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Abstract 

Dissimilar joining between Nickel-Titanium (NiTi) and stainless steel (SS) is of significance in many 

areas especially biomedical applications, however, achieving reliable NiTi-SS joints is highly challenging 

due to the formation of brittle intermetallic compounds (IMCs) in the fusion zone (FZ) or the interface. 

Two strategies can be summarized to address this issue: (1) restricting the mixing of molten metals and 

(2) replacing the most harmful Laves (Fe,Cr)2Ti with ductile phases. The former one poses large 

processing complexity and may lead to NiTi plastic deformation degrading the functional properties. The 

latter struggles to eliminate brittle IMCs entirely in the FZ and may introduce toxic elements. This research 

investigated both aspects to control the microstructure and properties of NiTi-SS joints by leveraging the 

flexibility of laser beam and the thermomechanical process of resistance welding. 

The combination of laser beam defocus and large offset enabled the laser weld-brazing of NiTi and 

SS wires. This approach successfully eliminated the IMCs network in the FZ, shifting the conventional 

and complex FZ brittleness issue to a focus on controlling the brazed interface. Additionally, laser welding 

mode significantly influenced the macrosegregation and porosity in the FZ of NiTi-SS joints. Low laser 

power density and long welding time mitigated the macrosegregation and porosity by weakening the laser 

keyhole effect and prolonging the molten pool duration. In NiTi-SS laser weld FZ, large pores were caused 

by the instability or collapse of the laser keyhole, while small pores originated from the Ni vaporization. 

Both IMCs control strategies were investigated in resistance spot welding (RSW) of NiTi and SS for 

the first time. The use of Nb interlayer resulted in a unique sandwich-structured joint, where two FZs were 

separated by solid-state Nb, suppressing the mixing of dissimilar molten metals. Nb-containing eutectics 

formed at both interfaces, enhancing the joint strength with a 38% increase in fracture load and a 

remarkable 460% increase in energy absorption. In another approach, increasing Ni concentration via a 

melted Ni interlayer effectively replaced Fe2Ti with relatively ductile Ni3Ti in the FZ. However, high Ni 

content also induced large pores and cracks, limiting the effectiveness of this strategy in NiTi-SS RSW. 

A novel processing approach leveraging interfacial liquid control was proposed, achieving a solid-

state joined interface in NiTi-SS fusion welding (e.g., resistance microwelding) without any additional 

interlayers. The produced NiTi-SS joints showed superior strength, superelasticity and corrosion 

resistance compared to NiTi joints or base metal. The ultrathin reaction layer at the solid-state joined 

interface contributed to a strong metallurgical bonding, while Joule heating effects and interfacial 

reactions enhanced superelasticity and corrosion resistance of the joint. Notably, a face-centered-cubic 
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(FCC) reorientated layer (ROL) was found between SS and IMC layer at the controlled ultrathin interface. 

The formation of this ROL was uncovered based on an epitaxial growth model. This ROL introduced a 

strong crystallographic mismatch with the textured SS, resulting in the fracture at this interface. These 

phenomenal findings offer valuable insights for studying material interface and controlling dissimilar-

metal welding process. 

 

Keywords: NiTi, stainless steel, dissimilar welding, intermetallic compounds, material interface, 

microstructure, mechanical properties.  
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Chapter 1 Introduction  

1.1 Background 

Driven by  rising disease prevalence, extending life expectancy and aging population, global medical 

device manufacturing market is growing rapidly and estimated to increase from USD 65.9 billion in 2021 

to USD 113.3 billion in 2026 by an annual grow rate of 11.5% [1]. The COVID-19 pandemic was also 

accelerating the expansion and upgradation of the medical device industry. Since its discovery in the 1960s 

at the United States Navy Ordnance Laboratory (NOL), Nickel-Titanium (NiTi , also known as Nitinol) 

has been considered as one of the most promising biomedical materials for fabrication of biomedical 

devices, thanks to its excellent functional properties of shape memory effect (SME) and superelasticity 

(SE), mechanical properties and biocompatibility [2ï5]. Nowadays, the applications of NiTi as an 

implantable material or in medical devices span nearly the entire human body. These include uses such as 

dental arch wires, heart stents, and foot bone fixation, demonstrating its versatility and significance in 

modern medicine [6]. As a conventional biomedical material, stainless steel (SS) has already been widely 

used, especially in some circumstances requiring high corrosion resistance and good formability [7ï9].  

The development of the medical industry promotes the demand for multifunctional biomedical 

devices that combine various materials to take advantage of their unique functional or mechanical 

properties. Dissimilar welding of NiTi to SS is of significant prospect since it can expand application of 

both materials and contributes to the successful fabrication of multifunctional devices for medical 

diagnosis and therapy. For instance, in a NiTi-SS hybrid orthodontic device, the corrective force on 

abnormal teeth is provided by superelastic NiTi  wires, meanwhile SS wires can be designed to tailor the 

whole structure by a better formability and make the device more anticorrosive in oral cavity [10,11]. The 

joining of NiTi and SS has been applied for the designs of many advanced biomedical device prototypes, 

such as the multi-functional active catheter with joined SS and NiTi coils [12] and the flexible steerable 

cannula based on several SS segments connected by NiTi [13]. Besides, NiTi-steel welding is also widely 

used in aerospace, automobile, sensor, robotics and other industries. For instance, Boeing has developed 

a variable geometry chevron on the jet engine, which may require the joining between NiTi-based shape 

memory alloy and steel sheets [14]. The advanced automobile designs of active louver, grab handle and 

air dam are made of NiTi sheet, which need to be welded to steel structures [14]. Some robotic prototypes 

also call for the joining of NiTi-SS strips [15]. 
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Achieving reliable dissimilar joining between NiTi and SS while ensuring the desired joint properties 

is a critical key in the fabrication of these devices or structures. Various welding/joining techniques (e.g., 

laser welding [16,17], electron beam welding [18], resistance welding [19], ultrasonic welding [20], 

friction welding [21], etc.) have been adopted for this objective, however, NiTi -SS dissimilar welding is 

still highly challenging as the welded joint is usually extremely brittle due to the formation of many types 

of intermetallic compounds (IMCs) in the weld zone. Some typical dissimilar welding defects exist in 

NiTi -SS joint. The degradation of NiTi or SS mechanical/functional properties after welding is also an 

issue. The biocompatibility and corrosion resistance of NiTi-SS joints also need to meet the requirements 

for practical and specific applications. All these joint properties are related to the microstructure of NiTi-

SS weld. Therefore, understanding and controlling the microstructure in NiTi -SS welds are crucial to 

enhance the comprehensive properties of the joints. 

1.2 Objectives 

The goal of this study is to achieve the reliable dissimilar welding between NiTi and SS. To promote 

the achievement of this goal and to deepen the understanding of dissimilar welding in a multiple-alloying-

element system and material interface, the detailed objectives can be as follows: 

I. Understand the metallurgy of the Ni-Ti-Fe-Cr system and control the formation of IMCs and weld 

defects in the NiTi -SS fusion zone (FZ) with the flexibility of laser beam. 

II. Investigate the effects of two IMCs control strategies, i.e., mixing restriction and brittle phase 

reduction in resistance spot welding (RSW) of NiTi-SS, based on the thermomechanical 

processing. 

III.  Built upon the better understanding of the mixing and interface between NiTi and SS, propose a 

new approach to realize superior comprehensive properties in NiTi-SS joint and explore the nature 

of dissimilar material interface. 

1.3 Thesis outline 

Chapter 1 introduces the research background and objectives.  

Chapter 2 briefly overviews the material science of NiTi and SS base materials. Fundamentals and 

some case studies of laser welding and resistance welding are then introduced. The recent progress on 

NiTi -SS dissimilar welding is reviewed, hence the related welding problems and the strategies are 

summarized.  
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Chapter 3 corresponds to objective . This chapter focuses on the influence of different heat input 

modes (combinations of laser power density, welding time and beam offset) on microstructural evolution 

and mechanical properties of laser welded NiTi-SS joints. The weld-brazing mode is achieved where the 

FZ IMCs network can be eliminated. Formation mechanisms and mitigation strategy of macrosegregation 

and porosity are also discussed.  

