructure of (a) 316L and (b) 304 S80,41} (c) XRD pattern ob-Fe[40Q].

Compared to NiTithe SS side encounters fewer challendesng NiTi-SS dissimilar welding.
Austenitic SS is generally regarded as the most weldable type distaeis¢here is nesignificantphase
transformation at high temperatufd4,42] It is still necessary tanderstand the weldability of austenitic
SS toensure the preservation it desired properties in the dissimilar joiustenitic SS haa high
susceptibilityto solidification cracking43,44], especiallyduringaweldingprocesswith high heatingand

cooling rats andnonequilibriumsolidification In Fig.2.9a and J45,46], a solidification crack formed
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alongthe weld centerline of austenitic S&ie to changes in solidification behavior and compositional
segregatiorwhich promotedcomplex austenitéerrite or their eutedatistructuresAnother issuan SS
weldingis theweakening ofcorrosion resistanceaused by Crich precipitats in the weld zone As a
highly Cr-concentrated precipitate (F@&9c and d47]), Cr23Cs easilyforms ataustenite grain boundaries
during high-temperature exposurédditionally, other issuessuch asFe-Cr brittle IMC @ phase)
precipitation (Fig. 2.9e and f[48]) and stress corrosiorcracking (Fig. 2.9g-i [49]), also need to be
consideredluring austenit SS welding.

Solidification cracking | Cr-rich precipitation I

a 1 st Tt TFerrhe comentz 0 -8 —7ha)
@ G %

Nigq =Ni+ 30C + 05Mn (%)

Creq=Cr+Mo+1.5S5i+ OSND (%)

Austenitic SS welding problems

Stress corrosion cracking

Brittle o phase |

@£$ ﬁ:r?‘)‘.v- !é; e J l""‘: : 100

100, un

lOlun

Fig. 29 Austenitic SS welding problems: (a) schematic solidification modes of austenitic SS (typeplete
austenite, type AE: primary austenite with eutectic, type FE: primary ferrite with eutegpgéd-: complete
ferrite) [45]; (b) crackalongthe weld centerline of austenitic $®]; (c) TEM observation of G#Csprecipitate;
(d) the related diffraction pattern of (c), in which the formation of diffraction nivegsdue to the presence of

Cr3Cs[47]; (e f) G phase in austenitic §88]; (g-i) typical stress corrosion crack in austenitic[$%.

2.2 Laser welding and resistance welding of dissimilametals

Laser welding and resistance welding are effective techniques for dissimetaljoining. Their
uniqueadvantages NiTi-SS weldinghave been attractinge s e ar ¢ h e r s thisthesigwerk t i o n
wasconductedisingthese two welding methods. Therefdaser weldingresistance weldin@ndtypical

case studiesn dissimilarmetalweldingarebriefly introducedn this section
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Laser welding is achieved by the energy from a laser beam with high power density (can b& over 10
W/cn?). This method is highlflexible and precise, making it particularly suitable for srsakile joining
of a wide range of material3his is especially true for NiTi, which is often used in thin sheets or
submillimeter wireg50i 52]. Due to its norcontact nature, laser welding offers high efficiency and low
cost, eliminating the need for consumable accesstasers are categorized into continuous wave (CW)
lasers and pulse wave (PW) lasers, each with various wavelengths. Key parameters in laser welding
include laser power, welding speed, beam diameter, and pulse shape. As illustrated in Fig. 2.10a, a
fishbonediagram lists the factors in laser welding that influence weld quU&lify Different combinations
of these parametessgnificanty influencemicrostructure and properties of twveld zone.

Resistance welding is widelysed in unitized vehicle constructionA typical bodyin-white
constructed contains as many as 6000 resistance spot [@8ldsAs seen in Fig. 2.1064], the
mechanism of resistance spot weld{®$W)is describedas follow After assembly and positionindye
electrodes approach the assembled mateBailssequentlythe basematerialsaresqueezedby electrode
force The welding currenis passedhrough thetightly contactednaterials hence théneat is generated
mainly at the interface of metatlue tothe existence afurfacecontaminations and asperitidsut further
heat generatiois determined by the bulk resistannamelythe resistance of thehole material system

accordingtothd oul ebds | aw:
0=, "00YOQO (2.1)
whereQ isthe energy delivered into tineaterialgn Joule,t1 andt2 respective denote the beginning

and teminating time of theelectrical currentl(t) is the welding currenR(t) is thedynamicresistance

For an alternative current RSW machihé,o r J o u the o mdarasguare galue:

© 0 —_— (2.2)
where Imax iS the peakvalue of the sine wavelhe weld nugget formations realized by all the

resistance heaRSW is a typical thermomechanical processing for matefiaks flexibility of resistance

welding can beachieved bydesigningelectrodesvith various tip geometries and dimensions.
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Fig. 210 (a) Fish bone diagram for factors in laser welding that can influence the weld ¢hHlitfb) schematic
diagram presenting trfRSW mechanisrib4].