Chapter 4 corresponds to objective . This chapter investigates for the first time, the feasibility of the 

two IMCs control strategies in NiTi-SS RSW. The joining and failure mechanisms of RSWed joints are 

uncovered. Some new insights are provided when combining the RSW thermomechanical processing and 

the IMCs control strategies for NiTi-SS joining. 

Chapter 5 corresponds to objective . This chapter presents a novel approach during resistance 

microwelding, integrating the advantages of both fusion and solid-state welding methods. The process 

window, microstructure, and comprehensive properties of welded joints are studied. The ultrathin NiTi/SS 

interface with some new phenomena is investigated. 

Chapter 6 summarizes the key conclusions of this thesis and offers recommendations for future 

research directions in this field. 
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Chapter 2 Literature review 

2.1 Introduction  of NiTi  and SS 

In this section, the base materials for welding, namely NiTi and SS are introduced, with a focus on 

their chemical compositions, crystal structures, microstructures, phase transformations, mechanical and 

functional properties, and weldability. Special emphasis is placed on NiTi, as its performance is often 

more critical, and many welding challenges in NiTi-SS joints typically arise from the NiTi side. It should 

be noted that the introduction of these two materials in this section is brief, always with a primary focus 

on welding-related aspects.  

2.1.1 Physical metallurgy of NiTi  

NiTi shape memory alloys (SMAs) are a group of equiatomic or near-equiatomic Ni-Ti binary alloys 

known for their unique functional properties, including shape memory effect (SME) and superelasticity 

(SE). Although SME was first discovered in Au-Cd and In-Tl alloys in the 1950s [22,23], it gained 

widespread attention after NiTi was identified by Buehler et al. in NOL in 1963 (Ni+Ti+NOL=Nitinol) 

[24], thanks to its better mechanical properties offering enhanced potential for practical applications. Fig. 

2.1a exhibits the development history of NiTi SMAs [6]. Nowadays, NiTi is commercially used in various 

industries, particularly in biomedical device fabrication [25] (Fig. 2.1b). As the demand for specialized 

applications grows, further processing of NiTi, including welding, is playing a critical role in meeting 

specific industrial requirements. 
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Fig. 2.1 The development history and biomedical applications of NiTi SMAs [6,25]. 

Fig. 2.2 presents the Ni-Ti binary phase diagram [2]. The NiTi  region is located around 50 at.% Ni. 

Within this region NiTi has mainly two stable or metastable phases, i.e., austenite and martensite. The 

crystal structures of these two phases are shown in Fig. 2.3 [26]. Like the concepts in steel, austenite is 

the high-temperature phase of NiTi with a B2 CsCl-type ordered structure (which can be considered as 

two interpenetrating simple cubes), and the lattice parameter is aƆ0.3015 nm. NiTi martensite is the low-

temperature phase with a B19ô monoclinic structure. The lattice parameters are aå0.2889, bå0.4120, 

cå0.4622 (nm), ɓå96.8o [2]. It is necessary to mention that the NiTi B19ô martensite consists of twinned 

and self-accommodated 24 variants. The twinned martensite can undergo a detwinning process by 

externally applied stress. R-phase is the intermediate phase that sometimes forms in the case that the 
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maximum strain cannot accommodate the B2-B19ô transformation without macroscopic plastic 

deformation. R-phase is influenced by dislocation, secondary-phase precipitation and nanostructure. It has 

a trigonal crystal structure, as it usually originates from the B2 {111} plane stretching [2].  

 

Fig. 2.2 Ni-Ti binary phase diagram [2].  

 

Fig. 2.3 Crystal structures of austenite and martensite of NiTi [26].  

Fig. 2.4 shows the experimentally observed NiTi austenite and martensite in different scales. 

Annealed austenite usually exhibited a morphology of equiaxed grains. Obviously twinned microstructure 

could be observed in NiTi martensite by transmission electron microscope (TEM), and the corresponding 

selected area diffraction (SAD) in Fig. 2.4d indicated a <001> type II twins. 
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Fig. 2.4 (a, b) NiTi austenite observed in optical microscopy (OM) image [27] and TEM image [28], respectively; 

(c, d) NiTi martensite observed in OM image [29] and TEM image [30], respectively.  

NiTi martensitic transformations are a series of diffusionless phase transformations between NiTi 

austenite and martensite, including B2-B19ô, B2-R-B19ô, etc. Here, the most significant one, namely the 

B2-B19ô transformation is detailed, as it is the main driving force for several well-known NiTi functional 

properties. NiTi martensitic transformation can be induced by either temperature change or externally 

applied stress, and it is self-recoverable in some cases. Fig. 2.5 illustrates the schematic diagram of NiTi 

martensitic transformation from austenite to martensite by different routes [31]. By cooling NiTi  down to 

Ms, austenite starts to transform into twinned martensite, and the NiTi consists of entirely twinned 

martensite when the temperature is lower than Mf. The twinned martensite variants can self-accommodate, 

resulting in negligible macroscopic deformation during this temperature-controlled A-M (austenite to 

martensite, conversely M-A) transformation. Further application of external stress on this twinned 

martensite enables the detwinning process and causes macroscopic deformation of the material. In another 

case, the external stress applied to the austenite can lead to direct transformation into detwinned martensite 

with macroscopic deformation. Heating either twinned martensite or detwinned martensite up to As can 

initiate the reverse transformation to austenite, and this M-A transformation is completed when the 

temperature is higher than Af. 
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Fig. 2.5 Schematic martensitic transformations by different routes [31]. 

2.1.2 Superelasticity and shape memory effect of NiTi  

Superelasticity (SE) and shape memory effect (SME) are the most well-known NiTi functional 

properties, and they are both based on the NiTi martensitic transformations. Fig. 2.6 presents the NiTi 

loading-unloading and heating-cooling curves, in which SE and SME are described [32]. Superelasticity 

is realized with the original state of NiTi austenite. After the linear elastic stage of the austenite, continued 

external stress results in a stress-induced transformation of NiTi austenite to detwinned martensite, with 

an almost constant stress level. The strain can be fully recovered when unloaded within this A-M 

transformation period, because the detwinned martensite can spontaneously transform back to austenite. 

The reversible curve is nonlinear and exhibits a different route compared to that in the loading stage, with 

an extremely large recoverable strain (can reach up to 10%). Therefore, this property is named 

superelasticity or pseudoelasticity. The shape memory effect occurs when NiTi is in the twinned 

martensite phase during a loading-unloading-heating-cooling cycle. Applying external stress to the 

twinned martensite leads to detwinning with nearly constant stress, resulting in significant macroscopic 

deformation. This strain/deformation is retained after unloading. Heating this detwinned martensite up to 

Af completes the M-A transformation and the resultant shape recovery. Subsequently, the A-M 

transformation occurs by cooling the austenite down to Mf, restoring the original shape of the NiTi twinned 

martensite. 
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Fig. 2.6 NiTi loading-unloading and heating-cooling curves showing SE and SME [32]. 

The original phase determines whether the NiTi is superelastic or shape-memory, and it is very 

susceptible to temperature, chemical composition, and microstructure. As shown in Fig. 2.7a [33], Ni:Ti 

ratio affects the Ms temperature significantly even with a 0.1 at.% change. Higher Ni content decreases 

the Ms temperature and thus contributes to the stability of austenite and SE at room temperature. In contrast, 

Ti-rich NiTi is usually used for its SME at room temperature. Simply put, there is a ñcompetitionò between 

martensitic transformation and slip. Fig. 2.7b describes the occurrence of SME and SE under different 

temperatures and stresses [34]. It is generally believed that transformation-based SE and SME are both 

limited by slips (line A and line B). Some experimental results demonstrated the ñcompetitionò between 

phase transformation and dislocation slip, as seen in Fig. 2.7c [35]. Microstructural factors, including 

dislocations, secondary particles/phases, grain size, significantly influence the SME or SE behavior of 

NiTi. The loading-unloading curves of cold-rolled (CR), gradient-structured (GS) and coarse-grained (CG, 

usually through complete annealing to obtain the coarse equiaxed grains) NiTis are shown in Fig. 2.7d 

[36]. CR and GS samples, especially the CR sample, were not typically superelastic because of the 

formation of deformation texture, refined grains and high-density defects (as revealed in the TEM 

observation). These cold-worked structures might promote the slip instead of the martensitic 

transformation. Therefore, the influence of any material processing (e.g., welding) on the modification of 

composition and microstructure of NiTi should be taken into account, to preserve or even enhance the 

functional properties.   



10 

 

 

Fig. 2.7 (a) Schematic diagram representing the influence of Ni content on Ms temperature (concluded from [33]); 

(b) Schematic diagram representing the influence of stress and temperature on SE, SME and slip (concluded from 

[34]); (c) loading-unloading curves of the Ni-rich NiTi tested at different temperatures [35]; (d) influence of 

microstructure on NiTi SE [36]. 

2.1.3 Metallurg y and weldability of austenitic SS 

Steel is essentially an iron-based alloy with some other elements acting as the ñsoluteò. Nowadays, 

stainless steel (SS) is one of the most indispensable materials. SS is a traditional biomedical material; the 

application of SS as a bone implant was reported as early as the 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 (Cr) should be added to the iron matrix. Cr forms a compact, self-healing oxide layer on 

the surface of the steel, which prevents harmful reactions between iron and its surrounding environment 

[37]. In addition to Cr, modern stainless steel usually consists of various trace alloying elements to enhance 

specific properties [9,37ï39]. Ni, as an austenite-stabilizing element, is added to SS to enhance the 

corrosion resistance and obtain non-magnetic austenitic steel at room temperature with good toughness, 

formability and wear resistance. Unlike in NiTi, the concept of ñausteniteò in steel refers to the high-
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temperature phase with a face-centered cubic (FCC) crystal structure, also known as ɔ-Fe. Various grades 

of austenitic stainless steel are classified based on their composition or intended applications, with 316L, 

304, 302, and 321 SS being widely used in biomedical device manufacturing [38]. Adding a small amount 

of molybdenum (Mo, typically ~2 wt.%, as in 316L SS) can help improve corrosion resistance to chlorides, 

which are commonly found in seawater and the human body. Therefore, mainly Fe, Ni and Cr (over 10 

wt.%) from the SS side can actively contribute to the formation of the metallurgical system during NiTi -

SS welding. Fig. 2.8 presents the typical annealed microstructures of 316L and 304 SS [40,41], two of the 

most commonly used medical-grade stainless steels. Both materials primarily consist of equiaxed 

austenitic grains with some annealing twins. Additionally, a small amount of residual ferrite is observed 

in 304 SS. A typical X-ray diffraction (XRD) pattern of austenite is presented in Fig. 2.8c, in which FCC 

ɔ-Fe was detected. 

 

Fig. 2.8 Microstructures of (a) 316L and (b) 304 SS [40,41]; (c) XRD pattern of ɔ-Fe [40]. 

Compared to NiTi, the SS side encounters fewer challenges during NiTi-SS dissimilar welding. 

Austenitic SS is generally regarded as the most weldable type of steel because there is no significant phase 

transformation at high temperatures [41,42]. It is still necessary to understand the weldability of austenitic 

SS to ensure the preservation of its desired properties in the dissimilar joint. Austenitic SS has a high 

susceptibility to solidification cracking [43,44], especially during a welding process with high heating and 

cooling rates and nonequilibrium solidification. In Fig. 2.9a and b [45,46], a solidification crack formed 
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along the weld centerline of austenitic SS, due to changes in solidification behavior and compositional 

segregation which promoted complex austenite-ferrite or their eutectic structures. Another issue in SS 

welding is the weakening of corrosion resistance caused by Cr-rich precipitates in the weld zone. As a 

highly Cr-concentrated precipitate (Fig. 2.9c and d [47]), Cr23C6 easily forms at austenite grain boundaries 

during high-temperature exposure. Additionally, other issues such as Fe-Cr brittle IMC (ů phase) 

precipitation  (Fig. 2.9e and f [48]) and stress corrosion cracking (Fig. 2.9g-i [49]), also need to be 

considered during austenitic SS welding. 

 

Fig. 2.9 Austenitic SS welding problems: (a) schematic solidification modes of austenitic SS (type A: complete 

austenite, type AE: primary austenite with eutectic, type FE: primary ferrite with eutectic, type F: complete 

ferrite) [45]; (b) crack along the weld centerline of austenitic SS [46]; (c) TEM observation of Cr23C6 precipitate; 

(d) the related diffraction pattern of (c), in which the formation of diffraction rings was due to the presence of 

Cr23C6 [47]; (e, f) ů phase in austenitic SS [48]; (g-i) typical stress corrosion crack in austenitic SS [49]. 

2.2 Laser welding and resistance welding of dissimilar metals 

Laser welding and resistance welding are effective techniques for dissimilar-metal joining. Their 

unique advantages in NiTi -SS welding have been attracting researchersô attention, and this thesis work 

was conducted using these two welding methods. Therefore, laser welding, resistance welding, and typical 

case studies on dissimilar-metal welding are briefly introduced in this section. 
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 Laser welding is achieved by the energy from a laser beam with high power density (can be over 106 

W/cm2). This method is highly flexible and precise, making it particularly suitable for small-scale joining 

of a wide range of materials. This is especially true for NiTi, which is often used in thin sheets or 

submillimeter wires [50ï52]. Due to its non-contact nature, laser welding offers high efficiency and low 

cost, eliminating the need for consumable accessories. Lasers 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 

fishbone diagram lists the factors in laser welding that influence weld quality [51]. Different combinations 

of these parameters significantly influence microstructure and properties of the weld zone.  

Resistance welding is widely used in unitized vehicle construction. A typical body-in-white 

constructed contains as many as 6000 resistance spot welds [53]. As seen in Fig. 2.10b [54], the 

mechanism of resistance spot welding (RSW) is described as follow. After assembly and positioning, the 

electrodes approach the assembled materials. Subsequently, the base materials are squeezed by electrode 

force. The welding current is passed through the tightly contacted materials; hence the heat is generated 

mainly at the interface of metals due to the existence of surface contaminations and asperities, but further 

heat generation is determined by the bulk resistance, namely the resistance of the whole material system, 

according to the Jouleôs law: 

                                                     ὗ=᷿ ὍὸὙὸὨὸ                                                                          (2.1)                     

where Q is the energy delivered into the materials in Joule,  t1 and t2 respectively denote the beginning 

and terminating time of the electrical current, I(t) is the welding current, R(t) is the dynamic resistance. 

For an alternative current RSW machine, I for Jouleôs law is the root mean square value: 

                                                 Ὅ Ὅ
᷿

                                                                  (2.2) 

where Imax is the peak value of the sine wave. The weld nugget formation is realized by all the 

resistance heat. RSW is a typical thermomechanical processing for materials. The flexibility of resistance 

welding can be achieved by designing electrodes with various tip geometries and dimensions.  
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Fig. 2.10 (a) Fish bone diagram for factors in laser welding that can influence the weld quality [51]; (b) schematic 

diagram presenting the RSW mechanism [54]. 