It is necessary to classify dissimilar welding caaesording totwo materialcombinations|f the
dissimilarmetalsare nomeactive and immiscible (such as Mteel[55i 57] and MgTi [58,59)), there is
usuallya weakcrystallographidonding between phases from base metals (BMs). Thertferixsttask
is to realize thgoodmetallurgical bondingpetweerBMs, whichis typically facilitated by the addition of
alloying elementsOnce this is achieved, further optimization of the interfacial reaction &nridbe
performed.Secondly if the dissimilar materials aneactive or misciblethereis either an interfacial
reaction layeusually a layeconsisting of IMC}¥ betweerBMs (e.g.,Al-steel[60,61] and AFCu [62],
which have significantly different melting poijtera complex FZormed bythehighly mixeddissimilar
moltenmetals(such as NiTHSS[17,50] and Inconeisteel[63], which have similar melting pointsThe
main challenge fothe secondype of dissimilar welding is controlling the formation of brittle IMCs in
either the interfacial layer or the entire AZmetallurgical system containing multiple alloying elements
serves as the foundation for the formatiowafious IMCs in FZ or interface, especially considering the
nonequilibriumsolidification in welding process.aser welding and resistance weldmg effective to
controlthis metallurgicalsystem and the resahtmicrostructurebenefiting from théighly controllable
laser beam anthermomechanicgirocessingrespectivelyFor instance, lasaveld-brazingmode could
be realized in Alsteel weldingwherethe FZ only formed afl sidebecausef its lower melting point
(Fig. 2.11ad) [64]. In this case, the mixing of dissimilar molten metals #redMCs formation were
suppressedMCs layers at the brazed interfavsedo befurtheroptimized to improvehe joint properties.
Fig. 2.1k showsthat theFZ only formed at Mg sidduringthe RSWof Mg to Al-Si coated stegbecause
of differentdynamicresistancesghermal conductivitieand melting pointbetween Mg and stef85]. It
wasalsoworth noting thabulk andbrittle Mg-Al eutectics were squeezed out of the interfacelectrode
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force, which ensurkthe clean contact between molten Mg and sstiédesteel(Fig. 2.11f and g)Both
thelaserweld-brazingmode andhethermomechanicgrocessing ofesistance welding are inspirational
for NiTi-SS welding.However, based on similar melting points, thermal conductivities and electrical
resistivities Table 2.1[66i 71]), the welding betweernthese twamaterialsis expected to be challenging

and ®me special desigrshould be performed

Laser welding-brazing of Al-steel

(a) Fe,Al Zn, FeZn,,

Fusion zone

razed interface

Crack .

(f) Y ——

Squeezin&ouitiﬂ .

200pm

:bDiffusion direction of
Al-Si eutectic layer

Fig. 211 (a) Schematic of Akteel laseweld-brazing (b) cross section of lasereld-brazedoint revealing the
FZ at only Al side; (c) temperature field simulation proving that interfacial peak temperature is lower than steel
melting point; (d) interfacial IMCs reaction layi@4]; (e) cross section of M§l-Si coated steel RSWed joint
with FZ at Mg side; (f) schematic of Mgteel RSW mechanism indicating the squeeningof brittle MgAl
eutectis, (g) the observation of squeezingt zone at Mgsteel weld border regidi®5].

Table 2.1Some poperties of B2 NiTi an®@16L SS[66i 71] (note that these properties may vegpending on

differenttemperatureandmaterial processing statuyes

Properties NiTi (B2) 316L SS
Melting temperaturégK) 1534 16481673
Boiling temperaturgK) 3560 3090
Thermal conductivitfW/mK) 18 162 (at373K)
Youngbés modul us ( 83 193
Coefficient of thermal expansion (1/K) 11*10°8 18.410°
Electrical resistivity ¢ cm) 86.5°10° 74*10°
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2.3 Recentprogresson NiTi-SSdissimilar welding

2.3.1 Typical microstructure and propertiesof NiTi-SS dissimilarjoint s

Most studies on NiFTES weldingselectedsuperelasticife., B2 austenite) NiTi as the base material.
Fig. 2.12ac present the 3D chemical analysisaregion at FZnear to NiTi sideof NiTi-SS laser weld,
which wasrealized bythe layerby-layerfocused ion beam (FIB3tching scanning electron microscope
(SEM) andenergydispersive Xray spectrometn®#DS) (Fig. 2.12aJ17]. Ternary composition histogram
was plotted on the NTi-Fe phase diagram by countitige stackedNi, Ti and Fecompositions on EDS
mappings(Fig. 2.12b) As a resultthe 3D reconstruction of the whole analyzed volusn@esented in
Fig2.12c. It was obvious that the FZ wast composed okingle dominantphase, butatheran IMCs
networkfilled with various IMCsas indexed byegions from 1 to 6bin which FexTi and NgTi were
detected as thegrimary IMCs in this FZ. To confirm phase formation with highaccuracy, synchrotron
X-ray diffraction (SXRD) was utilized, leveraging its shorteray wavelengthfor higher diffraction
density angpatialresolution The SXRD analysis was conducted in a digystep scanning mode across
the weld zone and base metal to provide detailed microstruettotaition The SXRD results for a NiFi
SS lasemwelded joint are shown in Fig. 2.1286], reveaing a variety of IMCs, includind~exTi, NisTi
Cr2Ti, etc.within the FZ Thehardness resulia Fig. 2.12andicatedthat this FZ were extremely harder
than both NiTi and S8Ms, suggestindhe brittleness of thevhole FZ.
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Fig. 212 (a) Schematic of 3D chemical analysis method based onltglayer FIB, SEM and EDS; (bgtnary
composition histogrartFZ near to NiTi side) superimposed @h000°C isothermal section of Nii-Fe phase
diagram; (cthe 3D reconstruction of the whole analyzed voluRegion 1: original NiTi base metal, Region 2:
(Fe,Ni)Tidendrites Region 3NisTi formed in eutectic, Region &possible mixture of phases, Region 5:THe
dendrites, Region 6: eutectic ®{Fe,Ni) in yellow and Fdi in red[17]; (d, € SXRD and hardness testing
results of NiTiSS laser welded jointespectivelyj16].