It is necessary to classify dissimilar welding cases according to two material combinations. If the 

dissimilar metals are nonreactive and immiscible (such as Mg-steel [55ï57] and Mg-Ti [58,59]), there is 

usually a weak crystallographic bonding between phases from base metals (BMs). Therefore, the first task 

is to realize the good metallurgical bonding between BMs, which is typically facilitated by the addition of 

alloying elements. Once this is achieved, further optimization of the interfacial reaction layer should be 

performed. Secondly, if the dissimilar materials are reactive or miscible, there is either an interfacial 

reaction layer (usually a layer consisting of IMCs) between BMs (e.g., Al -steel [60,61] and Al-Cu [62], 

which have significantly different melting points), or a complex FZ formed by the highly mixed dissimilar 

molten metals (such as NiTi-SS [17,50] and Inconel-steel [63], which have similar melting points). The 

main challenge for the second type of dissimilar welding is controlling the formation of brittle IMCs in 

either the interfacial layer or the entire FZ. A metallurgical system containing multiple alloying elements 

serves as the foundation for the formation of various IMCs in FZ or interface, especially considering the 

nonequilibrium solidification in welding process. Laser welding and resistance welding are effective to 

control this metallurgical system and the resultant microstructure, benefiting from the highly controllable 

laser beam and thermomechanical processing, respectively. For instance, laser weld-brazing mode could 

be realized in Al-steel welding where the FZ only formed at Al  side because of its lower melting point 

(Fig. 2.11a-d) [64]. In this case, the mixing of dissimilar molten metals and the IMCs formation were 

suppressed; IMCs layers at the brazed interface need to be further optimized to improve the joint properties. 

Fig. 2.11e shows that the FZ only formed at Mg side during the RSW of Mg to Al-Si coated steel, because 

of different dynamic resistances, thermal conductivities and melting points between Mg and steel [65]. It 

was also worth noting that bulk and brittle Mg-Al eutectics were squeezed out of the interface by electrode 
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force, which ensured the clean contact between molten Mg and solid-state steel (Fig. 2.11f and g). Both 

the laser weld-brazing mode and the thermomechanical processing of resistance welding are inspirational 

for NiTi-SS welding. However, based on similar melting points, thermal conductivities and electrical 

resistivities (Table 2.1 [66ï71]), the welding between these two materials is expected to be challenging 

and some special designs should be performed.  

 

Fig. 2.11 (a) Schematic of Al-steel laser weld-brazing; (b) cross section of laser weld-brazed joint 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 layer [64]; (e) cross section of Mg/Al-Si coated steel RSWed joint 

with FZ at Mg side; (f) schematic of Mg-steel RSW mechanism indicating the squeezing-out of brittle Mg-Al 

eutectics; (g) the observation of squeezing-out zone at Mg-steel weld border region [65]. 

Table 2.1 Some properties of B2 NiTi and 316L SS [66ï71] (note that these properties may vary depending on 

different temperatures and material processing statuses). 

Properties NiTi  (B2) 316L SS 

Melting temperature (K) 1584 1648-1673 

Boiling temperature (K) 3560 3090 

Thermal conductivity (W/mK) 18 16.2 (at 373K) 

Youngôs modulus (GPa) 83 193 

Coefficient of thermal expansion (1/K) 

Electrical resistivity (ɋcm) 

11*10-6 

86.5*10-6  

18.4*10-6 

74*10-6 
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2.3 Recent progress on NiTi -SS dissimilar welding 

2.3.1 Typical microstructure and properties of NiTi -SS dissimilar joint s 

Most studies on NiTi-SS welding selected superelastic (i.e., B2 austenite) NiTi as the base material. 

Fig. 2.12a-c present the 3D chemical analysis of a region at FZ near to NiTi side of NiTi -SS laser weld, 

which was realized by the layer-by-layer focused ion beam (FIB) etching, scanning electron microscope 

(SEM) and energy-dispersive X-ray spectrometry (EDS) (Fig. 2.12a) [17]. Ternary composition histogram 

was plotted on the Ni-Ti-Fe phase diagram by counting the stacked Ni, Ti and Fe compositions on EDS 

mappings (Fig. 2.12b). As a result, the 3D reconstruction of the whole analyzed volume is presented in 

Fig2.12c. It was obvious that the FZ was not composed of single dominant phase, but rather an IMCs 

network filled with various IMCs as indexed by regions from 1 to 6b, in which Fe2Ti and Ni3Ti were 

detected as the primary IMCs in this FZ. To confirm phase formation with higher accuracy, synchrotron 

X-ray diffraction (SXRD) was utilized, leveraging its shorter X-ray wavelength for higher diffraction 

density and spatial resolution. The SXRD analysis was conducted in a step-by-step scanning mode across 

the weld zone and base metal to provide detailed microstructural evolution. The SXRD results for a NiTi-

SS laser-welded joint are shown in Fig. 2.12d [16], revealing a variety of IMCs, including Fe2Ti, Ni3Ti 

Cr2Ti, etc. within the FZ. The hardness results in Fig. 2.12e indicated that this FZ were extremely harder 

than both NiTi and SS BMs, suggesting the brittleness of the whole FZ. 
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Fig. 2.12 (a) Schematic of 3D chemical analysis method based on layer-by-layer FIB, SEM and EDS; (b) ternary 

composition histogram (FZ near to NiTi side) superimposed on a 1000 oC isothermal section of Ni-Ti-Fe phase 

diagram; (c) the 3D reconstruction of the whole analyzed volume: Region 1: original NiTi base metal, Region 2: 

(Fe,Ni)Ti dendrites, Region 3: Ni3Ti formed in eutectic, Region 4: a possible mixture of phases, Region 5: Fe2Ti 

dendrites, Region 6: eutectic of ɔ-(Fe,Ni) in yellow and Fe2Ti in red [17]; (d, e) SXRD and hardness testing 

results of NiTi-SS laser welded joint, respectively [16]. 

Electron backscattered diffraction (EBSD) combined with EDS was also used for investigating the 

phase distribution in the NiTi-SS FZ. Fig. 2.13a, b and d illustrate that the FZ of the electron beam welded 

NiTi -SS joint is dominated by an IMC network primarily composed of Fe2Ti and Ni3Ti [18]. Fig. 2.13c 

and d exhibit the presence of microcrack in this IMCs network, highlighting the high brittleness and the 

possible residual stress in the NiTi-SS FZ. Crack was more likely to propagate inside Fe2Ti due to its low 

deformability compared to other IMCs or solid solutions. The lower solubility of Fe-Ti melt usually results 

in the formation of brittle Fe2Ti IMCs. Fe2Ti, Cr2Ti, and/or (Fe,Cr)2Ti, known as C14-Laves phase with 

a topologically close-packed (TCP) structure, are usually considered as one of the most harmful phases in 

NiTi -SS fusion welded joint, owing to its high modulus and low slip or plastic deformation capacity [11]. 

EBSD analysis of another study on NiTi-SS laser welded joint also indicated the complicated phase 

formation in the FZ, as seen in Fig. 2.13e [72]. In this work, the region near to NiTi side mainly consisted 

of C14-Laves phase (i.e., (Fe,Cr)2Ti), and the TEM diffraction (Fig. 2.13f) proved the formation of the 

this phase in the FZ. Thermodynamic calculation on the Fe-Ni-Ti-Cr system was conducted. As shown in 
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Fig. 2.13 g and h, the calculation from a typical composition (35.7% Ni-31.6% Ti-30.6% Fe-1.4% Cr, 

at.%) suggested that Fe2Ti and Ni3Ti are primary phases, and some other phases such as ɔ-(Fe,Ni) and B2-

NiTi could also form in the FZ. Macroscopic morphology of the NiTi-SS weld could be observed by 

optical microscope (OM) or SEM (Fig. 2.13 i-l) [73ï76]. The FZ was often nonuniform, exhibiting 

macrosegregations, due to the strong convection or Marangoni effect (also can be verified in Fig. 2.13a) 

during welding, which could further localize brittleness in Fe-Ti-rich regions due to the bulk precipitation 

of Laves IMCs. 

 

Fig. 2.13 (a) EBSD phase map indicating the formation of ɔ and IMCs in the FZ; (b) The typical IMCs network of 

Fe2Ti and Ni3Ti in the FZ; (c,d) The SEM and EBSD images showing the microcrack propagation in Fe2Ti and 

Ni3Ti network [18]; (e) EBSD phase map of the region in FZ adjacent to the NiTi side; (f) TEM diffraction 

pattern revealing the formation of Fe2Ti in FZ (lattice parameters of a=0.4734 and c=0.7717); Thermodynamic 

calculated (g) phases fraction and (h) element fraction in liquid with the concentration of 35.7% Ni-31.6% Ti-

30.6% Fe-1.4% Cr (at.%) [72]; (i-l) OM/SEM images of the overall FZ of NiTi-SS weld, with obvious 

macrosegregations in both butt [73,75,76] and lap [74] joints . 
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Due to the overall brittleness of FZ, the NiTi-SS joint typically fractured during the early elasticity 

stage with low ultimate strength (Fig. 2.14a) [77] in the mechanical testing. Compared to NiTi BM or 

NiTi -NiTi welded joint, achieving the critical stress for NiTi superelasticity in NiTi-SS joints is highly 

challenging. Some studies have reported that the joint fracture occurred along the FZ centerline (Fig. 2.14b 

and c) [77,78], while other work observed the fracture location within the FZ but near the NiTi side (Fig. 

2.14d and e) [73,79], indicating potential influences from macrosegregation, residual stress and even the 

surface geometry of the weld zone. The fracture surfaces exhibited typical brittle characteristics, with 

large, sharp cleavage facets clearly visible (Fig. 2.14e and f) [16,79]. The in-situ tensile testing of NiTi-

SS laser welded joint found that the crack initiated from welded wireôs surface and then propagated over 

the peripheral perimeter of the weld, as seen in Fig. 2.14g [75]. In this testing the joint could achieve the 

NiTi superelasticity stage; it should be mentioned that samples in this work were wire-rotation welded 

and centerless ground after welding (the diameter was reduced by 1/3) to remove surface defects. Another 

case study also achieved the NiTi superelasticity in the NiTi -SS joint [80], however, the BM wires used 

in this work had a thinner diameter of only 0.1 mm, compared to the more commonly used range of 0.3ï

1 mm in other studies. The reduced diameter of wires may significantly mitigate the brittleness issue. 

 

Fig. 2.14 (a) Typical stress-strain curves of NiTi-SS and NiTi-NiTi laser welded joints during tensile testing [77]; 

(b,c) fracture path of NiTi-SS joint located at FZ centerline [77,78]; (d,e) fracture path of NiTi-SS joint located at 

FZ near to NiTi side [73,79]; (f) fracture surface of NiTi-SS laser welded wire joint [16]; (g) in-situ tensile testing 

results of NiTi-SS laser welded wire joint [75]. 
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2.3.2 IMCs control  strategies for  NiTi -SS welding 

2.3.2.1 Adding interlayers 

In recent years, various strategies have been explored to control the microstructure and to improve 

the properties of NiTi-SS joints. One of the approaches involves introducing alloying elements into the 

Ni-Ti-Fe-Cr system to modify phase formation in the FZ. Methods for introducing these elements ranged 

from using foils to powders, with additions including Ni [11,16,18,81,82], Cu [83,84], Co [85], Ta [78], 

etc. 

Adding pre-existing alloying elements (i.e., Ni, Ti, Fe or Cr) to NiTi-SS welding is a more feasible 

approach as it minimizes potential biocompatibility issues. Using Ni foil or Ni powder as an intermediate 

layer between NiTi and SS BMs has proven effective in suppressing the formation of brittle Fe-Ti IMCs 

by promoting the formation of Ni3Ti or Fe-Ni phases instead. Compared to the results shown in Fig. 2.13a-

d, Ni-interlayered NiTi-SS FZ exhibited an increase in ɔ-phase and Ni3Ti content with significantly lower 

hardness (Fig. 2.15a, c, d, and f) [18]. The SXRD results also confirmed the formation of more Ni3Ti and 

Fe3Ni phases in FZ when inserting a Ni foil for NiTi-SS laser welding [16] (as seen in Fig. 2.15h, in 

comparison with no interlayer condition in Fig. 2.12d). Adding Ni powder is more effective for Ni atom 

dispersion and diffusion in the FZ. The EBSD phase map revealed the dominant phase in the FZ near the 

NiTi side was changed from Fe2Ti+Ni3Ti IMCs network into ɔ-(Fe,Ni) and Ni3Ti phases, which exhibited 

lower hardness and improved toughness (Fig. 2.15j and k) [81]. Moreover, FeNi foil with 50 wt.%-Ni was 

selected as an interlayer in NiTi-SS electron beam welding [18]. It improved the fraction of ɔ-(Fe,Ni) in 

the FZ, but there was still an IMCs-rich layer in the FZ/NiTi interface (Fig. 2.15b, e and g) due to the 

higher concentration of Ti here.  The tensile testing results indicated that the NiTi-SS joint strength was 

significantly enhanced by adding Ni or FeNi into the FZ, but all the welded joints could not exhibit 

obviously enhanced ductility or NiTi SE (Fig. 2.15i), compared to NiTi BM.  
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Fig. 2.15 (a, b) EBSD phase maps of Ni and FeNi interlayered electron beam welded NiTi-SS FZ, respectively; 

(c-e) hardness distributions of electron beam welded NiTi-SS FZs without interlayer, with Ni interlayer and with 

FeNi interlayer, respectively; (f, g) EBSD phase maps of NiTi-SS FZ obtained with Ni interlayer and FeNi 

interlayer, respectively (microcrack is marked by arrows) [18]; (h) SXRD results of NiTi-SS laser welded joint 

with Ni interlayer [16]; (i) tensile testing results of NiTi-SS joint with different interlayers [18]; (j) EBSD phase 

map of the FZ of NiTi-SS laser welded joint with the addition of 50% Ni powder. (k) hardness distributions of 

NiTi -SS laser welded joints by adding different concentrations of Ni powder [81]. 

Adding Cu by the interlayer for NiTi-SS laser welding could reduce brittle IMCs by promoting the 

formation of Cu solid solutions in FZ (Cu phase indexed in the XRD pattern in Fig. 2.16a) [83,84]. 

However, excessive Cu could lead to the formation of Ni3Ti and Cu-Ti IMCs, which, in turn, decreased 

joint strength. Similarly, Co interlayer could modify the microstructure by replacing brittle Fe-Ti IMCs 

with some Ti-Co IMCs (Fig. 2.16b) [85]. The addition of Co content should also be controlled, as 

excessive formation of new IMCs increased the susceptibility to cracking. In 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. 2.16d), compared to 
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directly welded NiTi-SS joints [78]. The limited effect was reasonable, given that XRD analysis detected 

no Ta-Ti or Ta-Fe phases, only Ta-Ni and Ta-Cr in the FZ. More recently, researchers employed 

equiatomic CoCrFeNiMn high-entropy alloy (HEA) as an interlayer, achieving a strength increase from 

~30 N to 175 N in the NiTi -SS laser welded joints [86]. The addition of CoCrFeNiMn HEA promoted the 

formation of ɔ-(Fe,Ni) (or FCC HEA phase) meanwhile restricted the precipitation of brittle Fe-Ti phase 

(Fig. 2.16e and f). 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.  

 

Fig. 2.16 (a) XRD pattern of NiTi-SS weld zone with different Cu interlayer thicknesses [84]; (b) XRD pattern of 

NiTi -SS weld zone with different Co interlayer thicknesses [85]; (c, d) FZ microstructure and hardness 

distribution of NiTi-SS joints with Ta interlayers, respectively [78]; (e, f) XRD pattern and hardness distribution 

of NiTi-SS joint with and without CoCrFeNiMn interlayer, respectively [86]. 

2.3.2.2 Post-weld heat treatment 

Post-weld heat treatment (PWHT), particularly post-weld annealing, has been shown to significantly 

improve the strength of NiTi-SS joints [73,79,87] by releasing residual stress. Moreover, when an 

appropriate  annealing temperature (850 °C) and a duration (3600 s) were combined with the addition of 

a Ni interlayer, the strength of the post-treated NiTi-SS laser welded joint increased to 2.12 times that of 

the as-welded joint [79]. XRD and SEM analysis clarified that more Ni3Ti particles precipitated in the 

PWHTed FZ that strengthened the joint, and the FZ hardness was also significantly decreased after PWHT 
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(Fig. 2.17a-e). The homogenization of the FZ microstructure due to PWHT also contributed to the 

enhancement of joint strength. In addition to mechanical properties, the impact of PWHT on the 

electrochemical corrosion of NiTi-SS joints was also studied [87]. Polarization curve analysis showed that 

PWHT at 200 ÁC slightly improved the jointôs corrosion resistance. However, a higher PWHT temperature 

of 400 °C severely reduced the corrosion resistance, likely due to the disruption of tangled dislocations, 

which could limit the feasibility of PWHT for NiTi-SS welding (Fig. 2.17f). 