Electron backscattered diffracti¢gBSD) combined with EDS was alsisedfor investigaing the
phase distribution in the NIT$SFZ. Fig. 2.13a, b anditlustrate that thé&Z of the electron beamelded
NiTi-SS joint is dominated by an IMC network primarily compost&eTi and N&Ti [18]. Fig. 2.13c
and d exhibit th@resence omicrocrack inthis IMCs network,highlighting the high brittleness artie
possibleresidual stress in the NFBS FZ Crack was more likely to propagate insideTreue toits low
deformability compared to other IMCs or solid solutioffselower solubility of FeTi meltusuallyresuts
in the formation obrittle FeTi IMCs. Fe:Ti, Cr2Ti, and/or (Fe,CgJTi, known asCl4Laves phase&ith
a topologicaly closepacked(TCP) structure, are usually considered as one of the most hatmafésn
NiTi-SSfusion welded joint, owing to its high modulus and Isiyp orplasticdeformation capacitjl1].
EBSD analysisof another studyn NiTi-SS laser welded joirdlso indicated the complicated phase
formation in the FZ, as seen in Fig. 2.132). In this work the region near to NiTi side mainly consisted
of Cl4Laves phase (i.e(FeCr)Ti), and the TEM diffraction (Fig. 2.13f) proved the formation of the

thisphasdn the FZ Thermodynamic calculatioon the Fe-Ni-Ti-Cr system was conductefls shown in
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Fig. 2.13 g and hthe calculation from a typicalomposition(35.7% N31.6% T#30.6% Fel.4% Cr,
at.%) suggesdthat FeTi and NgTi areprimaryphass,and some other phases such-&e,Ni) and B2
NiTi could also form inthe FZ. Macroscopic morphology of the NF8S weld could be observed by
optical microscope (OMpr SEM (Fig. 2.13-) [73i 76]. The FZ was often nonuniform, exhibiting
macrosegregationdue to thestrong convection or Marangoeifect(also can be verified in Fig. 2.13a)
during weldingwhich could further localize brittleness in-Ferich regions due to the bulk precipitation
of LavesIMCs.
EBSD analysis
Fe,Ti phase

Ni,Ti phase

S um

5um 5 pm

y(Fe.Ni) phase B ntermetallic compounds M Fe,Tiphase [ Ni,Ti phase

EBSD, TEM and thermodynamic calculation

liquid =~
'y
,

[
'

s
\
N

Weight pet of element in

i B Gamma - (Fe,Ni)
‘p o [_] €14~ Laves phase

Fig. 213 (a) EBSD phase map indicating the formatioro@ind IMCs in the FZ(b) The typical IMCs network of
FeTi and NgTi in the FZ (c,d) The SEM and EBSD images showing the microcrack propagation Ti ded
NisTi network[18]; (e) EBSD phase map of the region in FZ adjacent to the NiTi side; (f) TEM diffraction
pattern revealing the formation of #éin FZ (lattice parameters @£0.4734 and €0.7717%; Thermodynamic
calculated (y phases fraction antt) element fraction in liquidvith the concentration of 35.7% #3il.6% Ti
30.6% Fel.4% Cr (at.%]72]; (i-l) OM/SEM images of the overall FZ of NFBS weld with obvious
macrosegregations in both b[itB,75,76]and lap[74] joints .
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Due to the overall brittleness of FZ, the NS jointtypically fracturedduringthe early elastity
stagewith low ultimate strengtlfFig. 2.14a)[77] in the mechanical testingcompared to NiTBM or
NiTi-NiTi welded joint,achieving the critical stress for NiTi superelasticity in N8BS joints is highly
challenging. Some studies have reported that the joint framtateredalong the FZ centerlingig. 2.14b
and ¢)[77,78], while otherwork observedhefracture locatiorwithin the FZbut near théiTi side (Fig.
2.14d and e)73,79] indicating potential influences from macrosegregatiesidual stresand even the
surface geometry of the weld zorkhe fracture surfaces exhibited typical brittle characteristics, with
large, sharp cleavage facets clearly visible (Fig. 2.14e di6,fj9] The insitu tensile testing of NiFi
SS laser welded joifbundt hat t he crack i nitiated from wel de.
the peripheral perimeter of the weltk seen in Fig. 2.14@5]. In this testing the jointouldachieve the
NiTi superelasticity staget shouldbe mentioned that samples in this werkre wire-rotationwelded
andcenterlesgroundafter welding(the diameter was reduced by 1/3jy¢move surface defectsnother
casestudy also achieved the NiTi superelastiaityhe NiTi-SS joint[80], howeverthe BM wires used
in this work hada thinnerdiameter of only 0.1 mngompared to the more commonly used range3if 0.

1 mm in other studies he reduced diameteaf wiresmay significantly mitigate the brittleness issue

b 900 —

Stress (MPa)

001 002 003
Strain €, [-]

Fig. 214 (a) Typical stresstrain curves of NiFSS and NiTiNiTi laser welded joints during tensile testifiy];

(b,c) fracture path of NiTES joint located at FZ centerlifie7, 78], (d,e) fracture path of NiT8S joint located at

FZ near to NiTi sid¢73,79} (f) fracture surface of NiTES laser welded wire joifit6]; (g) in-situ tensile testing
resuls of NiTi-SS laser welded wire joifif5].
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2.3.2IMCs control strategiesfor NiTi-SS welding

2.3.2.1 Adding interlayers

In recent years, various strategies have been explored to control the microstructiorergndve
the properties of NiFBS joints. One of the approaches involves introducing alloying elements into the
Ni-Ti-Fe-Cr system to modify phase formation in the F&thods forintroducingthese elements rangje
from using foils to powders, with additions including[iii,16,18,81,82]Cu[83,84] Co[85], Ta[78],
etc