 

Fig. 2.17 (a) XRD patterns of the NiTi-SS laser welded FZ obtained with different PWHT temperatures;  FZ 

microstructure of NiTi-SS laser welded joints (b) without PWHT and after PWHT temperature of (c) 650 oC and 

(d) 850 oC, respectively; (e) hardness distribution of NiTi-SS joints with and without PWHT [79]; (f) polarization 

curves of NiTi -SS laser welded joints with PWHT at different temperatures [87]. 

2.3.2.3 Laser beam or assembly designs 

Specialized laser beam configurations and specimen assembly strategies can effectively control the 

melting and mixing behavior of dissimilar metals. In laser welded NiTi-SS lap joints, placing SS above 

NiTi has been shown to be a better configuration, as Ni enrichment in the FZ improved the anti-crack 

capacity of the joint [74].  Laser beam offset could be used to restrict the mixing of dissimilar molten 

metals [16,88,89]. Compared with directly welded joint, the laser offset towards SS side could 

significantly reduce the NiTi melting and Ti diffusion, resulting in less brittle Fe-Ti IMCs formation (Fig. 

2.18a-f). A joint welded with a 0.1 mm offset towards the SS side achieved strength comparable to that of 

Ni-interlayered joints [16], but there were still obvious IMCs and macrosegregation in the FZ. A complex 

assembly involving laser beam offsetting-scanning, wire rotation and a cup-cone butt geometry was 
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designed for NiTi-SS welding  [89]. In this case the mixed region could be narrowed to approximately 30-

µm width. A recent study used multiple interlayers and carefully controlled laser beam positioning (Fig. 

2.18g and h) [90]. Due to different melting points between Nb, Cu and BMs, two thick reaction layer 

zones formed at both sides, without overall melting of NiTi and SS. The Nb/Cu interface was regarded as 

the weakest position due to the formation of micro-cracks. Cu is commonly considered as the toxic 

element in biomedical applications, limiting suitability for NiTi -SS welding. Despite these advancements, 

these welding designs or PWHT was also difficult to produce a NiTi -SS joint exhibiting the significant 

ductility and NiTi  functional properties. 

 

Fig. 2.18 (a-f) EDS mappings of laser welded NiTi-SS joints without and with laser beam offset, respectively 

[16];  (g) schematic and cross section of laser welded NiTi-SS joint with Nb+Cu interlayers; (h) the tensile test 

curves of the joints welded with and without Nb+Cu interlayers, respectively [90]. 

2.3.2.4 Solid-state welding 

Due to the absence of significant macro-melting of BMs, solid-state welding nearly eliminates the 

mixing of dissimilar molten metals, enabling some NiTi-SS joints to retain NiTi SE [19,91ï94]. For 

instance, impact 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 confirmed the 
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absence of overall mixing 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 region 

and shear cracks, were observed [92]. Large plastic deformation likely contributed to the formation of 

these weld defects, as well as the microstructural change of NiTi that degraded the SE behaviors. In recent 

years, friction welding of bulk NiTi and steel samples has shown promise for improving joint properties 

due to the absence of excessive melting and metallurgical reactions. An ultrathin IMCs layer was observed 

at the interface (Fig. 2.19c) [21], and this thin layer was generally considered non-detrimental to joint 

performance. However, XRD detected the transformation from original NiTi austenite to martensite near 

the interface (Fig. 2.19d) caused by the high pressure and deformation, indicating potential damage to 

NiTi SE. Ultrasonic welding of NiTi and SS was performed with a Cu interlayer, which flowed toward 

the weld border during welding (Fig. 2.19e) [20]. Similarly, resistance butt welding of NiTi and SS wires 

was achieved using a relatively complex setup (Fig. 2.19g), creating two distinct interfaces: the NiTi/SS 

interface and the base metals/SS tube interface [19]. A reaction layer of IMCs, approximately 10 µm thick, 

formed at the NiTi/SS interface (Fig. 2.19h). The resistance-welded joint maintained the NiTi SE plateau 

(Fig. 2.19i), however, the SE curves were significantly modified by the welding process. Current results 

indicate that solid-state welding techniques usually rely on complex configurations with limited flexibility 

and are constrained by BM dimensions and joint types. NiTi  SE is highly susceptible to degradation during 

the solid-state welding process due to work-hardening or significant plastic deformation. This is evidenced 

by the formation of the B19' phase, amorphous phases, and alterations to cyclic curves [50,94,95], which 

challenged the capacity of NiTi to provide corrective force or to mimic bone deformation behavior, as a 

biomedical material [96,97]. 
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Fig. 2.19 (a) EDS mapping and (b) cyclic loading-unloading testing results of NiTi -SS impact welded joint [94]; 

(c) interfacial microstructure and (d) XRD patterns of friction welded NiTi-steel joint [21]; (e) schematic and (f) 

interface morphology of ultrasonic welded NiTi-SS joint [20]; (g) schematic, (h) interfacial IMCs layer and (i) 

tensile testing results of resistance welded NiTi-SS wire-tube joint [19]. 

2.3.3 Other problems related to NiTi-SS welding 

As mentioned in Section 1.1, some typical dissimilar welding defects also exist in the NiTi -SS 

combination, especially on the NiTi side of the joint. The different thermophysical properties between 

NiTi and SS resulted in significant residual stress in the welded joint (Fig. 2.20a and b) [75,98], which 

usually led to microcracks in the low-ductility IMCs network [99]. Macrosegregation, caused by strong 

convection or Marangoni effect in the complex melt, poses another issue in NiTi-SS fusion welding. This 

phenomenon, as illustrated in Fig. 2.20c [82], could cause FZ inhomogeneity and localized brittle Fe-Ti 

segregation, which significantly weakened the joint. Porosity in NiTi-SS joints has drawn researchersô 

attention (Fig. 2.20d) [82,98], and a previous work reported a correlation between Ni content and pore 

susceptibility [82], though further studies are needed to understand the mechanisms of pore formation and 



27 

 

mitigation strategies. Because of the high equilibrium vapor pressure of Ni, Ni loss has been considered 

as a serious issue during NiTi welding and NiTi additive manufacturing. A slight variation in Ni content 

would result in obvious change of NiTi phase transformation temperature. For instance, in the high-power 

laser welded B2 NiTi joint, some unindexed EBSD regions suggested the formation of B19ô phase at room 

temperature (Fig. 2.20e) [100]. Moreover, as discussed earlier, NiTi functional properties are highly 

sensitive to its microstructure. Therefore, preserving these properties in NiTi-SS dissimilar joints is critical 

and warrants thorough evaluation. 

 

Fig. 2.20 (a, b) Simulated stress distribution in laser welded NiTi joint at 5% strain, with the radial and hoop 

components of the stress tensor, respectively [75]; (c) cross section of NiTi-SS laser welded joint, showing 

obvious macrosegregation [82]; (d) the pore in laser welded NiTi -SS joint [82]; (f) EBSD result of high-power 

laser welded B2-NiTi joint [100]. 

For practical applications of NiTi-SS joints in biomedical devices, corrosion and biocompatibility 

testing should be conducted. While some studies have highlighted biocompatibility concerns in NiTi-SS 

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 in the NiTi -SS weld zone. 

Electrochemical corrosion testing in a NaCl solution revealed that the NiTi-SS friction stir welded joint 

exhibited lower corrosion resistance compared to the BMs (NiTi and SS) (Fig. 2.21a) [91]. The authors 

considered that this 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 NiTi-SS weld zone is more susceptible to stress corrosion 

remains unclear. Alternating current scanning electrochemical microscopy (AC-SECM) was used to 

detect the local electrochemical behavior and Ni ion release of NiTi-SS laser welded joint in a simulated 

human-body environment [102]. The results in Fig. 2.21c suggest that the weld zone (encircled region) 

exhibited a lower local electrochemical activity, improved 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 studies [103]. 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. 2.21d-f, the NiTi wire showed severe embrittlement after hydrogen charging 

testing in a NaCl solution [104]. It would be meaningful to conduct the hydrogen charging testing for 

NiTi -SS joints in a simulated bio-environment, to evaluate the hydrogen embrittlement of the weld zone. 

In addition, in vivo or in vitro biocompatibility testing for medical NiTi and SS has been performed (Fig. 

2.21g), thus subjecting NiTi -SS joints to these in vivo or in vitro evaluations could provide a more direct 

assessment of their biocompatibility [105].  

 

Fig. 2.21 (a) Potentiodynamic polarization curves for NiTi, SS and FSWed NiTi-SS [91]; (b) stress recorded 

during stress corrosion testing of NiTi wire [101]; (c) AC-SECM images of laser welded NiTi-SS joint, in which 

brighter regions represent higher local electrochemical activity [102]; (d,e) fracture surfaces of as-received and 

after-hydrogen-charging NiTi wires, respectively; (f) stress-strain curves of NiTi wires after hydrogen charging 

with different current densities [104]; (g) schematic of in vivo biocompatibility testing of 3D-printed NiTi [105]. 
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2.4 Summary 

Chapter 2 provides an overview of metallurgy and properties of NiTi and SS that should be considered 

during NiTi-SS welding. Then laser welding and resistance welding are introduced, which show unique 

advantages in NiTi -SS welding and are therefore selected as the welding techniques in this research. The 

typical microstructure of NiTi-SS joints is an IMCs network (mainly Fe2Ti and Ni3Ti) in the FZ. The 

NiTi -SS joint usually fractures at the elastic stage with low strength during mechanical testing. Table 2.2 

lists different NiTi -SS welding studies from the literature, and it shows that the reliable joining is highly 

challenging. Two main strategies can be summarized as reducing IMCs and minimizing the brittleness of 

the joint:  

The first strategy is to limit the scale of Ni-Ti-Fe-Cr mixture by restricting the melting and mixing of 

BMs in the joint, which can be realized by laser beam or assembly designs, or by solid-state welding 

methods. However, the limited laser beam or assembly designs cannot eliminate IMCs in the FZ. In the 

case of solid-state welding, a thin reaction layer forms at the interface, which, in turn, can lead to a high-

strength joint that retains NiTi SE. However, the complex configurations required for assembly design 

and solid-state welding limit their applications, especially when BMs have small dimensions. The 

desirable functional properties of BMs are easily degraded due to the increased work hardening or plastic 

deformation during welding process.  

The second strategy is to replace the brittle Laves (Fe,Cr)2Ti with ductile phases (e.g., Ni3Ti, ɔ-(Fe,Ni), 

Cu-Ti, etc.) in the FZ of the joints, which can be achieved by inserting interlayers (Ni, Cu, HEA, etc.) and 

PWHT. Although these joints exhibit enhanced strength and ductility, eliminating harmful IMCs and 

achieving NiTi  SE are still challenging, especially considering typical defects in fusion welding such as 

macrosegregation and porosity. Moreover, the addition of toxic elements in the FZ ( e.g., Cu, Ni and Co) 

is usually not acceptable in biomedical device manufacturing [106,107]. 

The development of highly efficient and flexible NiTi-SS dissimilar welding techniques that achieve 

superior joint properties remains a critical requirement. Some fundamental issues, including the FZ 

microstructure, the dissimilar-metal interface, material dynamics under processing, and joint deformation 

and failure behaviors, should also be addressed.  
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Table 2.2 Summary of NiTi-SS dissimilar welding research progress (D: diameter and T: thickness) 

Strategy Joint strength Method & 

configuration 

Base metal 

dimension 

Microstructure  If  showing SE  Reference 

Direct welding ~200MPa Laser welding; 

butt 

D=360µm 

wire 

Overall IMCs 

network 

No [77] 

Direct welding ~200MPa Laser welding; 

butt 

D=400µm 

wire 

Overall IMCs 

network 

No [16] 

Direct welding 27N Laser welding; 

lap 

T=200µm 

sheet 

Overall IMCs 

network(crack) 

No [86] 

Direct welding 174MPa Electron beam 

welding; butt 

T=1.6mm 

sheet 

Overall IMCs 

network 

No [18] 

Direct welding 420MPa Plasma welding; 

lap 
D=200µm 

wire 

Overall IMCs 

network (crack) 

No [108] 

Ni interlayer  ~400MPa Laser welding; 

butt 

D=400 or 

480µm wire 

Ni3Ti-rich IMCs 

network 

No [16,82] 

Ni interlayer  264MPa Electron beam 

welding; butt 

T=1.6mm 

sheet 

Ni3Ti-rich IMCs 

network 

No [18] 

Cu interlayer 521MPa Laser welding; 

butt 

D=480µm 

wire 

Ni3Ti-rich IMCs 

and Ti-Cu phase 

No [83,84] 

Co interlayer 347MPa Laser welding; 

butt 

D=480µm 

wire 

Co-Ti rich IMCs No [85] 

Ta interlayer 251MPa Laser welding; 

butt 

D=1mm wire IMCs network+ 

Ni3Ta and TaCr2 

No [78] 

FeNi interlayer 343MPa Electron beam 

welding; butt 

T=1.6mm 

sheet 

ɔ-(Fe,Ni) 

dominated  

No [18] 

Ni powder ~300MPa Laser welding; 

butt 

431.8*635 µm 

rectangular 
More Ni3Ti and ɔ-

(Fe,Ni) 

No [11,81] 

CoCrFeNiMn 

interlayer  

175N Laser welding; 

lap 

T=200µm 

sheet 

More (Fe,Ni) solid 

solution  

No [86] 

PWHT ~350-400MPa Laser welding; 

butt 

 D= 360µm 

wire 

Overall IMCs 

network 

No [73,87] 

PWHT+Ni  643MPa Laser welding; 

butt 

T=200µm 

sheet 

More uniform 

FZ+Ni3Ti 

precipitates  

No [79] 

Laser beam 

offset 

~400MPa Laser welding; 

butt 

Wire or sheet Less brittle Fe-Ti 

IMCs 

No [16,88] 

Laser beam 

offset 

623MPa Laser welding; 

butt 

D= 100µm 

wire 

-- Yes (low speed 

testing) 

[80] 

Offset scanning 

and wire 

rotation 

~340MPa Laser welding; 

butt 

D= 762µm 

wire 

30-µm mixed 

region 

No [89] 

CuNbCu+laser 

positioning 

240MPa Laser welding; 

butt 

T=800µm 

sheet 

Cu-rich reaction 

layer 

No [90] 

Multiple  laser 

pulses 

Over 600MPa Laser welding; 

butt; 

wire-rotation 

D= 300µm 

wire 

IMCs network Yes (reduced 

diameter and in-

situ testing) 

[75] 

Impact welding  ~300N; 522MPa Lap or butt 500*500µm 

square; 

D= 330µm 

wire 

Solid-bonded 

interface 

Yes [92ï94] 

Friction welding Over 600MPa; 

over 400MPa 

Butt D= ~12mm 

bar; 

T= 2mm 

sheet; 

Interfacial 

reaction layer; 

Stir zone 

Yes [21,91,109] 

Resistance 

welding 

830MPa Butt, specially 

designed  

D= 330µm 

wire 

Interfacial 

reaction layer 

Yes [19] 

Ultrasonic 

welding 

~690N Lap T= 150µm 

sheet 

Interfacial 

reaction layer 

No [20] 

  



31 

 

Chapter 3 Control of  IMCs, macrosegregation and 

porosity in laser welded NiTi-SS joints 

3.1 Overview 

Many efforts have been applied to reduce IMCs and to improve laser welded NiTi-SS joint properties. 