Adding pre-existingalloying elemert (i.e., Ni, Ti, Fe or Crjo NiTi-SS weldingis amorefeasible
approactas it minimizes potential biocompatibility issues. Using Ni foil or Ni powder as an intermediate
layer between NiTi and SBMs has proven effective in suppressing the formation of brit&iHMCs
by promoting the formation of Blli or FeNi phases instead. Compared to the results shown in Fig-2.13a
d, Ni-interlayered NiTiSS FZ exhibiteén increase in-phase and NTi content with significanyl lower
hardness (Fig. 2.15a, c, d, and1f§]. The SXRDresultsalsoconfirmed the formation ahore NgTi and
FesNi phasesn FZ when inserting a Ni foil for NiFSS laser welding16] (as seen in Fig. 2.15h, in
comparison with no interlayer condition in Fig. 2.124)lding Ni powder is moreeffectivefor Ni atom
dispersion and diffusion ithe FZ. The EBSD phase map revealeddbeninantphase irthe FZ nearthe
NiTi side was changed from Ha+NisTi IMCs network intao-(Fe,Ni) and N§Ti phaseswhich exhibited
lower hardness and improved toughn@sg. 2.15] and k)81]. Moreover, FeNi foil wittb0 wt.%Ni was
selected as an interlayer in Ni3iS electron beam weldif@8]. It improved the fraction ofa-(Fe,Ni) in
the FZ, but there was stihn IMCsrich layer inthe FZ/NiTi interface (Fig. 2.15b, e and due to the
higher concentration of Ti herél'he tensile testing resulisdicatedthat the NiT+SS joint strength was
significantly enhancedby adding Ni or FeNinto the FZ but all the welded jointould notexhibit
obvioudy enhancedluctility or NiTi SE(Fig. 2.15i) compared to NiTi BM
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Fig. 215 (a, b) EBSD phase maps of Ni and FeNi interlayered electron beam welde83NH4, respectively;
(c-e) hardness distributions of electron beam welded-B8FZs without interlayer, with Ni interlayer and with
FeNi interlayer, respectively; (f, g) EBSase maps of NiTES FZ obtained with Ni interlayer and FeNi
interlayer, respectively (microcrack is marked by arrdd8); (h) SXRD results of NiFSS laser welded joint
with Ni interlayer[16]; (i) tensile testing results of Ni8S joint with different interlayefd 8]; (j) EBSD phase
map of the FZ of NiHSS laser welded joint wittihe addition 060% Ni powder(k) hardness distributions of
NiTi-SS laser welded joints by adding different concentrations of Ni pogdigr

Adding Cu by the interlayer for NiTiSS laser welding could reduce brittMCs by promotingthe
formation of Cu solid solutios in FZ (Cu phase indexed in the XRD patténnFig. 2.16a [83,84]
However,excessive Cuauldlead to the formation of NTi and CuTi IMCs, which, in turn, decreade
joint strength. Similarly, Co interlayeoald modify the microstructure by replacing brittle-FelMCs
with someTi-Co IMCs (Fig. 2.16b)85]. The addition of Cacontentshould also be controlled as
excessive formation of new IMCs incredslee susceptibility to crackingn contrast, the addition of a Ta
interlayer showed minimal impact on optimizing the FZ microstructure or improving joint strength. This

was evident in the similar IMC network (Fig. 2.16c) and hardness profile (Fig. 2.t6d)pared to
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directly welded NiTiSS jointg78]. The limited effecivasreasonable, given that XRD analysis detected
no TaTi or TaFe phases, only Tdi and TaCr in the FZ More recently, researchers employed
equiatomic CoCrFeNiMn higkntropy alloy (HEA) as an interlayer, achievingteength increase from
~30 N to 175 N in th&liTi-SS lasewelded jointd86]. The addition of CoCrFeNiMn HEA promat¢he
formation ofa-(Fe,Ni) (or FCC HEA phaseneanwhile restriegiddthe precipitation of brittle F&i phase
(Fig. 2.16e and )t It is also noteworthy that none of the interlayered joints demonstrated significant
superelasticity during tensile testing. All joints exhibited either brittle or mixed fracture modes.
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Fig. 216 (a) XRD pattern of NiTiSS weld zone with different Cu interlayer thicknedsd$; (b) XRD pattern of
NiTi-SS weld zone with different Co interlayer thickned8&$; (c, d) FZ microstructure and hardness
distribution of NiT+SS joins with Ta interlayes, respectivel\j78]; (e, f) XRD patternand hardness distribution
of NiTi-SS joint with and withou€oCrFeNiMninterlayer, respectivel{86].

2.3.2.2 Postweld heat treatment

Postweld heat treatment (PWHT), particularly pestld annealing, has been shown to significantly
improve the strength of NiT$S joints[73,79,87] by releasingresidual stressMoreover, when an
appropriateannealing temperature (850 °C) anduration (3600 syverecombined with the addition of
a Ni interlayer, the strength of the pastated NiTiSS lasewelded joint increased to 2.12 times that of
the aswelded joint[79]. XRD and SEM analysis clarified thatore NgTi particlesprecipitated in the
PWHTedFZ thatstrengtheadthejoint, and the FZ hardness walsosignificantly decreaseafterPWHT
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(Fig. 2.17ae). The homogenization of the FZ microstructure due to PWHT also contributed to the
enhancment of joint strength.In addition to mechanical properties, the impact of PWHT on the
electrochemical corrosion of NFSS joints was also studi§®l7]. Polarization curve analysis showed that
PWHT at 200 AC slightly improved the jointés co
of 400 °C severely reduced the corrosion resistance, likely due to the disruption of tangled dislocations,
which @uld limit the feasibility of PWHT for NiTHSS welding (Fig. 2.17f).
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Fig. 217 (a) XRD patterns of the NiT$S laser weldeBZ obtainedwith different PWHT temperatures:Z
microstructure of NiTiSS laser welded joia{b) without PWHT andafter PWHT temperature of (¢) 65C and
(d) 850°C, respectively(e) hardness distribution of NFBS joints with and without PWH[I79]; (f) polarization

curves ofNiTi-SS laser welded joints with PWH different temperaturg87].

2.3.2.3 Laser beam or assembly design

Specialized laser beam configurations and specimen assembly stragegeftectively control the

melting and mixingbehavior of dissimilar metalén laserwelded NiTtSS lap joints, placing SS above

NiTi has been shown to bebetterconfiguration, as Ni enrichment in the FZ imprdwbe anticrack
capacityof the joint[74]. Laserbeamoffset could be used to restrict the mixing of dissimilar molten
metals [16,88,89] Comparedwith directly welded joint, the laser offset towards SS sideild
significantly reduce thaliTi melting andTi diffusion, resuling in lessbrittle Fe Ti IMCs formation(Fig.