However, complex assembly and post-processing are high-cost and low-efficiency; additional alloying 

elements are usually unacceptable in biomedical application. Therefore, the achievement of one-step 

direct laser welding of NiT-SS wires is of great significance.  

Weld-brazing, as introduced in Section 2.2, shows great advantages in dissimilar alloys joining. It 

has been used in the joining of Al/steel, Mg/steel, Mg/Ti, e.g. [110ï112] where a FZ forms on one BM 

side with low melting point. The joint strength is mainly determined by the brazed interface between the 

FZ and another solid-state BM. 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 FZ of NiTi-SS joints, but these 

issues have not yet been thoroughly analyzed.  

Different laser heat input modes, namely combinations of power density, welding time, and laser 

beam offset significantly influence the microstructure and properties of welds [113,114], demonstrating 

the flexibility of laser welding for dissimilar metals. In Section 3.3, laser weld-brazing between NiTi and 

SS wires was achieved using laser defocus and a large beam offset. The IMCs network was eliminated in 

the FZ of weld-brazed NiTi -SS joints. Section 3.4 investigated the influence of different heat input modes, 

(1) high power density with short welding time (HPDS) and (2) low power density with long welding time 

(LPDL), on the control of microstructure, porosity, and mechanical properties of laser welded NiTi-SS 

wires. The mechanisms and mitigation strategies of porosity and macrosegregation in laser welded NiTi -

SS joint are investigated. 

3.2 Methodology 

Commercial B2 NiTi  and SS wires with 1-mm diameter were used as base materials. NiTi and SS 

wires were cleaned in acid to remove any impurities, then their faying surfaces were ground using 2000# 

SiC paper for tight fit-up. Before welding, all the wires were finally cleaned in acetone with ultrasound 

for 10 min. A quasi-continuous 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 real-time monitoring of welding process was achieved by a 

coaxial CCD camera (MTV-13V6HC). Pure argon was selected to protect the welding pool with a flow 

rate of around 10 L/min.  

Fig. 3.1 shows the schematic of NiTi-SS laser welding. For Section 3.3, to eliminate the FZ IMCs 

network by the weld-brazing mode, a defocused laser beam (+15 mm) was chosen to match up with 

different beam offsets from 0.4 mm in NiTi side (marked as -0.4) to 0.4 mm in SS side (marked as +0.4), 

as shown in Table 3.1 and Fig. 3.1. For Section 3.4, to understand the nature of NiTi-SS fusion zone and 

to control the FZ macrosegregation and porosity, laser beam was irradiated in the centerline of NiTi/SS 

interface, and some welding parameters were constant (output laser waveform: square; pulse width: 10 

ms; frequency: 50 Hz). To investigate the effect of heat input modes, output laser varied from a negatively 

defocused or focused beam to a positively defocused beam. The welding time and peak power were 

adjusted accordingly (Table 3.2). All the process window of laser parameters were selected after the 

preliminary experiments, and more details on the necessity of matching laser output modes are given in 

Sections 3.3 and 3.4. 

After welding, samples for metallographic observations were mounted in epoxy, then they were 

ground and polished by SiC papers and diamond spray, respectively. Sample surfaces were etched for 

microstructural studies. The overall weld appearance, microstructure and alloying element distribution of 

joints were characterized by optical microscope (OM, Axio Scope.A1, ZEISS) and scanning electron 

microscope (SEM, ZEISS-MERLIN Compact) with an energyïdispersive X-ray spectrometer (EDS). 

Electron probe microanalyzer (EPMA, JXA8230, JEOL) was used for the porosity analysis. Static tensile 

tests were carried out at room temperature by a universal tester (8801, INSTRON), with the 0.5-mm/min 

tensile speed and the 30-mm gauge length. Fractographic characterizations were conducted via OM, SEM 

and EDS. Vickers microhardness measurement was performed through a hardness meter (Falcon 500, 

INNOVATEST) with 200-g load and 10-s dwell time. The finite volume modeling (FVM) of flow field 

simulation was performed using Ansys Fluent. Detailed information can be found in Appendix A. 
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Fig. 3.1 The schematic of laser welding of NiTi-SS wires. 

 

 

 

Table 3.1 Welding parameters in Section 3.3. 

Welding parameters Value 

Output laser waveform Square 

Pulse width (ms) 10 

Frequency (Hz) 50 

Peak power (W) 255 

Welding time (ms) 150 

Defocus distance a (mm) 

Beam offset b (mm) 

+15 

-0.4, -0.2, 0, +0.2, +0.4 

a. the distance from focus point to top surface of wires 

b. the distance between beam and NiTi/SS centerline 
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Table 3.2 Welding parameters used in Section 3.4. 

Defocus distance a (mm) Peak power (W) Welding time (ms) Heat input mode 

-1 200 150 HPDS 

-0.5 213 155 HPDS 

0 225 160 HPDS 

+10 240 180 LPDL 

+20 265 210 LPDL 

+30 285 280 LPDL 

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

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. 3.2 shows the weld appearances and cross sections of NiTi-SS joints welded with various laser 

beam offsets. Full-penetration NiTi-SS 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 offset, indicating that more heat input was consumed on mixing of molten metals. It was worth 

noting that a laser weld-brazing mode could be achieved when using -0.4-mm or +0.4-mm large beam 

offset (Fig. 3.2a1 and Fig. 3.2e1). In this case, the BM at beam-offset side melted while the counter part 

is still solid or slightly surface-melted, which is a welding mode between fusion welding and brazing, and 

the interfacial morphologies and phase formations in this work indicated  a good agreement with other 

typical weld-brazing cases [110,112]. The formation of FZ was attributed to a fusion-solidification process 

of NiTi (-0.4) or SS (+0.4) BM, meanwhile obvious brazed interfaces (Fig. 3.2a1 and Fig. 3.2e1) formed 

between this FZ and the counterpart base metal. However, smaller or no offset (Fig. 3.2b1-d1) resulted in 

a typical fusion welding characteristic [76]. Obvious macrosegregation as highlighted in Fig. 3.2b1 and 

3.2c1 was usually considered as the verification of immiscibility between molten NiTi and SS due to the 

Marangoni convection or a swirling effect [16,115]. Some small pores and microcracks appeared in the 

FZ of the non-offset 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 (spheroidization of the melt would occur 

in the offset side). 
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Fig. 3.2 Weld appearances and cross sections of NiTi-SS joints obtained with various beam offsets: (a, a1) -0.4; 

(b, b1) -0.2; (c, c1) 0; (d, d1) +0.2; (e, e1) +0.4. 

To further confirm the weld-brazing mode, EDS mapping of joints with -0.4, 0 and +0.4 beam offsets 

was presented in Fig. 3.3. In -0.4 joint (Fig. 3.3a), the FZ was mainly composed of Ni and Ti. Fe and Cr 

are the primary elements in the FZ of +0.4 joint in Fig. 3.3c, indicating the fusion-solidification of SS. 

Nevertheless, the joint welded without offset exhibited mixed Ni, Ti, Fe and Cr in the FZ, indicated the 

fusion of both NiTi and SS (Fig. 3.3b). Here, through large beam offset to restrict the melting location, 

the weld-brazing mode can be introduced into the NiTi -SS combination. The achievement of large offset 
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was attributed to the use of a defocused laser beam. Fig. 3.4 shows that the reliable NiTi-SS joining was 

difficult to be realized when a focused laser beam was combined with 0.4-mm offset on NiTi side. A 

defocused beam with relatively low laser energy density but large effect area could ensure a proper wetting 

of molten metal on the other metal [117]. The variation ranges of beam offset for a weld-brazing mode 

should be based on specific materials dimension and welding parameters. The welding time was another 

important factor that should be carefully controlled to ensure full penetration on BM thickness direction 

but no excessive melting of the counterpart BM. 

 

Fig. 3.3 The EDS mapping of the joint welded with (a) -0.4, (b) 0 or (c) +0.4 beam offset, respectively. 






































































































































































