2.18af). A joint welded with a 0.1 mm offset towards the SS side achieved strength comparable to that of
Ni-interlayered joint$16], but there were still obvious IM@ad macrosegregatiamthe FZ. A complex

assemblyinvolving laser beam offsgéhg-scanning, wire rotation and cupcone butt geometryas
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designed for NITHSS welding[89]. In this case thmixed regiorcouldbe narrowed to approximately-30
pm width. A recent study used multiple interlayers and careftdlgtrolledlaser beam positiang (Fig.
2.18 and h [90]. Due to different melting points between Nbu and BMs two thick reaction layer
zones formedatboth sides, without overatheltingof NiTi and SSThe Nb/Cu interfacaas regarded as
the weakesposition due to the formation of microracks Cu is commonly considered as the toxic
element in biomedical applications, limitisgitability forNiTi-SS welding. Bspite these advancements
thesewelding desige or PWHTwas also difficult tgorodue a NiTi-SSjoint exhibiting thesignificant

ductility andNiTi functional properties.
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Fig. 218 (a-f) EDS mappings of laser welded NiEiS joints without and with laser beam offset, respectively

[16]; (g) schematic and cross section of laser welded {8iSijoint with Nb+Q@ interlayers (h) the tensile test

curves of the joints welded with and without-@u interlayes, respectively90].

2.3.24 Solid-state welding

Due to the absence of significant maanelting of BMs, solid-state welding nearly eliminates the
mixing of dissimilar molten metals, enabling some NtB joints to retaiNiTi SE [19,91 94]. For
instancejmpact welding of lapped NiTi and SS wires was achieved using a vaporizing foil actuator that

generates pressure through metal vaporization. EDS mapping of the interface region cahirmed

24



absence abverallmixing of dissimilar molten metals (Fig. 2.19a), and the resulting ductile joint preserved
NiTi SE (Fig. 2.19b)[94]. Further characterizations indicated localized melting and the formation of
amorphous phases in some interfacial areas; however, weld defects, including an unwelded center regior
and shear cracks, were obsery@d]. Large plasticdeformationlikely contributel to the formation of
these weld defects, as welltas microstructurathange of NiTi that degraded the SE behaviorsecent
years, friction welding of bulk NiTi and steghmpleshas shown promise for improving joint properties
due to the absence of excessive melting and metallurgical reaétionrathin IMCslayer was observed

at the interface (Fig. 2.19¢21], and this thin layewasgenerally considered nedetrimental to joint
performanceHowever, XRD detectethetransformatiorfrom original NiTi austenite to martensite near
the interface (Fig. 2.19d)aused by the high pressure and deformatimicating potential damage to
NiTi SE Ultrasonic welding of NiTi and SS was performed with a Cu inter]Jaybkich flowed toward

the weld border during weldingrig. 2.19e)20]. Similarly, resistance butt welding of NiTi and SS wires
was achieved using a relatively complex setup (Fig. 2.199), creating two distinct interfaces: the NiTi/SS
interface and the base metals/SS tube intefi&ijeA reaction layer of IMCs, approximately 10 pum thick,
formed at the NITi/SS interface (Fig. 2.19Mhe resistancavelded joint maintainethe NiTi SEplateau

(Fig. 2.19i) howeverthe SEcurvesweresignificantly modified by the welding procesSurrent results
indicate that soliestate welding techniques usually rely on complex configurations with limited flexibility
and are constrained by BM dimensions and joint tylg&s.SEis highly susceptible to degradation during
the solidstate welding proceskie to workhardening or significant plastic deformation. This is evidenced
by the formation of the B19' phase, amorphous phases, and alterations to cycli¢5f8495] which
challengedhe capacityof NiTi to provide corrective force or to mimic bone deformation behavior, as a

biomedicalmaterial[96,97]
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Fig. 219 (a) EDS mappin@nd (b) cyclic loashg-unloadng testing result®f NiTi-SSimpact weldedoint [94];
(c) interfacial microstructure and (d) XRD patterns of friction welded Jsig@eljoint [21]; (e) schematic and (f)
interface morphology of ultrasonic welded NiS§ joint[20]; (g) schematic, (h) interfacial IMCs layer and (i)

tensile testing results of resistance welded Mi$wire-tubejoint [19].

2.3.3 Other problems related to NiTi-SS welding

As mentioned inSection 1.1, some typical dissimilar welding defects also existhia NiTi-SS
combination especiallyon theNiTi side of the joint The diffeentthermophysical propertidsetween
NiTi and SS resudtd in significant residual stress in the welded jdifig. 2.20aand b [75,98], which
usuallyled tomicrocracls in the lowductility IMCs network[99]. Macrosegregation, caused by strong
convection or Marangoni effect in the complex melt, poses anigtwin NiTi-SS fusion welding. This
phenomenonasillustrated in Fig. 2.20¢82], could cause Fihhomogeneity and localized brittle He
segregation, which significantly wealezhthe joint Porosityin NiTi-SS joinshas dr awn r ese
attention(Fig. 2.20d)[82,98], and a previous work reportedcorrelationbetween Ni content and pore

susceptibility[82], though further studies are needed to understand the mechanisms of pore formation and
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mitigation strategieBecause of the high equilibrium vapor pressure of Ni, Ni h@ssbeertonsidered

as a serious issue during NiTi welding and NiTi additive manufactuiirsljght variation in Ni content

would result in obvioushange of NiTphase transformation temperature. For instandéghigh-power

laser welded BAITi joint, some unindexeBBSDregiorss ugge st ed t h e phasmtroomt i o n
temperature (Fig. 2.2) [100]. Moreover asdiscussecearlier NiTi functional properties are highly
sensitive to its microstructure. Therefore, preserving these properties iB8ldissimilar joints is critical

and warrantshoroughevaluation.

Residual stress Macrosegregation

s

HP Weld

s e
Fig. 220 (a, b) Simulated stresdistribution in laser welded NiTi joirdt 5% strainwith theradial and hoop
components of the stress tengaispectivel\f75]; (c) cross section of NiTES laser welded joint, showing

obvious macrosegregah [82]; (d) theporein laser weldedNiTi-SSjoint [82]; (f) EBSD result of higtpower

laser welded B2ITi joint [100].

For practicalapplicatiors of NiTi-SS joint in biomedical devices;orrosion andiocompatibility
testing should be conductéd/hile some studies have highlighted biocompatibility concerns in-88i
welds, research in this area remains limited. It is reasonable to expect that existing biocompatibility issues
associated with NiTi or SS may also arise or even be exacerbated NiTth&S weld zone.
Electrochemical corrosion testing aNaCl solutiorrevealed that the NiT$S fiction stir welded joint
exhbited lower corrosion resistance compared toBivs (NiTi and SS) (Fig. 2.21491]. The authors
considered thahis reduction was attributed to the replacement of the original thin passive surface film

by an inhomogeneous layer with reduced protective capabilities. Stress curve recordings of NiTi wire
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during potentiostatic polarization in a mixed NaCl and NaF solution confirmed its susceptibility to stress

corrosion (Fig. 2.21b]101], but whether the NiTSES weld zone is more susceptible to stress corrosion

remains unclearAlternating current scanning electrochemical microscopy-S&CM) was used to

detect the local electrochemical behavior and Ni ion release of8Taser welded joint iasimulated

humanbody environmenfl102]. The resuls

in Fig. 2.2Lc suggesthat the weld zone (encircled region)

exhibited a lower local electrochemical actiyityproved passivation, and reduced Ni ion release, likely

due to the combined presence of Ti and Cr. However, conclusions regarding the electrochemical behavior

of NiTi-SS welds remain inconsistent across studieé3]. The absorption of hydrogen easily takes place

in a bio-environment,especially in oral cavities, where galvanic currents in saliva facilitate hydrogen

charging.As seen in Fig. 2.21f the NiTi wire showed severe embrittlement after hydrogen charging

testing in a NaCl solutiofit04]. It would be meaningful to conduct the hydrogen charging testing for

NiTi-SS joinsin a simulated bienvironmentto evaluate theyrogen embrittiemendf the weld zone

In addition, invivo or in vitro biocompatibilitytestingfor medical NiTi and SS has been perforn(iEig).

2.219) thussubjectingNiTi-SS joins to thesein vivo or in vitro evaluationgould providea more direct

assessment of their biocompatibilfy05].
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Fig. 221 (a) Potentiodynamic polarization curves NiTi, SS and FSWed NiT8S[91]; (b) dress recorded
duringstress corrosion testing of NiTi wif&01]; (c) AC-SECM image®f laser welded NiFSS joint, in which

brighter regionsepresent higher local electrochemical actiyit92]; (d,e)fracture surfaces of agceived and

afterhydrogencharging NiTi wires, respectivelyf) stressstrain curves of NiTi wires after hydrogen charging

with different current densitig404]; (g) schematic oin vivo biocompatibilitytesting of 3DBprinted NiTi[105].
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2.4 Summary

Chapter Drovidesan overview ofnetallurgy and propertiesf NiTi and SShatshould beconsidered
during NiTi-SS welding.Then laser welding and resistance welding are introduced, which show unique
advantages NiTi-SS weldingand are therefore selectasthe welding techniques in this research. The
typical microstructure of NiFES joins is an IMCs network(mainly FeTi and N&gTi) in the FZ. The
NiTi-SSjoint usuallyfracturesatthe elastic stage with low strengtluringmechanical testingrable 2.2
lists differentNiTi-SSwelding studies fronthe literature, and it showthatthereliable joining is highly
challenging Two mainstrategiexan besummarizeds reducing IMCs and minimizing the brittleness of
the joint:

The firststrategyis to limit the scale of Nili-Fe-Cr mixture by restricting the melting and mixing of
BMs in the joinf which can be realizely laser beanor assemblydesigns or by solidstate welding
methodsHowever, the limitedaser beanor assemblydesignscannoteliminatelMCs in the FZ. Inthe
case of soliestate welding, #hin reaction layer forms at the interfagehich, in turn, can lead to a high
strength joint that retains NiTi SElowever, the complex configurations required for assembly design
and solidstate welding limit their applications, especially when BMs have small dimensidres.
desirablgunctionalproperties of BMs are easily degraded due tartbeeasedvork hardeningr plastic
deformationduringwelding process

Thesecondstrategy is to replace the brittle Laves (Fe;Qnvith ductile phases (e.qg., Nii, o-(Fe,Ni),
Cu-Ti, etc.) in the FZ othejoints, which can be achieved by insertingerlayers (Ni, CUHEA, etc.) and
PWHT. Although hesejoints exhibitenhancedstrengthand ductility, eliminating harmful IMCs and
achievingNiTi SE arestill challenging especiallyconsidering typical defecta fusion welding such as
macrosegregatioandporosity.Moreover, the addition of toxic elementstie FZ ( e.g., Cu, Ni and Co)
is usually not acceptable in biomedical device manufact(itiog,107]

The development of highly efficient and flexible Ni$E dissimilar welding techniques that achieve
superior joint properties remains a critical requirem&ume fundamental issyescluding the FZ
microstructurethedissimilarmetal interfacematerial dynamics under processiagd joint deformation
andfailure behaviorsshouldalso be addressed.
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Table 2.2Summary of NiTiSS dissimilar weldingesearch progreP: diameter and T: thickness)

Strategy Joint strength Method & Base metal Microstructure If showingSE Reference
configuration dimension
Direct welding ~200MPa Laser welding; D=36Qum Overall IMCs No [77]
butt wire network
Direct welding ~200MPa Laser welding; D=40Qum Overall IMCs No [16]
butt wire network
Direct welding 27N Laser welding; T=20Qum Overall IMCs No [86]
lap sheet networkcrack)
Direct welding 174MPa Electron beam T=1.6mm Overall IMCs No [18]
welding; butt sheet network
Direct welding 420MPa Plasma welding; D=20Qum Overall IMCs No [108]
lap wire network (crack)
Ni interlayer ~400MPa Laser welding; D=400 or NisTi-rich IMCs No [16,82]
butt 48Qum wire network
Ni interlayer 264MPa Electron beam T=1.6mm NisTi-rich IMCs No [18]
welding; butt sheet network
Cu interlayer 521MPa Laser welding; D=48Qum NisTi-rich IMCs No [83,84]
butt wire and TiCu phase
Co interlayer 347MPa Laser welding; D=48Qum Co-Tirich IMCs No [85]
butt wire
Ta interlayer 251MPa Laser welding; D=1mm wire IMCs network+ No [78]
butt NisTa and TaCr
FeNi interlayer 343MPa Electron beam T=1.6mm 2-(Fe,Ni) No [18]
welding; butt sheet dominated
Ni powder ~300MPa Laser welding; ~ 431.8"635um  More NsT i ar No [11,81]
butt rectangular (Fe,Ni)
CoCrFeNiMn 175N Laser welding; T=200um More (Fe,Ni) solid No [86]
interlayer lap sheet solution
PWHT ~350400MPa Laser welding; D= 36Qum Overall IMCs No [73,87]
butt wire network
PWHT+Ni 643MPa Laser welding; T=20Qum More uniform No [79]
butt sheet FZ+NisTi
precipitates
Laser beam ~400MPa Laser welding; Wire or sheet Less brittle FeTi No [16,88]
offset butt IMCs
Laser beam 623MPa Laser welding; D= 10Qum -- Yes (low speed [80]
offset butt wire testing
Offset scanning ~340MPa Laser welding; D= 762um 30-um mixed No [89]
and wire butt wire region
rotation
CuNbCu-+laser 240MPa Laser welding; T=80Qum Currich reaction No [90]
positioning butt sheet layer
Multiple laser Over 600MPa Laser welding; D= 30Qum IMCs network Yes (reduced [75]
pulses butt; wire diameter and in
wire-rotation situ testing)
Impact welding  ~300N; 522MPa Lap or butt 500*500m Solid-bonded Yes [92i 94]
square; interface
D= 33Qum
wire
Friction welding Over 600MPa; Butt D= ~12mm Interfacial Yes [21,91,109]
over 400MPa bar, reaction layer
T=2mm Stir zone
sheet;
Resistance 830MPa Butt, specially D= 33Qum Interfacial Yes [19]
welding designed wire reaction layer
Ultrasonic ~690N Lap T=15Qum Interfacial No [20]
welding sheet reaction layer
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Chapter 3 Control of IMCs, macrosegregation and

porosity in laser welded NiT+SS joints

3.1 Overview

Many efforts have been applied&mluce IMCs and tonprove laser welded NiT$S jointproperties
However, complex assembly and ppsbcessing are higbost and lowefficiency, additional alloying
elements are usually unacceptable in biomedical application. Therefore, the achieveoremstep
direct laser welding of NiiSS wires is of great significance.

Weld-brazing,asintroducedin Section 2.2shows great advantages in dissimilar alloys joining. It
has been used thejoining of Al/steel, Mg/steel, Mg/Ti, e.4110i 112] wherea FZ fornms on oneBM
side with low melting pointThe joint strength is mainly determined by the brazed interface between the
FZ and anothesolid-stateBM. However, given the similar melting points of NiTi and SS, achieving a
weld-brazing mode in this combination is expected to be challenging. Furthermore, as introduced in
Section 2.3.3, macrosegregation and porosity have been observed in the FZ88Nahis, but these
issues have not yet been thoroughly analyzed.

Different laser heat input modes, namely combinations of power dewslging time and laser
beam offsesignificantly influence the microstructure and properties of wgldi8,114] demonstrating
the flexibility of laser welding fodissimilarmetals In Section 3.3laser weldbrazing between NiTi and
SS wires was achieved using laser defocusadadje beam offseTheIMCs network wa®liminatedin
the FZ ofweld-brazedNiTi-SSjoints. Section 3.4nvestigatedhe influence of different heat input moges
(2) high power density with short welding time (H§@nd(2) low power density with long welding time
(LPDvL), on the control of microstructure porosity, and mechanical properties laser welded NiFSS
wires.The mechanisms and mitigation straésgof porosity and macrosegregatioaser weldedNiTi-

SS joint are investigated.

3.2 Methodology

CommercialB2 NiTi andSSwireswith 1-mm diametewere useds base materials. NiTi ai85
wires were cleaned in acid to remove any impurities, then their faying surfaces were ground using 2000#
SiC paper for tight faup. Before weldingall the wires were finally cleaned in acetone with ultrasound

for 10 min. A quascontinuous fiber laser (QCW150, IPG) was employed, with a peak power of maximum
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1.5 kW and 1064+10 nm output wavelength. Base metals were assembled in a butt configuration. The
confirmation of laser defocus distance and-temé monitoring of welding process was achieved by a
coaxial CCD camera (MTAL3VE6HC). Pure argon was selectedprotect the welding pool with a flow

rate of around 10 L/min.

Fig. 3.1 shows the schematic of NFHS laser welding-or Section 3, to eliminatethe FZ IMCs
network by the weldbrazing modea defocused laser beam Btfhm) was chosen to match up with
different beam offsets from 0.4 mm in NiTi side (markedla4) to 0.4 mm in SS side (marked as +0.4)
as shown in Table Band Fig. 3.1For Section 3.4, to understand thetureof NiTi-SS fusion zone and
to control the FZ macrosegregation and poro&iser beam was irradiated in the centerline of NiTi/SS
interface, and some welding parameters were con@atyut laser waveform: square; pulse width: 10
ms;frequency: 50 Hz). To investigate the effect of heat input modes, outpwdaseifrom a negatively
defocused or focused beam a positively defocused beam. The welding time and peak power were
adjusted accordingly (Tablg.2). All the process window of laser parameters were selected after the
preliminary experiments, and more details onrtheessityof matchinglaser output modes are given in
Sections 3.3 and 3.4.

After welding, samples for metallographic observatiarere mounted in epoxy, then they were
ground and polished by SiC papers and diamond spray, respecBaemplesurfaceswere etched for
microstructural studies. The overaléld appearancenicrostructure and alloying element distribution of
joints were characterized by optical microscope (OM, Axio Scope.Al, ZEISS) and scanning electron
microscope (SEM, ZEISSIERLIN Compact) with an energgispersive Xray spectrometer (EDS).
Electron probemicroanalyer (EPMA, JXA8230, JEOL) was used for the porosity analysis. Static tensile
tests were carried out at room temperature by a universal tester (8801, INSTROM)e@ifrmm/min
tensilespeed anthe 30-mm gauge lengttkractographic characterizatewereconducted via OMSEM
and EDS. Vickers microhardness measurement was performed through a hardness meter (Falcon 500,
INNOVATEST) with 2009 load and 1& dwell time.The finite volume modeling (FVM) of flow field

simulation was performed usidnsys Fluet Detailedinformation can be found iAppendix A
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alill

Output laser waveform

Laser head
with CCD camera

(Not to scale)

Fig. 3.1 The schematic daser welding of NiTiSS wires.

Table 3.1 Welding parameteris Section 3.

Welding parameters Value
Output laser waveform Square
Pulse width(ms) 10
FrequencyHz) 50
Peak powe(W) 255
Welding time(ms) 150
Defocus distanc&mm) +15

Beamoffset® (mm)

a. the distance from focus point to top surface of wires
b. the distance between beam and NiTi/SS centerline

-0.4,-0.2,0, +0.2, +0.4
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Table 3.2Welding parameters uséd Section 3.4

Defocusdistance* (mm) Peakpower(W) Welding time (ms) Heat inputmode
-1 200 150 HPDs
-0.5 213 155 HPDs
0 225 160 HPDs
+10 240 180 LPD.
+20 265 210 LPD.
+30 285 280 LPD.

a. the distance from laser focal point to wire top surface: negative refers to a focal position is loweérethap

surface; positive refers to a focal position is higher than wire top surface

3.3 Elimination of IMCs network in the fusion zone by laser

weld-brazing

Fig. 3.2shows the weld appearances and cross sections ofS8iJoints welded with various laser
beam offsets. Fulbenetration NiT4SS welds without any obvious defects could be realized even in a very
large offset {0.4 or +0.4 mm)The width of FZ obtained using less offset was smaller than that using
larger offsetindicating that more heat input was consumed on mixing of molten mitalas worth
noting that a laseweld-brazingmode could be achieved when usidgdmm or +0.4mm large beam
offset(Fig. 3.221 andFig. 3.21). In thiscasethe BM at bearroffset side melted while the counter part
is still solid or slightlysurfacemelted which is a welding mode between fusion welding and brazing, and
the interfacial morphologies and phase formations in this walikated a good agreement with other
typicalweld-brazingcase$110,112] The formation of FZ was attributed to a fusiwlidification process
of NiTi (-0.4) or SS (+0.4BM, meanwhile obvious brazed interfacég( 3.1 andrig. 3.21) formed
between this FZ and the counterpart base metal. However, smaller or noFodfs8th1-d1) resulted in
a typical fusion welding characteris{ic6]. Obvious macrosegregation as highlightedrig. 3.1 and
3.2c1 was usually considered as the verification ahistibility between molten NiTi and S&ue tothe
Marangoni convection or swirling effect[16,115] Somesmallpores and microcracks appeared in the
FZ of the noroffset joint[50,116] It should be mentioned that the offset over 0.4 mm was ineffective for
joining due to a fusion boundary away from NiTi/SS interface (spheroidizatitre meltwould occur

in the offset side).
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Weld appearance Cross section

Fig. 3.2Weld appearances and cross sections of-SHjoints obtained with various beam offsets: (a@.4)
(b, b1)-0.2;(c, c1) 0;(d, d1) +0.2{e, el) +0.4.

To further confirm theveld-brazingmode, EDS mapping of joints with.4, 0 and +0.4 beam offsets
was presented iRig. 3.3 In-0.4 joint Fig. 3.3), the FZ was mainly composed of Ni and Ti. Fe and Cr
are theprimary elements irthe FZ of +0.4 joint inFig. 3., indicating the fusiomsolidification of SS.
Nevertheless, the joint welded without offeghibitedmixed Ni, Ti, Fe and Cr ithe FZ, indicatedthe
fusion of both NiTi and SSHg. 3.3). Here,through large beam offset to restrict the mellimgation

the weldbrazing modean be introduced intihe NiTi-SS combinationThe achievement of large offset
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wasattributed to the use of a defocused laser b&agn.3.4shows that the reliable NiF$S joining was
difficult to be realizedvhen a focused laser beamas combined witl®.4-mm offset on NiTi side. A
defocused beam witlelativelylow laser energy density but la&rgffect area could ensure a proper wetting
of molten metal on the other mefall7]. The variation ranges of beam offset faveld-brazingmode
should be based on specific materials dimension and welding paraméeigelding time was another

important factor that should be carefully controlled to ensure full penetration on BM thickness direction
but no excessivmeltingof the counterpart BM.

Fig. 3.3The EDS maping of the joint welded with (a)0.4, (b) Oor (c) +0.4 beam offsetespectively
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